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Editorial on the Research Topic 


Tolerating Factor VIII: Novel Strategies to Prevent and Reverse Neutralizing Anti-FVIII Antibodies


Immunoglobulins are glycoproteins that are present abundantly in blood. They are a major constituent of the immune system and play an important role in protecting the organism from external assaults. This is well illustrated by the fact that immunoglobulins appeared in evolution ~500 million years ago and are present in all vertebrate organisms (1). Immunoglobulins play an essential role in defence against pathogens (2). They are the product of the adaptive branch of the immune system and, more specifically, of B lymphocytes; following complex and iterative cycles of activation, affinity maturation, and selection, B cells have the potential to produce high affinity antibodies with exquisite specificity for their target antigen (2, 3). They also produce promiscuous antibodies (4). Immunoglobulins bridge cellular immune effectors, thus ensuring a coordinated action of the innate and adaptive immune responses (5). Although discussed somewhat less often in the scientific community, immunoglobulins also play an important role in the maintenance of immune homeostasis: participating in the selection of immune cell repertoires, helping to maintain tolerance to Self (6) and building networks of interactions that ensure dynamic physiological immune processes. Nonetheless, under certain conditions, immunoglobulins can turn into foes, for instance, when individuals develop antibodies to innocuous molecules, leading to allergic reactions, or to self-molecules, leading to autoimmune manifestations. Another example is when antibodies neutralize the therapeutic potential of drugs.

Hemophilia A is a rare X-linked bleeding disorder that results from insufficient activity of the pro-coagulant protein factor VIII (FVIII). The administration of exogenous therapeutic FVIII to achieve adequate hemostasis is complicated, in up to 30% of treated patients, by the development of neutralizing anti-FVIII IgG, referred to as “FVIII inhibitors” (7). The occurrence of intractable FVIII inhibitors has been associated with increased patient morbidity and mortality (8). Until recently, the only clinical options to tackle the problem of FVIII inhibitor development were intensive FVIII treatment, termed “Immune Tolerance Induction (ITI)” (9), or use of recombinant activated factor VII or a pro-coagulant protein cocktail such as Factor Eight Inhibitor Bypass Agent (FEIBA) to achieve hemostasis without relying on FVIII (10–12). Although ITI succeeds in eliminating or greatly reducing inhibitor titers in 60%–80% of treated patients, both ITI and repeated administrations of these ‘bypass’ agents are extremely costly, thereby presenting a clear societal burden and making them unavailable to many inhibitor patients worldwide (13). Furthermore, ITI and bypass treatment regimens are extremely cumbersome for the patients, their families and clinicians. Although inhibitor eradication is more readily achieved in inhibitor patients with low initial titers (“low responders”) (14), the clinical/scientific rationale allowing one to confidently anticipate success or failure of ITI in patients with higher-titer inhibitors is still incomplete. Clearly, new approaches are required to understand and reduce the immunogenicity of therapeutic FVIII and to impart tolerance to FVIII or facilitate elimination of FVIII inhibitors when they have developed.

This Research Topic focuses on promising recent approaches to promote durable immune tolerance to FVIII, whether administered exogenously or through gene therapy. That said, we acknowledge that these tolerogenic therapies must henceforth be evaluated in the context of impressive advances in development of various new bypass therapies as alternatives to FVIII replacement therapy, several of which are already in the clinic. These bypass agents may be administered as a FVIII alternative, or in some cases together with FVIII in the presence or absence of immunomodulatory agents. For example, in 2012, a groundbreaking report described a bispecific monoclonal antibody that crosslinks factor IXa and its substrate, factor X, with the appropriate spacing and orientation as well as affinity to mimic FVIII cofactor activity, and that corrected clotting in a nonhuman primate model in the presence of neutralizing anti-FVIII antibodies (15). Less than 10 years later, the latest generation of this therapeutic, Emicizumab, has radically transformed the landscape of hemophilia care: most notably by providing a long-lived hemostatic agent for inhibitor patients, but also as a potential alternative to FVIII for non-inhibitor patients. It is fascinating to realize that a coagulation disorder caused by neutralizing antibodies could be corrected (although not in every clinical scenario) through use of a rationally engineered therapeutic antibody! In addition to established, although imperfect, agents for inhibitor management, such as activated factor VII and procoagulant protein cocktails, molecules that block anti-thrombotic feedback loops in the coagulation cascade are being evaluated as potential bypass agents (16). By-passing agents are, however, not as efficient as FVIII in situations of major bleeding or surgery, and they may carry potentially life-threatening pro-thrombotic potency in some patients and in certain clinical situations (17). Our position, at this point in time, is that tolerizing patients to FVIII will remain a central goal of hemophilia A therapy as long as patients continue to receive FVIII replacement therapy, and as long as patients choosing alternative therapies experience breakthrough bleeds and undergo surgeries that necessitate administering FVIII in the absence of inhibitory antibodies.

With ten general review articles and nine original research articles, the present Research Topic entitled “Tolerating Factor VIII: Novel Strategies to Prevent and Reverse Anti-FVIII Inhibitors” presents some of the latest advances in our understanding of FVIII immunogenicity in hemophilia A patients and describes promising strategies to control anti-FVIII immune responses.

Review articles by Lacroix-Desmazes et al. and by Merlin and Follenzi together present a broad overview of FVIII immunogenicity and describe novel approaches to reduce FVIII immunogenicity and induce tolerance to FVIII, most of which are still in the basic science/preclinical evaluation stage. Abdi et al. present a systematic review and meta-analysis to estimate the prevalence and incidence of non-neutralizing anti-FVIII antibodies in hemophilia A patients (which are often not measured clinically but are clearly relevant to FVIII immunogenicity). Peyvandi et al. review possible FVIII product-related differences that could affect its immunogenicity and discuss potential factors contributing to the lower apparent immunogenicity of plasma-derived FVIII, compared to recombinant FVIII, that was seen in the prospective, randomized SIPPET clinical trial. Hart elegantly describes in vitro, in silico and epidemiological methods to predict inhibitor risk in non-severe hemophilia A, which is caused by dysfunctional rather than missing FVIII and therefore presents the opportunity to evaluate individual disease-causing mutations and their associated effects on binding MHC Class II. Several additional reviews explore potential interventions to promote immune tolerance to FVIII. Mimoun et al. review the role of FcRn-mediated cross-placental transfer of IgGs in promoting tolerance, and the potential of exploiting this process through administering recombinant Fc-fusion proteins such as FVIII-Fc. FVIII immunogenicity in preclinical models of gene therapy and in recent clinical trials is addressed in reviews by Patel et al. and Samelson-Jones and Arruda, while the potential use of platelet-targeted FVIII gene therapy to restore hemostasis, even in the presence of inhibitory antibodies, is reviewed by Cai and Shi. The concern of potential inhibitor development in patients treated with FVIII gene therapy is addressed by original research from Biswas et al., in which mice that developed inhibitors following AAV-based gene therapy showed improvement when B-cell depletion was combined with rapamycin.

The importance of inflammatory processes and roles of immunoregulatory enzymes such as heme oxygenase-1 and Indoleamine 2,3 dioxygenase in promoting hemophilic inhibitor responses versus tolerance to administered FVIII are reviewed by Matino et al.; this review sets the stage nicely for the original research article by Karim et al. in which RNASeq/transcriptomics analysis of peripheral blood mononuclear cells isolated from inhibitor subjects and controls identified up-regulated genes implicating specific inflammatory and innate immune processes in the maintenance of FVIII inhibitors. Regarding product-related differences, Zakas et al. report that partial oxidation of a recombinant FVIII product does not affect its tendency to aggregate, suggesting that the observed heightened immunogenicity of oxidized FVIII (in an animal model) was likely not due to aggregation-induced immune complex formation. Deliberate modification of recombinant FVIII to influence its immunogenicity is described by Delignat et al., where they demonstrate the importance of mannose-ending glycans on FVIII for its immune recognition, and by Georgescu et al. reporting inhibition of B-cell activation by a recombinant FVIII-Fc protein.

Animal model studies evaluating additional novel interventions besides FVIII protein modification include enlistment of engineered, FVIII-specific T-regulatory cells (De Paula Pohl et al.) and a recombinant murine Fc-IL-2 fusion protein that expands T-regulatory cells (Chen et al.). The potential of oral tolerance achieved via delivery of encapsulated FVIII, and mechanisms at play at the level of the intestine, are addressed in original research from Kumar et al. The involvement of Fc gamma receptors and of complement C3 in the development of FVIII inhibitors in preclinical models of hemophilia A are explored in original research from Zerra et al.

Finally, many of the concepts and approaches developed to address hemophilic immune responses may be generalized to other fields wherein neutralizing antibodies and adverse immune responses are a major concern. The case of FVIII inhibitor development is rather unusual, in that development of these anti-drug antibodies does not preclude further treatment with FVIII, including via ITI. This presents us with the opportunity to carry out longitudinal studies of human as well as animal model immune responses to discern immunogenic and tolerogenic mechanisms. We hope that readers of Frontiers in Immunology with expertise in other types of anti-drug antibodies, or in antibody-mediated graft rejection following transplantation, etc., will also find this collection of interest, while it provides a timely and informative snapshot of the field for the hemophilia research community.
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Disclaimer

The opinions or assertions contained herein are the private ones of the authors and are not to be construed as official or reflecting the views of the Department of Defense or the Uniformed Services University of the Health Sciences.



Acknowledgments

The authors thank all of the contributors to this Research Topic, as well as the Frontiers in Immunology staff for their efficient and professional support. We thank Dr. Jordan Dimitrov for critical reading of this manuscript.



References

1. Flajnik, MF. A cold-blooded view of adaptive immunity. Nat Rev Immunol (2018) 18:438–53. doi: 10.1038/s41577-018-0003-9

2. Lu, LL, Suscovich, TJ, Fortune, SM, and Alter, G. Beyond binding: antibody effector functions in infectious diseases. Nat Rev Immunol (2018) 18:46–61. doi: 10.1038/nri.2017.106

3. Schroeder, HW Jr., and Cavacini, L. Structure and function of immunoglobulins. J Allergy Clin Immunol (2010) 125:S41–52. doi: 10.1016/j.jaci.2009.09.046

4. Dimitrov, JD, Planchais, C, Roumenina, LT, Vassilev, TL, Kaveri, SV, and Lacroix-Desmazes, S. Antibody polyreactivity in health and disease: statu variabilis. J Immunol (2013) 191:993–9. doi: 10.4049/jimmunol.1300880

5. Bournazos, S, Wang, TT, Dahan, R, Maamary, J, and Ravetch, JV. Signaling by Antibodies: Recent Progress. Annu Rev Immunol (2017) 35:285–311. doi: 10.1146/annurev-immunol-051116-052433

6. Heyman, B. Regulation of antibody responses via antibodies, complement, and Fc receptors. Annu Rev Immunol (2000) 18:709–37. doi: 10.1146/annurev.immunol.18.1.709

7. Ehrenforth, S, Kreuz, W, Scharrer, I, Linde, R, Funk, M, Gungor, T, et al. Incidence of development of factor VIII and factor IX inhibitors in haemophiliacs. Lancet (1992) 339:594–8. doi: 10.1016/0140-6736(92)90874-3

8. Walsh, CE, Jimenez-Yuste, V, Auerswald, G, and Grancha, S. The burden of inhibitors in haemophilia patients. Thromb Haemost (2016) 116 Suppl 1:S10–7. doi: 10.1160/TH16-01-0049

9. Hay, CR, Dimichele, DM, and International Immune Tolerance, S. The principal results of the International Immune Tolerance Study: a randomized dose comparison. Blood (2012) 119:1335–44. doi: 10.1182/blood-2011-08-369132

10. Rocino, A, Franchini, M, and Coppola, A. Treatment and Prevention of Bleeds in Haemophilia Patients with Inhibitors to Factor VIII/IX. J Clin Med (2017) 6:11–8. doi: 10.3390/jcm6040046

11. Astermark, J, Donfield, SM, Dimichele, DM, Gringeri, A, Gilbert, SA, Waters, J, et al. A randomized comparison of bypassing agents in hemophilia complicated by an inhibitor: the FEIBA NovoSeven Comparative (FENOC) Study. Blood (2007) 109:546–51. doi: 10.1182/blood-2006-04-017988

12. Leissinger, C, Gringeri, A, Antmen, B, Berntorp, E, Biasoli, C, Carpenter, S, et al. Anti-inhibitor coagulant complex prophylaxis in hemophilia with inhibitors. N Engl J Med (2011) 365:1684–92. doi: 10.1056/NEJMoa1104435

13. D’angiolella, LS, Cortesi, PA, Rocino, A, Coppola, A, Hassan, HJ, Giampaolo, A, et al. The socioeconomic burden of patients affected by hemophilia with inhibitors. Eur J Haematol (2018) 101:435–56. doi: 10.1111/ejh.13108

14. Van Den Berg, HM, Mancuso, ME, Konigs, C, D’oiron, R, Platokouki, H, Mikkelsen, TS, et al. ITI Treatment is not First-Choice Treatment in Children with Hemophilia A and Low-Responding Inhibitors: Evidence from a PedNet Study. Thromb Haemost (2020) 120:1166–72. doi: 10.1055/s-0040-1713097

15. Kitazawa, T, Igawa, T, Sampei, Z, Muto, A, Kojima, T, Soeda, T, et al. A bispecific antibody to factors IXa and X restores factor VIII hemostatic activity in a hemophilia A model. Nat Med (2012) 18:1570–4. doi: 10.1038/nm.2942

16. Weyand, AC, and Pipe, SW. New therapies for hemophilia. Blood (2019) 133:389–98. doi: 10.1182/blood-2018-08-872291

17. Aledort, L, Mannucci, PM, Schramm, W, and Tarantino, M. Factor VIII replacement is still the standard of care in haemophilia A. Blood Transfus (2019) 17:479–86. doi: 10.2450/2019.0211-19



Conflict of Interest: KP is an inventor on FVIII patents.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Lacroix-Desmazes and Pratt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	REVIEW
published: 10 January 2020
doi: 10.3389/fimmu.2019.02991






[image: image2]

Tolerating Factor VIII: Recent Progress

Sebastien Lacroix-Desmazes1, Jan Voorberg2, David Lillicrap3, David W. Scott4 and Kathleen P. Pratt4*


1Centre de Recherche des Cordeliers, INSERM, Sorbonne Université, Université de Paris, Paris, France

2Sanquin Research and Landsteiner Laboratory, Department of Molecular and Cellular Hemostasis, Academic Medical Center, University of Amsterdam, Amsterdam, Netherlands

3Department of Pathology and Molecular Medicine, Queen's University, Kingston, ON, Canada

4Uniformed Services University of the Health Sciences, Bethesda, MD, United States

Edited by:
Luis Graca, University of Lisbon, Portugal

Reviewed by:
Raymond John Steptoe, University of Queensland, Australia
 Roland W. Herzog, Indiana University, United States

*Correspondence: Kathleen P. Pratt, kathleen.pratt@usuhs.edu

Specialty section: This article was submitted to Immunological Tolerance and Regulation, a section of the journal Frontiers in Immunology

Received: 02 November 2019
 Accepted: 05 December 2019
 Published: 10 January 2020

Citation: Lacroix-Desmazes S, Voorberg J, Lillicrap D, Scott DW and Pratt KP (2020) Tolerating Factor VIII: Recent Progress. Front. Immunol. 10:2991. doi: 10.3389/fimmu.2019.02991



Development of neutralizing antibodies against biotherapeutic agents administered to prevent or treat various clinical conditions is a longstanding and growing problem faced by patients, medical providers and pharmaceutical companies. The hemophilia A community has deep experience with attempting to manage such deleterious immune responses, as the lifesaving protein drug factor VIII (FVIII) has been in use for decades. Hemophilia A is a bleeding disorder caused by genetic mutations that result in absent or dysfunctional FVIII. Prophylactic treatment consists of regular intravenous FVIII infusions. Unfortunately, 1/4 to 1/3 of patients develop neutralizing anti-FVIII antibodies, referred to clinically as “inhibitors,” which result in a serious bleeding diathesis. Until recently, the only therapeutic option for these patients was “Immune Tolerance Induction,” consisting of intensive FVIII administration, which is extraordinarily expensive and fails in ~30% of cases. There has been tremendous recent progress in developing novel potential clinical alternatives for the treatment of hemophilia A, ranging from encouraging results of gene therapy trials, to use of other hemostatic agents (either promoting coagulation or slowing down anti-coagulant or fibrinolytic pathways) to “bypass” the need for FVIII or supplement FVIII replacement therapy. Although these approaches are promising, there is widespread agreement that preventing or reversing inhibitors remains a high priority. Risk profiles of novel therapies are still unknown or incomplete, and FVIII will likely continue to be considered the optimal hemostatic agent to support surgery and manage trauma, or to combine with other therapies. We describe here recent exciting studies, most still pre-clinical, that address FVIII immunogenicity and suggest novel interventions to prevent or reverse inhibitor development. Studies of FVIII uptake, processing and presentation on antigen-presenting cells, epitope mapping, and the roles of complement, heme, von Willebrand factor, glycans, and the microbiome in FVIII immunogenicity are elucidating mechanisms of primary and secondary immune responses and suggesting additional novel targets. Promising tolerogenic therapies include development of FVIII-Fc fusion proteins, nanoparticle-based therapies, oral tolerance, and engineering of regulatory or cytotoxic T cells to render them FVIII-specific. Importantly, these studies are highly applicable to other scenarios where establishing immune tolerance to a defined antigen is a clinical priority.

Keywords: factor VIII, protein immunogenicity, hemophilia A, peripheral tolerance, immune tolerance induction, antigen presentation, T-cell engineering


INTRODUCTION

Factor VIII (FVIII) is an essential blood coagulation cofactor. Recombinant or plasma-derived FVIII is a lifesaving protein drug for hemophilia A (HA) patients, whose F8 gene mutations result in either a complete lack of endogenous FVIII or in a circulating dysfunctional FVIII. Unfortunately, immune responses to FVIII resulting in neutralizing anti-FVIII antibodies, or “inhibitors,” complicate or preclude effective FVIII replacement therapy in a substantial fraction of HA patients. Inhibitors typically develop early in the course of FVIII replacement therapy, with a peak incidence occurring within the first 10–15 exposure days (1, 2). Longer-term surveillance studies indicate, however, that a substantial fraction of inhibitors develop after age 5, and that incidences increase again after age 50 (3). Inhibitor development in non-HA individuals also occurs as a rare but serious autoimmune reaction that is typically diagnosed subsequent to unexplained bleeding (4), primarily in the elderly, or following trauma, surgery or childbirth. Both allo- and autoimmune FVIII-specific antibodies are class-switched, as is typical for CD4+ T-cell driven immune responses (5, 6).

This review focuses on mechanisms of factor VIII immunogenicity and novel approaches to promote immune tolerance to this important protein drug. Despite decades of clinical experience with both plasma-derived and recombinant (r)FVIII products, there is still much to be learned about risk factors for inhibitor development and mechanisms of the anti-FVIII immune response. It is hoped that improved mechanistic understanding will lead to identification of reliable prognostic biomarkers and, even more significantly, of novel targets to promote immune tolerance to FVIII. An ideal therapeutic intervention would tolerize the individual specifically to FVIII, thereby avoiding the potential side effects of general immunosuppression. We focus on recent advances, some of which are being tested in current clinical trials, and others that have the potential for future clinical translation, e.g., animal model studies and in vitro experiments utilizing donated human blood samples.

The armamentarium available to treat HA patients has expanded significantly over the past decade. It currently includes rFVIII products produced in mammalian cell culture systems and rFVIII proteins that have been engineered to create sequence-modified or fusion proteins, or covalently modified, e.g., by PEGylation to extend their half-life. In addition, non-FVIII therapies that either mimic FVIII cofactor activity, or that target specific pro-coagulant or anti-coagulant pathways by shifting hemostasis to a more pro-coagulant phenotype and thereby prevent hemophilic bleeds, are now available, in preclinical testing, and in clinical trials. Three recently introduced non-FVIII options to treat HA are the bispecific antibody emicizumab (Hemlibra) (7, 8), the anti-Tissue Factor Pathway Inhibitor (TFPI) monoclonal antibody concizumab (9) and an RNAi targeting antithrombin (Fitusiran). These products, and several others that are in various stages in the translational pipeline, are described in more detail below. They present patients with non-FVIII options; this is particularly important for those who have developed inhibitors that preclude effective prevention or treatment of bleeds with FVIII. Some also show promise as therapeutics for hemophilia B (lack of functional factor IX) and other bleeding disorders. Because of its earlier introduction and approval, there is more clinical experience with emicizumab, which a growing number of patients are choosing for prophylactic management of HA. All of these therapies offer significant benefits in terms of convenience, as they do not involve the frequent intravenous infusions required for FVIII prophylaxis. Importantly, however, they cannot induce tolerance to FVIII unless they are administered in formulations that include the FVIII antigen. Furthermore, there is still limited experience with their use, effectiveness, and risk profiles in settings of trauma and surgery, when FVIII supplementation may well be required to prevent or reverse breakthrough bleeds. Therefore, the induction and maintenance of immune tolerance to FVIII remains a vital issue for all HA patients, regardless of which therapeutic product they utilize for routine prophylaxis.

Animal model studies continue to be essential for understanding mechanisms of FVIII immunogenicity and peripheral tolerance, as well as for testing novel therapies to identify candidates for possible clinical translation (10). Most animal studies of anti-FVIII immune responses have utilized HA mice with a targeted disruption of the F8 gene, due to their lower cost and the greater availability of appropriate reagents and well-defined genetic strains, compared to larger animal models. However, large animal models have provided essential models of hemophilia A and B, especially for preclinical testing of various therapies. Gene therapy studies have relied for years on the use of HA dog colonies (11, 12). Interestingly, successful delivery of an F8 transgene has not only corrected the HA bleeding phenotype, in some cases for years, but it has also shown promise as a potential therapy to achieve peripheral tolerance to FVIII (13). Human F8 gene therapy trials have so far enrolled only adults with no prior FVIII inhibitor, so the possibility that gene therapy may have a tolerogenic effect on the naïve human immune response to FVIII remains untested.

Clinical Immune Tolerance Induction (ITI) therapy currently consists of intensive intravenous FVIII administration, which is challenging for patients/families, extraordinarily expensive, and fails in 25–30% of patients (14, 15). Unfortunately, attempts to “tolerize” HA mice via intensive FVIII infusions, analogous to clinical ITI protocols, have not yet been successful (16), although high-dose FVIII administration has been shown to suppress memory B cells in vitro (17). Therefore, further human studies are needed to identify biomarkers and potential new targets that could be manipulated to improve current clinical ITI success rates. Animal models allow studies of immune compartments in addition to the periphery, notably of the spleen and possibly the liver as major sites for the naïve response to intravenously administered FVIII. Recent advances in both animal and human studies of FVIII immunogenicity and tolerance are summarized below.



ANTI-FVIII ANTIBODIES

Inhibitors are, by definition, neutralizing anti-FVIII antibodies, with titers reported in “Bethesda units” as measured by a clotting assay (18, 19). More comprehensive immunoprofiling efforts have incorporated measurements of total anti-FVIII antibody titers (expressed as dilution factors) and antibody isotypes/subclasses using ELISAs (20–22), surface plasmon resonance (23), and fluorescent bead-based assays (21, 24). FVIII-specific antibodies isolated from HA patients with an inhibitor response are primarily of subclasses IgG1 and IgG4 (25, 26), although lower levels of FVIII-specific IgG2 and IgG3 have also been detected and quantified in patients' plasma (23). Analysis of samples from 371 HA subjects (21% inhibitor-positive) showed a correlation of anti-FVIII IgG1, IgG2, and IgG4 with inhibitor development (27), indicating involvement of both Th1 and Th2 CD4+ T cells (5), while a separate study of 101 HA subjects (24% inhibitor-positive) and 19 autoimmune subjects revealed that neutralizing antibodies had higher apparent affinities for FVIII compared to non-neutralizing antibodies (22). Anaphylaxis is not a feature of anti-FVIII allo- or autoimmune responses.

A seminal 1992 study of 500 plasma samples from healthy, non-hemophilic donors revealed that an appreciable fraction contained anti-FVIII antibodies that were detectable by Bethesda and/or ELISA assays (28). A subsequent study reported isolation of anti-FVIII antibodies from non-hemophilic plasma, epitope mapping via competition ELISA assays, and characterization of anti-idiotypic antibodies that could block the interactions between FVIII and the natural anti-FVIII antibodies (29). In a more recent study, non-neutralizing anti-FVIII antibodies were detected in ~20% of plasma samples from >600 healthy non-HA blood donors (21, 30), although their predominant recognition of the heavily glycosylated B domain of FVIII indicated the binding of many of these “natural” antibodies may not have been strictly specific for FVIII. Anti-FVIII antibodies have also been quantified using a sensitive Luminex-based assay (24), which detected low-titer FVIII-binding antibodies in the vast majority of ~400 HA subjects, most of whom did not have a current inhibitor detectable by a clotting (Bethesda) assay. Interestingly, this study also detected low-titer FVIII-specific antibodies in an appreciable fraction of healthy non-HA control plasma samples, although titers were significantly lower (31).



FVIII UPTAKE, PROCESSING, AND PRESENTATION

The uptake of blood coagulation FVIII by antigen presenting cells has been studied intensively in the last decade. Most of these studies have been performed in model systems like human monocyte-derived dendritic cells as well as mouse bone marrow-derived dendritic cells (32–34). In parallel, immuno-localization of FVIII in the spleen following its infusion into mice has generated very interesting findings on the topology of FVIII association with, and possibly uptake by, different populations of antigen presenting cells in specific niches within the splenic architecture (Figure 1). The afferent small vessels in the spleen are lined by fenestrated endothelial cells that allow for interaction of circulating antigens with antigen presenting cells underlying this layer of endothelial cells.
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FIGURE 1. Architecture of the marginal zone of the mouse spleen. The image, adapted from Figure 4 of Mebius and Kraal (35), displays the cellular composition of the marginal zone of the spleen. Sampling of antigens from the circulating blood by different populations of antigen presenting cells surrounding the marginal sinus appears to be crucial for development of an adaptive immune response to FVIII. Both SIGNR1-positive marginal zone macrophages and CD169-positive marginal zone metallophilic macrophages have been implicated in the endocytosis of FVIII. Splenic endothelial cells lining the marginal sinus or red pulp sinus (not displayed in figure) expressing stabilin-2 may also contribute to FVIII internalization. Functional involvement of marginal zone B cells present within the marginal zone in the immune response has been inferred from depletion approaches. Different populations of dendritic cells reside in the spleen; the role of specific subsets of these cells in the development of FVIII inhibitors has not yet been explored. In contrast to that of the mouse spleen, the cellular architecture of the human spleen has not yet been fully elucidated (36, 37). In human spleen the border between the white and red pulp is formed by a perifollicular zone whose cellular composition has not yet been fully characterized.


A landmark study by Navarrete et al. provided compelling evidence for the association of FVIII with marginal zone metallophilic macrophages (38, 39). These results were confirmed in studies in which co-localization of infused FVIII with the marginal zone macrophages was observed based on its co-localization with macrophage marker proteins SIGNR1 and MARCO (35, 39). In addition, based on the co-localization of FVIII with SIGLEC-1, marginal zone macrophages located in the white pulp have also been implicated in processing of FVIII. The role of (metallophilic) marginal zone macrophages in in vivo uptake does not exclude that other populations of splenic cells also contribute to FVIII immunogenicity. Indeed, the depletion of splenic marginal zone B cells abrogated inhibitor development in a mouse model of HA (40). Marginal zone B cells are efficient scavengers for antigens that circulate in blood. Based on their localization in the spleen and their role in mounting an immune response, it is possible that FVIII is transported by them to different populations of antigen presenting cells following its retrieval from blood. However, recent Bruton's tyrosine kinase inhibition pre-clinical studies suggest no role for naïve B cells in development of a primary anti-FVIII immune response (41).

The architecture of the spleen promotes intimate contact between blood borne antigens and antigen capturing and presenting cells that are localized in the marginal zone (36, 37). Fenestrated splenic endothelial cells are well-positioned to filter blood borne antigens like FVIII and von Willebrand factor (VWF) from the circulating blood, thus promoting capture of antigens via scavenger receptors such as stabilin-2 (42). Marginal zone macrophages, marginal zone B cells and populations of marginal zone-located dendritic cells are also capable of capturing and/or processing blood borne antigens (36, 37). Transfer of antigens from marginal zone macrophages and endothelial cells to more dynamic marginal zone B cells and marginal zone-residing dendritic cells is most likely required for their transport to the T cell-enriched white pulp. Subsequent steps of FVIII transport are not yet well-defined, but antigen transfer to dendritic cells is required for primary immune responses, and FVIII presentation to naïve T cells and B cells is expected to occur primarily in the spleen (38). T follicular helper cells within germinal centers both select FVIII-specific B cells and drive affinity maturation and class-switching of their B-cell receptors, ultimately generating plasma cells that secrete high-affinity antibodies. Indeed, FVIII-deficient mice showed increased germinal center formation, proliferation of splenic T-follicular helper cells in vitro, and accumulation of T-follicular CD4+ T cells in the spleen following FVIII immunization (43).

Apart from the spleen, FVIII has also been shown to accumulate in macrophages in the liver (44). The precise population of antigen presenting cells in this organ have not yet been defined, but both liver sinusoidal endothelial cells and Kupffer cells have been shown to express endocytic receptors capable of internalizing FVIII and/or VWF (44). Both FVIII and VWF were shown to be endocytosed primarily by CD69+ Kupffer cells (44). More recently, liver sinusoidal endothelial cells have also been implicated in FVIII and VWF internalization (45). The liver is considered to provide a tolerogenic environment which supports the generation as well as proliferation of CD4+ T cells with a regulatory phenotype. LSEC are instrumental in the generation of regulatory CD4+ T cells, as they can efficiently endocytose and process blood borne antigens, thereby sequestering them in a relatively tolerogenic compartment, at least in the absence of significant inflammation (46). LSEC have been shown to express MHC class II, which can be further up-regulated upon inflammatory stimulation. Unlike dendritic cells, LSEC express limited amounts of co-stimulatory molecules and therefore are unable to direct the formation of classical CD4+ T helper cells (46). In apparent contrast with the tolerogenic role of LSEC, it was recently shown that stabilin-2 driven internalization of human FVIII/VWF complexes provides a crucial step in FVIII inhibitor development (45). Since stabilin-2 is expressed by both liver and splenic endothelial cells (42), uptake of FVIII-VWF complexes by these cells may also explain the modulating effects of stabilin-2 on FVIII immunogenicity.

Most of our knowledge of surface receptors implicated in FVIII endocytosis has been derived from in vitro studies. Different families of endocytic receptors have emerged during evolution to promote early processing of foreign antigens. Most of these receptors recognize distinct pattern-like structures which include glycans such as sialic acid (Siglec family of surface receptors), mannose or galactose structures on protein antigens (26, 47, 48). Additional classes of surface receptors recognizing more heterologous structures on protein antigens have also been implicated in FVIII endocytosis (32, 33, 47). The LDL-related low-density receptor 1 (LRP1) was identified as an endocytic receptor for FVIII (49, 50). The physiological importance of this receptor and other members of this receptor family is thought to be related primarily to FVIII clearance. Despite its abundance on antigen presenting cells, current evidence suggests that its role in FVIII presentation and immunogenicity is limited (51, 52). In contrast to LRP1, the mannose receptor has been firmly implicated in FVIII endocytosis by human dendritic cells (48). The mannose receptor is composed of a discrete series of repeated carbohydrate ligand-binding sites, one of which binds with high affinity to FVIII. This binding and endocytosis could be partially abrogated by mannan, and incubation of FVIII with dendritic cells in the presence of mannan completely inhibited proliferation of a FVIII-specific T-cell clone (48). Therefore, it was concluded that the mannose receptor is involved in immune recognition of FVIII by antigen presenting cells (48). Asn239 in the A1 domain of FVIII and Asn2118 in the C1 domain are attached to a glycan terminating in mannose, suggesting a mechanism for FVIII internalization by antigen presenting cells via the mannose receptor (53, 54). Complementary experiments employing murine bone marrow-derived dendritic cells, however, did not support a direct role for the mannose receptor in FVIII internalization (55). These findings suggest that, at least in mice, the mannose receptor may not be directly involved in FVIII immunogenicity; the extent to which FVIII immunogenicity in humans depends on mannose receptors remains to be established. Apart from the mannose-ending glycans linked to Asn239 and Asn2118, exposed surface loops in the C-terminal FVIII C1 and C2 domains containing positively-charged residues have been implicated in the uptake of FVIII by both human (monocyte-derived) and murine (bone marrow-derived) dendritic cells (52, 56, 57). Modification of residues in the C1 domain surface loop containing Arg2090, Lys2092, and Met2093 resulted in reduced FVIII inhibitor titers in FVIII-deficient mice (56). Interestingly, in one study the reduced immunogenicity was observed only in FVIII-VWF deficient mice, suggesting that the immunogenicity of this engineered FVIII variant was modulated by its binding to VWF (57). Likewise, modification of residues in the C2 domain surface loop containing Arg2215 and Arg2220 resulted in drastically reduced FVIII uptake by human dendritic cells (57). The roles of specific FVIII regions and receptors in binding, uptake by various cell types, antigenic processing and clearance of FVIII are the subject of ongoing research. An overview of our current understanding of FVIII uptake, processing and presentation on immunogenicity vs. tolerance is shown in Figure 2.
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FIGURE 2. Pathways for endocytosis of FVIII by antigen-presenting cells and repercussions on FVIII immunogenicity or tolerance. The uptake of human FVIII has been studied in vitro using human antigen presenting cells, such as monocyte-derived dendritic cells. The major pathways identified to date include key positively charged amino-acids in the C1 and C2 domains of the FVIII molecule, as well as mannose-ending glycans at position N2118 in the C1 domain. Importantly, the later endocytic pathways are blocked in the presence of VWF. Conversely, activation of complement is able to restore the uptake of the FVIII C1 domain mutant Arg2090Ala, Lys2092Ala, and Met2093Ala. It is not known as yet whether complement activation overcomes the blocking effect of VWF in FVIII endocytosis. The stabilin-2 (Stab2)-dependent internalization pathway was demonstrated using Stab2-expressing HEK293 cells and also in vivo in mice. It is dependent on the presence of VWF. Interestingly, the neutralization of some endocytic pathways reduces the immunogenicity of FVIII in FVIII-deficient mice, particularly in the case of the Stab2- and complement C3b-dependent pathways (58).


Since FVIII circulates in complex with its physiological, multimeric carrier protein VWF, it is not surprising that its endocytosis and potential immunogenicity are both modulated by VWF. In vitro studies have firmly established that in the presence of VWF the amount of FVIII that is internalized by antigen presenting cells is greatly reduced (59, 60). Following this internalization, FVIII is processed into peptides by endo-lysosomal proteases for subsequent loading onto MHC class II and presentation to CD4+ T cells (61). In agreement with its role in decreasing FVIII internalization, it has also been shown that VWF modulates the efficiency of FVIII peptide presentation (60, 62). These effects of VWF have been suggested as an underlying mechanism for the apparent reduced immunogenicity of VWF-containing (plasma-derived) FVIII concentrates, compared to rFVIII products, that was reported in the recent SIPPET study (2).

Studies in which monocyte-derived dendritic cells were pulsed with FVIII, followed by peptide elution and identification by LC-mass spectrometry, have yielded valuable insights into the repertoires of FVIII-derived peptides that can be presented on various MHC class II, and thereby made available for potential recognition by CD4+ T cells (60–65). Together with complementary studies characterizing CD4+ T-cell responses, which are discussed in detail later in this review, this provides detailed information identifying naturally processed FVIII peptides. The immunodominant T-cell epitopes that elicit immune responses in patients with HA must necessarily be contained within the repertoire of peptides presented on the relevant HLA Class II. Depending on their micro-environment and immunological context, regulatory and other subsets of CD4+ T cells may also recognize FVIII-derived peptides in the context of MHC class II. Retrospective studies based on chart reviews of HLA-typed patient populations have not revealed any clearly immunodominant HLA Class II alleles associated with inhibitor development (66–69).

In view of the intimate relationship between FVIII and VWF, it is not surprising that internalization of FVIII by antigen presenting cells or phagocytic cells involved in clearance can be influenced by VWF. Based on large genetic studies, single nucleotide polymorphisms in several proteins have been associated with circulating levels of VWF and FVIII (70). Polymorphic sites within genes linked to biosynthetic pathways such as STX2 and STXBP5 most likely affect circulating VWF levels through modulation of biosynthetic pathways in platelets and endothelial cells (71, 72). Conversely, polymorphic sites within surface receptors are expected to modulate circulating FVIII and VWF levels through their effect on the clearance of FVIII, VWF or the FVIII-VWF complex. Following up on the observations of the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium has yielded unexpected insights into the clearance and immunogenicity of FVIII, pointing toward a prominent role for liver sinusoidal endothelial cells. The C-type lectin CLEC4M is a candidate receptor for regulating FVIII and VWF levels. In vitro expression studies revealed that CLEC4M can bind to both FVIII and VWF, positioning it as a potential regulator of FVIII clearance and immunogenicity (73, 74). Interestingly, CLEC4M is expressed exclusively in sinusoidal endothelial cells; infusion studies in CLEC4M deficient animals did not reveal major differences in levels of FVIII and VWF (73, 74). Another candidate receptor that arose from the CHARGE study is stabilin-2 (57). Stabilin-2 is a hyaluronan-binding receptor that is expressed primarily by liver sinusoidal endothelial cells. Like many endocytic receptors, stabilin-2 is a highly modular protein that is composed of a series of repeated domains. In vitro expression studies have identified both VWF and FVIII as potential ligands of stabilin-2 (45). Interestingly, infusion of FVIII-VWF complexes into stabilin-2 deficient mice resulted in a reduced immune response when compared to infusion of highly purified recombinant FVIII (45). Infusion of hyaluronic acid also resulted in a reduced immune response to FVIII. Altogether, these findings suggest that stabilin-2 can regulate the immunogenicity of FVIII, and that liver sinusoidal endothelial cells not only serve as a major, possibly exclusive site of FVIII synthesis (75, 76) but are also implicated in FVIII catabolism and immunogenicity.



CD4+ T-CELL RESPONSE TO FVIII

The involvement of CD4+ T cells in inhibitor development was first suggested by the clinical observation that HIV-positive HA patients, who tragically became infected through tainted blood products in the 1980s and were unfortunate enough to also have an inhibitor, showed a reduction in inhibitor titers as their T-cell counts declined (77). Qian et al. characterized FVIII-specific CD4+ T cells in a murine HA model (78) and demonstrated the critical role of T-cell dependent CD40-CD154 interactions in driving the antibody response (79). In a subsequent study, they identified an immunodominant CD4+ T-cell epitope recognized by these mice (80). The recent demonstration of expanded CD4+ T-follicular helper cells in spleens of FVIII-deficient mice with an inhibitor response has confirmed the expected essential role of this T-cell subset in providing B-cell help (43). Murine studies have also demonstrated an essential role for activated T cells in the memory B-cell response to FVIII, and the requirement for direct T-cell contact in order to re-stimulate these cells (81). Studies of patient blood samples have demonstrated CD4+ T-cell proliferation and cytokine secretion in response to FVIII protein and to synthetic peptides spanning the sequences of several FVIII domains (82–86). More recent investigations of the hemophilic immune response to FVIII have included isolation and characterization of human FVIII-specific T-cell clones and polyclonal lines (87–92), identifying immunodominant epitopes and phenotypes of minimally-expanded cells.

As mentioned earlier, autoimmune responses to self-FVIII can occur. Anti-FVIII antibodies isolated from acquired HA patient plasmas are class switched (23), indicating these inhibitors are flare-ups of a pre-existing but clinically insignificant autoimmune reaction. Interestingly, there is growing support for the notion that low-level T-cell auto-reactivity to endogenous FVIII may be a fairly common phenomenon in the healthy non-HA population. Several intriguing studies have indicated that many healthy individuals possess circulating CD4+ T cells that proliferate and secrete cytokines when stimulated with FVIII in vitro (93–95). Specificity of this T-cell response was further confirmed by a recent, elegant study in which FVIII-specific T-cell lines, which contained both naïve and memory subsets, were expanded from 16/16 non-HA blood donors (96). The calculated precursor frequency of FVIII-specific T cells was ~1.7 per million CD4+ T cells. These results indicate that thymic deletion of clones specific for the “self-protein” FVIII is incomplete, and that FVIII-specific memory T cells in non-HA individuals persist but do not expand [except in patients who develop neutralizing auto-antibodies to FVIII (4)]. A more recent study has identified FVIII epitopes recognized by CD4+ T cells from non-HA individuals using peptide ELISPOT assays and HLA Class II tetramers (97). Furthermore, peripheral blood mononuclear cells (PBMC) depleted of CD25+FoxP3+ cells showed enhanced proliferation compared to responses of non-depleted samples from non-HA subjects, suggesting that regulatory T cells (Tregs) play an important role in maintaining tolerance to endogenous FVIII under physiological conditions (93).

Thus, FVIII appears to be inherently more immunogenic than many other self-proteins (98, 99), and as-yet-undefined mechanisms maintain peripheral tolerance to self-FVIII in the vast majority of non-hemophilic individuals by preventing expansion of auto-reactive cells. Compare and contrast this situation with the development of anti-FVIII antibodies in severe HA, in which infused FVIII is a foreign protein: despite its inherent immunogenicity, ~¾ of these patients develop no neutralizing antibody (inhibitor) responses. Those who do develop an inhibitor may experience a transient neutralizing antibody response that either resolves spontaneously (100) or subsides following intensive FVIII infusions (ITI). Although low-titer anti-FVIII antibodies can often be detected in plasma/serum from these “tolerized” individuals, and FVIII-specific T-cell clones may still be isolated and expanded from their blood in vitro (88, 90), it is quite clear that peripheral tolerogenic mechanisms, which are still poorly defined, result in the desired clinical outcome of making FVIII replacement therapy possible by preventing or eliminating neutralizing FVIII-specific antibodies. Further studies of cellular responses to FVIII in HA patients with and without a high-titer inhibitor response, and in normal control blood donors, as well as animal model studies, are needed to clarify these mechanisms and potentially identify novel therapeutic targets.

Proliferation assays in which cells are stimulated with FVIII protein or peptides ex vivo (82–86, 95) have indicated that epitopes within multiple FVIII domains drive the anti-FVIII immune response. Analyses of FVIII-specific T-cell clones isolated using classic limiting dilution (87) or staining with peptide-loaded MHC Class II tetramers followed by cell sorting and expansion (88, 90–92) have unambiguously identified immunodominant T-cell epitopes in FVIII. Clones isolated from subjects with mild HA due to a missense mutation were, unsurprisingly, specific for epitopes corresponding to the wild-type FVIII sequence at the missense substitution site, as this is the only amino acid sequence in the infused FVIII that would be “foreign” to their immune system.

In another recent study, blood from a severe HA subject with a major F8 gene deletion, who had failed ITI and had a persistent inhibitor, was analyzed by systematic epitope mapping using MHC Class II (HLA-DRA-DRB1*01:01 and HLA-DRA-DRB1*10:01) tetramers loaded with synthetic peptides spanning the FVIII A2, C1 and C2 domains (92). Given that FVIII is a large (~220 kDa) protein, one would expect to find a polyclonal T-cell response targeting multiple epitopes. Interestingly, and counter-intuitively, only one FVIII epitope produced tetramer staining above background levels. Furthermore, analysis of the T-cell receptor (TCR) repertoire of these FVIII-specific cells showed cells that stained most strongly for this tetramer (likely indicating high-avidity binding) had a very narrow, oligoclonal TCR repertoire. Together, these results are consistent with a role for clonal deletion and anergy, and perhaps regulatory T cells, as important components of the functional “peripheral tolerance” that most HA patients achieve, whereas clones that escape this elimination or down-regulation following exposure to infused FVIII (including high-intensity FVIII treatment as part of ITI therapy) can persist and continue to provide help to B cells leading to antibody secretion. It is worth mentioning that T-cell clones specific for this same HLA-DRA-DRB1*01:01-restricted epitope have also been identified in two mild HA subjects with the same allele (88–90). Together, these studies suggest that ITI deletes or anergizes the vast majority of FVIII-specific T-cell clones, and in cases where ITI fails, a polyclonal T-cell response has still been converted to a monoclonal or oligoclonal response. Further human studies are required to determine if this narrowing of the FVIII-specific T-cell repertoire is a general feature of ITI. If so, this may provide support for novel immune interventions, based on a limited number of HLA-restricted T-cell epitopes, to promote tolerance to the entire FVIII molecule in patients who have failed ITI (101).

It is important to note that the study described above, which utilized HLA Class II tetramers, identified T-cell clones with high-avidity binding to a FVIII epitope. More recent studies employing ELISPOT assays to detect Th1 or Th2 cytokine secretion in response to FVIII peptides have identified responses to a larger epitope repertoire in a series of severe HA subjects (102) (Figure 3). This may well reflect lower-avidity peptide binding by these responsive cells, compared to the tetramer-positive cells, which is nevertheless physiologically relevant. Indeed, the respective roles of high- and low-avidity TCR binding interactions are of interest in studies of multiple allo-immune responses including allograft rejection and vaccine efficacy (103–105). As mentioned earlier, both antibody phenotyping and analysis of secreted cytokines have confirmed the involvement of both Th1 and Th2 subsets of CD4+ T-effectors in inhibitor development. Serial samples from one mild HA subject identified transient FVIII-specific (tetramer-positive) Th17/Th1 T cells 3–5 months following his initial inhibitor diagnosis, and parallel analysis of his FVIII-stimulated CD4+ T cells depleted of CD25hi cells showed stronger tetramer staining, consistent with some suppression by CD25hi Tregs (88). The ability of FoxP3+ Tregs to suppress inhibitor development in mice was demonstrated by Miao and colleagues, who found that transgenic HA mice that overexpressed FoxP3, unlike HA mice with unmodified FoxP3 expression, did not develop inhibitors following exposure to FVIII via plasmid-based gene therapy. Furthermore, adoptive transfer of CD4+CD25+FoxP3+ cells from the FVIII-exposed transgenic mice to the non-transgenic mice protected the recipient mice from developing high-titer inhibitors, and these Tregs also suppressed proliferation of FVIII-stimulated CD4+ T-effectors in vitro (106).
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FIGURE 3. Mapping of HLA-restricted epitopes in FVIII recognized by CD4+ T cells from HA subjects. PBMCs are isolated from buffy coats of centrifuged blood and either used immediately or frozen. ELISPOT assays are carried out using either PBMCs or CD4+ T cells stimulated with FVIII protein or peptides, with unstimulated cells and tetanus-stimulated cells as negative and positive controls, respectively. Positive results from larger peptide pools are “decoded” by subsequent ELISPOT assays using smaller pools and then individual FVIII peptides as stimulants. Finally, ELISPOT results may be confirmed by staining CD4+ T cells using the appropriate peptide-loaded HLA Class II tetramers.


Further mechanistic studies in animal models and longitudinal studies of the anti-FVIII immune response in HA subjects are needed. The roles of FVIII-specific T-effector cells in patients with a persistent inhibitor also require further clarification; are these cells essential for maintenance of longstanding inhibitor responses, which are primarily driven by memory B cells?



ROLES OF COMPLEMENT AND OXIDATION IN FVIII IMMUNOGENICITY

The study of the immunogenicity of therapeutic FVIII relies on the use of different in vivo and in vitro experimental models. The in vitro analysis of the endocytosis of FVIII by purified APCs presents the advantage of a controlled study system; it however fails to encompass the diversity of the populations of APCs that may co-exist at a given time point and in a given microenvironment in vivo, and fails to account for the varying flow and shear stress conditions that pre-exist in the different body compartments where therapeutic FVIII may be encountered. More importantly, the use in cell culture of serum-free medium or medium containing heat-inactivated serum leaves aside numerous clotting factors and other plasma proteins. These include molecules that have developed a specific relationship with FVIII, in particular VWF, which was shown to reduce FVIII uptake (59, 107), as well as molecules that are essential for innate and adaptive immunity, such as circulating immunoglobulins or complement.

The complement system is an integral part of the innate and adaptive host defense (108, 109). Activation of the complement cascade can occur through at least three pathways: (1) the classical pathway is activated when C1q binds to immune complexes; (2) the lectin pathway is elicited by the binding of mannose-binding lectin to mannose residues on pathogens; and (3) the alternative pathway is spontaneously and continuously activated at a low rate (i.e., spontaneous C3 tick-over) (110, 111). The inappropriate activation of complement is pathogenic and has been associated with autoimmune reactions (112).

Recent studies have investigated whether complement activation plays a role in the onset of the anti-FVIII immune response. The administration of humanized cobra venom factor (hCVF) to mice was followed by an exhaustion of C3 from the circulation without generation of the down-stream pro-inflammatory anaphylatoxin C5a (113). The treatment of FVIII-deficient mice with hCVF prior to replacement therapy resulted in a 4-fold reduction in the levels of neutralizing anti-FVIII IgG, as compared to PBS-treated mice (114). To gain molecular insight into the implication of complement C3 in FVIII immunogenicity, the endocytosis of FVIII by APCs was studied in the presence of heat inactivated (i.e., de-complemented) or non-heat-inactivated human AB serum. Heat inactivation of serum resulted in a 2-fold decrease in FVIII uptake by both immature monocyte-derived dendritic cells (MODCs) and conventional blood DCs (114). Decreased FVIII internalization resulted in a proportional decreased activation of FVIII-specific T cells. Interestingly, elevated levels of FVIII uptake (and T-cell activation) were restored when MODCs were co-incubated with the reconstituted C3 activation complex or with the C3 activation fragment C3b alone. In agreement with this, although the specific endocytic receptor has not yet been identified, FVIII and C3b co-localized at the cell surface. Of note, an engineered FVIII protein with three amino acid changes in its C1 domain, which showed reduced immunogenicity, was described a couple of years ago (52, 57). While this mutant FVIII was not endocytosed by MODCs in vitro, its uptake was rescued in the presence of complement activation (114). It is tempting to propose temporary C3 depletion with hCVF as a therapeutic strategy to prevent the development of anti-FVIII antibodies during initial FVIII infusions of naïve HA patients (Figure 2).

Bleeding is typically associated with hemolysis that leads to the release of hemoglobin and free heme, and with the release at the site of injury of several pro-inflammatory mediators, including reactive oxygen species (ROS) (115). ROS have been demonstrated to alter the structure, function and immunogenicity of various proteins (116–118). The production of rFVIII under oxygen-free conditions preserves its pro-coagulant activity (119), possibly owing to its sensitivity to oxidation (120). Controlling oxidation in vivo in FVIII-deficient mice using N-acetyl-cysteine (NAC) was demonstrated to significantly reduce the intensity of the immune response to therapeutic FVIII (121). Conversely, ex vivo oxidation of FVIII prior to administration to mice resulted in increased immunogenicity as compared with non-oxidized FVIII. The immunogenicity of the oxidized FVIII was, however, not reduced when mice were treated with NAC, suggesting that NAC does not merely affect the immune response but may act directly by preventing FVIII oxidation. An earlier study also identified FVIII as a heme-binding protein (122). The binding of heme to FVIII resulted in a partial loss of pro-coagulant activity, which was at least in part consecutive to a reduced capacity of FVIII to interact with activated FIX. The effects of oxidation of heme-bound FVIII on FVIII functions and immunogenicity remain to be investigated.



GLYCAN INFLUENCES ON FVIII IMMUNOGENICITY

Since the publication of the prospective randomized SIPPET study data, demonstrating a 1.87-fold increase in FVIII inhibitor incidence in previously untreated patients (PUPs) with the use of recombinant as opposed to plasma-derived FVIII, there has been a further search for factors that might provide a biological explanation for this difference (123). Furthermore, four independent cohort studies evaluating FVIII inhibitor incidence in PUPs have documented significant differences between a 2nd generation full-length rFVIII product and 3rd generation rFVIII concentrates, with the 2nd generation concentrate demonstrating a 1.6 to 2.8-fold increase in inhibitor incidence (124–128). Notably, the full-length 2nd generation product is expressed in baby hamster kidney (BHK) cells and the 3rd generation concentrates in Chinese hamster ovary (CHO) cells. While there are several possible explanations for the results of this series of epidemiological findings, a biologically plausible association relates to differences in the post-translational modifications, and specifically the glycosylation patterns found on various recombinant FVIII products produced in different cell types, and the plasma-derived protein derived from native human endothelial cells (54). A recent exploration of this glycosylation hypothesis has indeed provided supportive evidence for this proposal (129).

In this recent report, a range of methodologies have been used to document the glycan difference between rFVIII products and the subsequent effects on the FVIII immune response in vitro and in both “regular” (fully murine) F8-KO HA mice (F8 exon-16 deletion) and in humanized hemophilic mice expressing a mutant human F8 transgene product (with the hemophilia-causing mutation FVIII-Arg593Cys). Lectin binding and mass spectrometry analysis of the 2nd generation rFVIII and a full-length 3rd generation rFVIII concentrate showed a reduction in occupied N-linked glycosylation sites in the 2nd generation product and significant differences in the content of sialic acid and high mannose glycans. These structural differences were associated with increased immunogenicity in the mouse models of HA. In studies involving mice with the mutant human FVIII transgene (Arg593Cys), subcutaneous delivery of the BHK-expressed 2nd generation rFVIII resulted in a 94% incidence of FVIII inhibitors vs. 47% incidence following subcutaneous administration of the 3rd generation rFVIII. Anti-FVIII IgG titers were also significantly higher following exposure to the 2nd generation rFVIII.

In conclusion, these studies documented significant differences in the pattern of glycan occupancy and the types of glycans attached to rFVIII expressed in BHK vs. CHO cells. These differences were associated with variances in FVIII immunogenicity in mouse models of HA. These findings suggest that one of the factors influencing FVIII immunogenicity is the glycan profile, including both quantitative and qualitative details, at least in mice. They also suggest that there may be strategies involving glycan bioengineering that would be protective against FVIII immunogenicity. Preliminary results of an ongoing clinical trial testing a rFVIII product from a human cell line indicated that 17.6% of previously untreated patients developed a high-titer inhibitor (https://www.octapharma.com/news/corporate-news/2019/new-data-isth-2019/), suggesting that fine differences in glycosylation may not play a predominant role in FVIII immunogenicity in humans.



GUT MICROBIOME INFLUENCES ON FVIII IMMUNOGENICITY

Over the past decade, there has been rapidly growing evidence that alterations of the gut microbiome play a key role in regulating both local and systemic immune responses (130–132). The mechanisms underlying this influence are still being investigated, but they include molecular mimicry from gut microbial antigens and immunomodulatory effects of microbial-derived metabolites (133).

Whether the gut microbiome contributes to the risk profile for FVIII immunogenicity has yet to be investigated in detail, but preliminary results in a mouse model system suggest that this may indeed be the case. Furthermore, the timing of initial FVIII exposure in severe HA children, in the first 1–2 years of life, not only represents the peak period for FVIII inhibitor generation but also represents the period when inter-individual microbiome differences are at their most extreme, and when exposure to immunologic challenges such as vaccinations are also initiated (134).

In a series of studies involving HA mice whose gut microbiome has been disrupted by oral administration of a broad-spectrum antibiotic, follow-up after repetitive FVIII challenge has been associated with significantly increased titers of anti-FVIII antibodies in the dysbiotic animals (135). Microbial analysis of the cecal contents in antibiotic-treated mice demonstrated significant reductions in Lactobacillus and Clostridia class immunomodulatory strains of bacteria. Detailed phenotyping of the antibiotic-treated and control mice at the time of initial FVIII exposure showed no differences in mesenteric lymph node and splenic regulatory T cell numbers, dendritic cell subsets and cytokine levels, but the cecal contents at this time demonstrated significantly reduced levels of the immune modulatory short chain fatty acids, acetate, propionate and butyrate. These initial observations provide a rationale for further evaluation of the gut microbiome as a contributing influence for FVIII immunogenicity. Whether interventions involving probiotic supplementation, specific immunomodulatory metabolite administration or microbiome- facilitated oral tolerance protocols can impact FVIII inhibitor development will require a considerable expansion of our current knowledge of this component of the body's immune system (136) (Figure 4).


[image: Figure 4]
FIGURE 4. Potential gut microbiota influences on FVIII immunogenicity. The composition of the gut microbiome can have significant positive or negative effects on FVIII immunogenicity. These differences in the microbiome composition can derive from changes in diet, medications and coincident disease states. In most instances, the mechanisms responsible for changes to FVIII immune reactivity are not well-characterized but it is thought that antigenic mimicry and gut inflammation may play roles in initiating and boosting FVIII immunogenicity, while the delivery or generation of gut-derived immunomodulatory metabolites can mediate tolerogenic immune responses. SCFA, short chain fatty acids; MAC, microbiome accessible carbohydrate.




FVIII-FC FUSION PROTEINS

It has long been appreciated that monomeric, heterologous immunoglobulin G (IgG), as well as model antigens coupled to Ig heavy chains (IgG H), are tolerogenic (137–140). The IgG heavy chain Fc region binds to Fc receptors, thereby inhibiting B-cell receptor signaling (141) to facilitate antigen uptake and tolerance. Indeed, early studies showed that coupling of haptens to IgG Fc led to tolerance, but coupling to F(ab')2 did not (142). The recent fusion of FVIII with a human IgG1 Fc has created a therapeutic FVIII with extended half-life due to recycling of the protein via the neonatal Fc receptor (FcRn) (143). Initial pre-clinical and clinical studies (144–147) have suggested that FVIII-Fc may also lower the incidence of inhibitor development and increase ITI success rates (148). A recent study based on retrospective chart review indicated that patients receiving FVIII-Fc for ITI tolerized faster than with standard ITI protocols utilizing non-Fc fusion products, and several patients receiving “rescue ITI,” i.e., who had failed an earlier ITI regimen, became tolerized during ITI with FVIII-Fc and were able to resume standard replacement therapy (149). Clinical trials to test the safety and efficacy of FVIII-Fc in previously untreated HA patients (NCT02234323), and in patients undergoing ITI (NCT03093480 and NCT03103542), are currently under way. In addition, a FVIII-Fc fused to the VWF D'-D3 fragment and to an XTEN polypeptide to further extend its half-life, and which can be delivered subcutaneously, is in phase 1 testing (NCT03205163).

In humans, maternal IgG are transferred to the fetus through the placenta during the third trimester of pregnancy. This transfer of IgG is not passive but involves binding of the Fc fragment of the IgG to the FcRn expressed by the syncytiotrophoblast (150). The binding between FcRn and IgG occurs after uptake of IgG into the acidic endosome and prevents routing of the internalized IgG to the lysosomes and degradation, thereby favoring transcytosis to the fetal circulation instead. The same occurs in mice, albeit in a different time frame, with maternal IgG being transferred to the fetus from day 15 of pregnancy onwards. Such a phenomenon was exploited in mice, wherein an Fc fusion version of β-glucuronidase injected into the pregnant animals was detected in the fetus (151). Incidentally, the third trimester of pregnancy in the human, and days 14–20 of pregnancy in the mouse, witness the development of the fetal immune system and establishment of tolerance to self (152). Administration to pregnant FVIII-deficient mice of Fc-fused A2 and C2 domains of FVIII is followed by the FcRn-dependent transfer of these molecules to the fetal compartment, followed by their transport by SIRPα+ dendritic cells to the thymus (153). The introduction of FVIII-A2-Fc and FVIII-C2-Fc during fetal life induced FVIII-specific regulatory T cells that were detected after birth, and that protected against alloimmunization to therapeutic FVIII later in life (154). Interestingly, preliminary data from the Lillicrap group showed that injection of high dose therapeutic FVIII-Fc (Eloctate) to pregnant mice allows detection of FVIII activity in the fetuses, which is not the case when recombinant FVIII alone is injected (155). Together, these data provide proof of concept for the antenatal induction of active and long-lasting immune tolerance to therapeutic FVIII, if FVIII is administered at the appropriate gestational stage. A similar approach was tested, with success, in animal models of Type I diabetes (156). In principle, this could be extended to prevent alloimmune responses to therapeutic agents used to treat other monogenic diseases too, such as hemophilia B (157) or Pompe disease (158).

Fc-FVIII fusions may be employed in novel cellular-based therapies designed to induce specific tolerance to the Fc-conjugated protein. Based on studies that demonstrated that B-cell presentation of antigens could be tolerogenic (159, 160), it was demonstrated that retroviral transduction of the FVIII A2 and C2 domains inserted in-frame at the N-terminus of isologous IgG H chains into B cells blocked and even reversed inhibitor formation (161). This system required MHC class II expression on the B cells, and led to the generation of regulatory T cells (Tregs) in multiple models of adverse immune responses (uveitis, EAE, diabetes, arthritis) in addition to HA (161–165).



T-CELL ENGINEERING FOR TOLERANCE

Polyclonal Tregs can be suppressive both in vitro and in vivo. However, because they contain multiple TCR from the entire repertoire, a potential drawback to their clinical application is that they could be non-specifically immunosuppressive. Indeed, there are anecdotal examples of viral re-activation in some clinical trials (166) and concerns about lowering immune barriers to cancer. Efforts to expand antigen-specific Tregs from polyclonal precursors are challenging; however, this has been achieved recently for HA mouse models (167, 168). The use of antigen-specific Tregs has also been significantly refined in an alternative approach using retroviral transduction to express a single TCR, derived from a HA subject and recognizing a well-defined HLA-restricted T-cell epitope in FVIII (89), on human Tregs. When this TCR was expressed in sorted human Tregs (CD25+, CD127lo, FoxP3+, Helios+), these engineered Tregs suppressed proliferation and cytokine secretion by FVIII-specific CD4+ T-effector clones. An important advance that made this tolerogenic approach possible was the development of methods to expand human Tregs ex vivo (169). Moreover, when the TCR-transduced Tregs were added to spleen cells from FVIII-immunized mice, antibody formation to FVIII was significantly inhibited, thereby demonstrating that bystander suppression to multiple epitopes in other domains of FVIII was occurring. This suppression was also demonstrated in vivo, despite the xenogeneic barrier and rejection of the human Tregs within 1–2 weeks. A fully murine system needs to be developed to test the durability of this tolerogenic effect.

These studies provided proof-of-principle for the utility of engineered Tregs, but the HLA restriction of TCRs would require development of patient-specific Treg lines, a formidable barrier. In order to develop antigen-specific Tregs that are not TCR/HLA-restricted, Tregs were next engineered to express a single chain Fv (isolated from a phage display library) recognizing the FVIII A2 domain (170). Tregs expressing this chimeric antigen receptor (CAR) were similarly effective as the TCR-engineered Tregs at suppressing FVIII antibody and inhibitor response in vitro and in vivo. Mechanistic studies suggested that contact between Tregs and T-effectors enhanced suppressive function driven by IL-2 (171), but the targets of the TCR- and scFv CAR Tregs might be different. The former act on antigen-presenting cells (expressing peptide:MHC) while the latter would be activated by conformational epitopes of the properly folded FVIII protein.

As a further approach, FVIII domains have now been expressed on the surfaces of both Tregs and CD8+ cytotoxic cells, in order to directly target B cells. These engineered cells are referred to as B-cell Antigen Receptor, or “BAR” T cells, since the expressed domains would be recognized by FVIII-specific B-cell receptors (BCR). The Treg and CD8+ BARs suppressed and killed, respectively, FVIII-specific B cells, thereby blocking anti-FVIII antibody production (172, 173). Thus, these various engineered FVIII-specific Tregs (Figure 5) are demonstrably functional, with different targets and advantages. Ongoing studies are now testing their tolerogenic properties in the presence of high-titer FVIII inhibitors.
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FIGURE 5. Design and function of Tregs engineered to express FVIII-specific TCRs, CARs or BARs. (A) The FVIII-TCR Tregs will recognize FVIII peptides with specific HLA-restricted T-cell epitopes. The FVIII-specific scFv Tregs will recognize FVIII domains, with no HLA restriction. The FVIII-BAR T cells will recognize B cells expressing FVIII-specific BCRs. FVIII-BAR Tregs are expected to down-regulate or prevent FVIII-specific B-cell activation, while FVIII-BAR CD8+ T cells should specifically kill only the FVIII-specific B cells. (B) Cartoon showing possible mechanisms by which engineered FVIII-specific Tregs may exert bystander suppression, i.e., create a tolerogenic environment that will suppress nearby T-effectors having specificity for multiple epitopes in FVIII.




ORAL TOLERANCE

Delivery of antigens via the mucosal route has been known to be tolerogenic for decades, and this route of antigen exposure may lead to the induction of Tregs as well. One challenge for oral tolerance is that it requires large amounts of protein, the cost of which would be prohibitive with FVIII. Daniell and Herzog have overcome this challenge by designing a system in which encapsulated FVIII fused with cholera toxin subunit B (which enables transfer across the gut epithelium but is itself nontoxic) is expressed in lettuce leaves (174–176). The lettuce is then processed into powder in a GMP facility. When this FVIII-containing powder was fed to hemophilic mice and dogs, tolerance was induced in both prophylactic and therapeutic experiments (176). This approach appears to hold tremendous promise as a non-invasive method to promote tolerance to FVIII, even in advance of initial FVIII infusions (and hence before inhibitors could develop). Furthermore, the application of oral tolerance protocols in the context of immune modulatory gut microbial environments may provide additional benefits in the induction of tolerogenic responses to FVIII.



NANOPARTICLES FOR ANTIGEN-SPECIFIC TOLERANCE

In the last few years, nanoparticles (NP) that had been designed for drug delivery were also found to be efficient vehicles for tolerance induction. These self-assembling, biodegradable poly(lactide-co-glycolide) tolerogenic NPs (tNP) that contain the immune modulator, rapamycin, with or without protein or peptide antigens are capable of inducing durable antigen-specific tolerance that controls adaptive immune responses and can withstand multiple immunogenic challenges with antigen. Thus, Maldonado et al. utilized tNPs containing rapamycin given together with repeated doses of FVIII (177). This protocol blocked FVIII inhibitor production even with repeated FVIII challenge for over 200 days and led to Treg development. Moreover, this protocol was successful in previously immunized mice, albeit requiring additional (multiple) treatments with tNPs. Further commercial development of such tNPs (SEL-212) is proceeding to promote tolerance to uricase, an immunogenic agent used for gout therapy (https://www.selectabio.com/immtor/gouttherapy/phase2results/). There is considerable interest in testing nanoparticle + rapamycin therapy in other immunogenic therapies, and rapid advances in this field are expected over the next several years.



INFLUENCE OF NEW HEMOPHILIA THERAPIES ON FACTOR VIII IMMUNOGENICITY AND TOLERANCE

Over the past decade, a range of innovative non-factor replacement approaches for the treatment of HA have been under development, and several of these therapies are now in the clinic (178). The influence of these treatments on the FVIII immune response and FVIII tolerance will be variable, with some approaches (e.g., rebalancing hemostasis strategies) having a less obvious potential impact on FVIII inhibitor development, while for other novel therapies there will be clear, either direct or indirect, consequences for the FVIII immune response. The most clearly influential of these treatments to date are the humanized bispecific antibody, emicizumab (“Hemlibra”), and FVIII gene therapy.

Emicizumab has demonstrated partial FVIII mimetic properties in a variety of in vitro tests (179) and has been shown in phase 3 studies of HA patients both with (7) and without (8) FVIII inhibitors using prophylactic emicizumab treatment to very significantly reduce annualized bleed rates. The bispecific antibody does not induce or exacerbate anti-FVIII antibody responses, and anti-emicizumab antibodies have been detected in <5% of treated patients to date. A major question that is currently unresolved is whether FVIII inhibitor patients being successfully treated with emicizumab prophylaxis should undergo ITI in an attempt to eliminate their neutralizing anti-FVIII antibody response. Initial clinical studies are now underway aimed at addressing this question, but basic immunologic principles would suggest that the efficacy of ITI should not be decreased in emicizumab users. On the contrary, their reduced inflammatory status accompanying restoration of hemostasis may even improve ITI success rates. Induction of tolerance to FVIII would enable the preferential use of FVIII to treat episodes of breakthrough bleeding in these patients and would avoid the less predictable outcomes obtained with bypass product treatment. Importantly, administration of FEIBA as a bypass agent when emicizumab is “on board” may be contra-indicated due to a possibly increased thrombotic risk when these therapeutics are combined (180, 181); ongoing and future monitoring of patients treated with FEIBA while still on emicizumab will generate sufficient data to properly evaluate this potential risk. The only other currently approved bypass agent is recombinant factor (F)VIIa, which is expensive and has a short half-life. However, recent studies have indicated that concomitant treatment with emicizumab + rFVIIa does not change the safety profile of rFVIIa. The relative effectiveness of FEIBA vs. rFVIIa in treating breakthrough bleeds for patients on emicizumab has not yet been established, due to the limited amount of time this bispecific antibody has been on the market. Anecdotally, some inhibitor patients seem to respond better to one bypass agent than to another during serious bleeds, so removing FEIBA from the available armamentarium could prove problematic in some cases. Therefore, a lack of tolerance to FVIII could constitute an additional clinical risk factor even for patients successfully receiving emicizumab prophylaxis, by narrowing the options to staunch potentially dangerous bleeding following accidents, trauma or surgery. We therefore suggest that ITI continues to be an entirely appropriate therapy for inhibitor patients, regardless of whether they are being successfully treated with emicizumab, as ongoing tolerance to FVIII provides a clear clinical benefit by increasing the available options to treat or prevent bleeds.

The other scenario that may require consideration concerns the use of emicizumab in infants (previously untreated or treated with any FVIII concentrate), where the practical convenience of infrequent sub-cutaneous administration will provide a significant advantage for care givers and patients. In this situation, FVIII might only be administered at the time of breakthrough bleeding, and thus there may be a potential for increasing the inhibitor risk through FVIII delivery only at times of “high immunologic danger” due to associated bleeding and inflammation. This concern could be mitigated by early low dose FVIII prophylaxis to induce peripheral tolerance to FVIII. Furthermore, it is highly likely that regular, intermittent re-exposures to FVIII will be required to maintain this tolerance in infants, children and adults who choose emicizumab (or other non-FVIII therapies) for prophylactic prevention of bleeding. The necessity of antigen persistence for immunologic unresponsiveness has been demonstrated in many scenarios and is an accepted principle of immunology (182). Further research will be required to determine the optimal FVIII doses and maximum intervals between these doses to maintain peripheral tolerance. This would preserve the option of future FVIII replacement therapy for HA patients who choose alternative, non-FVIII therapies.

After 25 years of pre-clinical development, FVIII gene therapy is now being successfully applied in late stage clinical trials (183). There is a strong likelihood that the first licensed FVIII gene therapy product will be available within the next 12 months. All clinical trials to date have involved adeno-associated viral vector (AAV) liver-directed gene transfer of a B-domain-deleted FVIII transgene construct. All enrolled patients (until now) have had no prior history of FVIII inhibitor development, and no FVIII inhibitors have been documented in their follow up post-vector administration (out to a maximum of 3 years). In previous pre-clinical animal studies, transient anti-FVIII immune responses have been seen in a few animals, but all have been eliminated with persistent expression of the FVIII transgene. Furthermore, in studies of HA dogs with pre-existing FVIII inhibitory antibodies, AAV-mediated delivery of a canine FVIII transgene has been successful in mediating tolerance to FVIII, and the dogs eventually demonstrated persistent, therapeutically relevant levels of FVIII expression (184). Based on these results, it is reasonable to propose that in patients with FVIII inhibitors where routine ITI has failed, a trial of liver-directed FVIII gene therapy might prove effective. Development of a formal clinical trial protocol for evaluation of this intervention would be essential. Theoretical advantages that a gene therapy strategy for ITI might have include the persistent as opposed to intermittent exposure to the FVIII antigen, the relatively stable concentration of circulating FVIII, and the fact that FVIII production is from the liver, a well-documented location for supporting tolerogenic immune responses (185). FVIII gene therapy has not been approved for pediatric patients, so inhibitor risk for previously untreated severe HA patients is unknown. Further animal model studies will allow improved estimates of this and other potential safety issues that must be addressed adequately before offering this experimental therapy to infants and children.

Another creative approach to re-balance hemostasis in the absence of functional FVIII is to inhibit specific anticoagulation pathways by targeting activated protein C, which is generated in vivo by the thrombin/thrombomodulin complex on the surface of endothelial cells. Activated protein C is a serine protease that cleaves and thereby inactivates the cofactors FVIIIa and factor Va. Its natural inhibitor is the serpin (serine protease inhibitor) protein C inhibitor, which despite its name is a promiscuous inhibitor of multiple serine proteases. James Huntington and colleagues recently engineered a novel serpin that is highly selective for activated protein C, and that corrected bleeding in HA mice (186, 187). Further testing to evaluate the safety of this approach is needed, but at present it offers the intriguing possibility of achieving hemostasis by administering this relatively long-lived protein therapeutic, even in the presence of neutralizing anti-FVIII antibodies. As with other non-FVIII therapies, no effect on FVIII immunogenicity would be expected, although co-administration with FVIII to either induce or maintain tolerance would allow patients to resume FVIII replacement therapy either prophylactically, or as needed to treat traumatic or breakthrough bleeds.



DISCUSSION

In this review we have presented an overview of recent insights into the immune response to FVIII and novel approaches to prevent, circumvent or reverse the development of neutralizing anti-FVIII antibodies. It is an exciting time to be working in this field, with some new therapies already in clinical trials and others showing promising results in animal models. Several practical challenges remain, many of them inherent to studies of rare clinical disorders such as HA. For example, given that the anti-FVIII immune response is most likely to develop during initial infusions of infants and toddlers, there is limited availability of the required blood volumes for mechanistic studies of inhibitor development in humans. Yet, these studies are vital to understand the basis of different clinical outcomes, especially given the many differences between the diverse human population vs. other species, notably inbred mice (188). The number of cells available from genetically well-characterized mice, and even large animal models, can also be a limiting factor for studies, e.g., when attempting to characterize splenic marginal zone cells, or vascular and sinusoidal endothelial cells. The emergence of increasingly sophisticated techniques to analyze small samples, e.g., by flow cytometry-based immunophenotyping (189, 190), mass cytometry (189, 191), TCRαβ repertoire profiling (192, 193), and improved “-omics” methodologies combined with bioinformatics (194, 195) holds tremendous promise for furthering research into antigen-specific immune responses, including the basis for FVIII immunogenicity and maintenance of peripheral tolerance to FVIII.

Increasing coordination between hemophilia care providers, funding agencies and, of course, the hemophilia community itself is enabling initiatives from large-scale registries and associated data sets (196) to the establishment of sample and data repositories (197). Studies utilizing these resources will not only further our understanding of FVIII immunogenicity and tolerance, but they are also likely to provide insights into immunogenicity of various other biotherapeutics, which comprise a growing proportion of biotechnology and pharmaceutical company portfolios.

The introduction of cryoprecipitate, over 50 years ago, to treat HA patients was followed by development of additional plasma-derived and recombinant FVIII concentrates with improved safety profiles, and more recent advances have included modest half-life extension through various modifications of the FVIII protein. Non-FVIII therapies are now beginning to transform the lives of inhibitor (and some non-inhibitor) patients, allowing them to re-balance hemostasis to avoid most breakthrough bleeds, even in the presence of neutralizing anti-FVIII antibodies. Possible longer-term risks associated with these alternative therapies are unknown, and there is still little experience with their use in settings of trauma or surgery. Also, many patients and families who have evaluated recently available novel therapies choose to begin or remain on FVIII therapy. Therefore, maintenance of tolerance to FVIII remains a high priority. It is hoped that further development of tolerogenic approaches such as those described in this review will lead to new therapies allowing HA patients to “tolerate,” and fully benefit from, FVIII replacement therapy.
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Anti-drug antibodies to coagulation factor VIII (fVIII), often termed inhibitors, present the greatest economical and treatment related obstacle in the management of hemophilia A. Although several genetic and environmental risk factors associated with inhibitor development have been identified, the precise mechanisms responsible for the immune response to exogenous fVIII therapies remain undefined. Clinical trials suggest there is an increased immunogenic potential of recombinant fVIII compared to plasma-derived products. Additional biochemical and immunological studies have demonstrated that changes in recombinant fVIII production and formulation can alter fVIII structure and immunogenicity. Recently, one study demonstrated increased immunogenicity of the recombinant fVIII product Helixate in hemophilia A mice following oxidation with hypochlorite (ClO−). It is widely reported that protein aggregates within drug products can induce adverse immune reactions in patients. Several studies have therefore investigated the prevalence of molecular aggregates in commercial recombinant products with and without use-relevant stress and agitation. To investigate the potential link between oxidation-induced immunogenicity and molecular aggregation, we analyzed the recombinant fVIII product, Helixate, via sedimentation velocity analytical ultracentrifugation following oxidation with ClO−. At 80 μM ClO−, a concentration that reduced the specific-activity by 67%, no detectable increase in large molecular aggregates (s > 12 S) was observed when compared to non-oxidized fVIII. This lack of aggregates was demonstrated both in commercial excipient as well as a HEPES buffered saline formulation. These data suggest that oxidation induced immunogenicity is independent of aggregate-mediated immune response. Therefore, our data support multiple, independent mechanisms underlying fVIII immunogenicity.

Keywords: hemophilia A, factor VIII, oxidation, immunogenicity, analytical ultracentrifugation


INTRODUCTION

The standard of care for patients with hemophilia A is prophylactic treatment with concentrated exogenous factor VIII (fVIII) products to prevent and control bleeding and mitigate joint damage. Commercial fVIII products, whether plasma-derived or recombinant, result in a significant incidence of anti-drug antibodies (ADAs), termed inhibitors, which prevent fVIII activation (1), interfere with co-factor function to factor IX (1), abrogate phospholipid and/or platelet binding (2), or enhance drug clearance (3). These inhibitors can occur in upwards of 40% of previously untreated patients (4–6) and recent clinical studies have suggested that recombinant products may be more immunogenetic (7–9). Current theories for immune complex formation within recombinant products include (i) the absence of the immuno-protective effect of von Willebrand factor, (ii) altered glycosylation patterns and structures due to various heterologous expression systems, and (iii) increased molecular aggregation of recombinant products prior to infusion. While the precise pathogenic mechanisms responsible for fVIII inhibitor development remain unclear, a multifactorial combination of genetic and non-genetic risk factors are suggested to influence the anti-fVIII immune response (10–13).

Non-genetic factors, such as inflammation, hemarthrosis, reactive oxygen species (ROS), and redox states are postulated to stimulate the anti-fVIII immune response. Hemarthrosis prior to and during factor infusion was associated with an increased inhibitor response in rats with severe hemophilia A (14), suggesting that on-demand treatment may correlate with increased risk. Additionally, sites of endothelial damage during hemarthrosis precede the release of ROS species (15) which influence the local redox milieu. A recent investigation of the effect of oxidation demonstrated an increased immune response in hemophilia A mice when fVIII was oxidized with ClO− prior to administration (16). ClO− oxidation of fVIII compromised its procoagulant activity but did not abrogate VWF binding, demonstrating that oxidation alters the fVIII structure outside of the VWF binding sites and that VWF did not protect from an immune response to the oxidized fVIII species. The concentration of coagulation factors at sites of injury and inflammation may therefore result in undesirable structural changes which alter the immunogenicity of the protein.

Oxidation is widely reported to increase the immunogenicity of proteins including interferon alpha2b (17), collagen type II (18), and ovalbumin (19). A link between oxidative induced aggregate formation and subsequent immunogenicity has been demonstrated with human interferon-β (20). Protein aggregates in commercial products, as a result of altered structure and assemblies, also increase the risk of ADAs in patients (21, 22). These altered assemblies can result from chemical reactions as previously described, or result from accumulated misfolded protein. Recombinant fVIII is produced in heterologous expressions systems and it has been reported that 2nd generation products Helixate and Kogenate are more immunogenic than the 3rd generation product Advate (23, 24). It has also been demonstrated that these products contain significantly higher levels of aggregates before and after use-related stress as measured by size exclusion high-performance liquid chromatography, dynamic light scattering, and sedimentation velocity analytical ultracentrifugation (SV-AUC) (25–27). In the present study, we use SV-AUC to investigate the effect of oxidation of recombinant fVIII product Helixate on the formation of molecular aggregates.



METHODS


Materials

Sodium hypochlorite (NaOCl) was purchased from Sigma-Aldrich (St. Louis, MO). NaOCl concentration was determined using an extinction coefficient of 350 M−1 cm−1 at 292 nm in water. Zeba Spin desalting columns and Amicon Ultra centrifugal filters were purchased from Thermo Fisher Scientific (Waltham, MA) and Millipore Sigma (Burlington, MA), respectively. Helixate FS (CSL Behring, Kankakee, IL, USA; Lots 270PP4J and 27N1VK1) was purchased from the manufacturer and reconstituted using sterile water in accordance with the kits and instructions provided.



Factor VIII Preparation

For some experiments, Helixate was exchanged into 0.15 M NaCl, 0.02 M HEPES, 5 mM CaCl2, 0.01% polysorbate 80 (w/w), pH 7.4 (HBS/Ca/PS-80) with a Zeba Spin desalting column or by repeated filtration using Amicon Ultra-15 Ultracel-30K centrifugal filter, which was passivated with (HBS/Ca/PS-80) prior to buffer exchange. Helixate was oxidized by addition of sodium hypochlorite for ~10 min followed by buffer exchange.

Specific-activity of Helixate was determined by one-stage coagulation assay using a Diagnostica Stago Start (Parsippany, NJ) viscosity-based hemostasis analyzer and referenced to pooled citrated normal plasma (FACT). Activity was normalized to A280 mass determination following extinction coefficient corrections using an extinction coefficient of 1.2 (mg/mL)−1 cm−1 based on tyrosine, tryptophan and cysteine composition and molar mass. Specific-activities were measured immediately following addition of ClO− and remained stable over 24 h. fVIII deficient plasma and FACT reference were purchased from George King Biomedical (Overland Park, KS). Automated APTT reagent was purchased from Trinity Biotech (Wicklow, Ireland).



Analytical Ultracentrifugation

SV experiments were performed at 105,000 g (38,000 rpm) at 20°C in a Beckman Coulter ProteomeLab XLI analytical ultracentrifuge. Scanning was done at 280 nm in an An-60 rotor equipped with 12 mm pathlength double sector cells and sapphire windows. Sample and reference buffer volumes were 0.40 mL each. Scans were initiated in continuous mode at ~4 min intervals using a radial spacing of 0.003 cm after reaching the target rotor speed and were acquired at ~3 min intervals.

Data were analyzed using the continuous c(s) distribution model in SEDFIT, version 16.1c (28, 29), or the hybrid local continuous/global discrete species model in SEDPHAT, version 15.2b (http://analyticalultracentrifugation.com). These models produce a least squares fit of the absorbance signal as a function of radial position and time to a set of Lamm equations corresponding to a user-defined range and increments of sedimentation coefficients, yielding a sedimentation coefficient distribution, c(s), and a signal-average frictional ratios, f/fo. The simplex algorithm and Marquardt-Levenberg algorithms were used for both programs. The meniscus position, baseline, and time-invariant noise also were fitted. Continuous c(s) distribution fitting was done using maximum entropy regularization with a confidence interval of 0.68. Hybrid local continuous/global discrete species modeling was done using Tikhonov regularization with a confidence interval of 0.68.

The molar mass, M, of the dominant species in formulated Helixate was estimated using

[image: image]

where η is the solvent viscosity, ρ is the solvent density, [image: image] is the partial specific volume of fVIII, and Na is Avogadro's number. A value of 0.719 mL/g was used for the partial specific volume of fVIII (25).

The sedimentation coefficients were converted to the standard condition of water as reference solvent at 20°C ((sw)20,w) as described by Svedberg and Pedersen (30). The viscosity and density of the formulation buffer and HBS/Ca/Tw were measured in a Lovis 2000M viscometer and an Anton Paar DMA4500 densitometer. SV graphs were plotted using GUSSI version 1.4.2 (31).




RESULTS


Oxidative Inactivation of fVIII

Peyron et al. recently demonstrated that oxidation of Helixate reduced procoagulant function and increased immunogenicity without affecting binding to VWF (16). While the mechanism of the observed immunity is not yet understood, oxidation is suggested to alter the structure and/or assembly of the protein. To analyze the formation of protein aggregates in the fVIII product, Helixate, by SV AUC, dose-finding studies were conducted to determine the concentration of ClO− required to abrogate procoagulant function and therefore alter the physical structure of fVIII. To ensure that active and/or inactive fVIII mass was not removed following buffer exchange, A280 measurements were taken before and after oxidation and specific-activity (IU/mg) is reported. Exposure of fVIII to concentrations of 50, 60, and 80 μM ClO− in 2x formulation buffer for 10 min prior to buffer exchange to remove ClO− resulted in 47, 58, and 67% reduction in specific-activity (Figure 1). These concentrations represent a 55–88-fold molar excess of ClO− over fVIII. The concentrations required to reduce Helixate specific activity in 2x formulation buffer were roughly double those required in HBS/Ca/PS-80 (data not shown), likely due to the presence of the anti-oxidant histidine (Table 1). As a control against subsequent structural changes and loss of coagulant activity because of the 8 h SV AUC process, specific-activity of samples were tested immediately following centrifugation. Samples demonstrated no change in specific activity 8 h after initial testing (Figure 1).


[image: Figure 1]
FIGURE 1. Helixate specific-activity reduction following oxidation. Helixate was reconstituted in ½ volume of Sterile Water for Injection resulting in 2x formulation buffer. Following oxidation with molar excess ClO−, Helixate was exchanged into HBS/Ca/PS-80 and specific-activity was determined (black circles). FVIII specific-activity was measured by one-stage coagulation activity and plotted as specific activity relative to the absence of ClO- as well as absolute specific activity. Specific-activity of oxidized Helixate was also measured following completion of AUC (gray squares) to confirm no loss of activity during AUC.



Table 1. Stabilizers and excipients in helixate.
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SV AUC of Oxidized fVIII

To assess the formation of aggregates following oxidation, Helixate was desalted into HBS/Ca/PS-80, and exposed to 80 μM ClO− or control buffer for 10 min. Helixate then underwent buffer exchange into HBS/Ca/PS-80 to remove ClO− and was subjected to SV AUC. Figure 2A shows an overlay of the 80 μM ClO− and control Helixate sedimentation coefficient distributions. Diffuse aggregates are evident in the region between 12 and 100 S in the control sample as observed previously for Helixate (25). The extent of aggregation was similar in the oxidized sample. Aggregates in the 12–100 S represented 13.4 and 13.3% of the signal relative to the region between 5 and 100 S for the control and 80 μM samples, respectively.


[image: Figure 2]
FIGURE 2. SV AUC of oxidized Helixate. Helixate in HBS/Ca/PS-80 (A) or 2x formulation buffer (B) was treated with either 80 μM ClO− (dashed curve) or control buffer (solid curve). Following buffer exchange using a desalting column, samples were subjected to SV AUC at 105,000 g at 20°C. A280 scans were fitted to a continuous c(s) distribution from 0 to 100 S at 1 S increments. The insets show the fitted data for control samples. Only every fourth scan and every other data point are shown for clarity. The lower panels in the insets show the residuals of the fitted data.


For therapeutic use, Helixate is reconstituted with sterile water for injection, which produces a solution with excipient and stabilizer concentrations listed in Table 1. To evaluate the oxidation of Helixate in the excipient/stabilizer buffer system, and to increase the 280 nm absorbance signal for SV AUC for increased potential of detecting a differential increase in aggregates due to oxidation, Helixate was reconstituted at twice the concentration of the therapeutic formulation and exposed to control buffer or 80 μM ClO−. Figure 2B shows that aggregation was similar between oxidized and control fVIII. Aggregates in the 12–100 S region were 14.5 and 9.2% relative to the region between 5 and 100 S for the control and 80 μM samples, respectively.

As an additional control, we determined whether aggregates were removed from Helixate during buffer exchange procedure. This potentially would produce a false negative result in which oxidized fVIII aggregates were selectively removed by a solid phase matrix. Figure 3 shows the c(s) distributions of Helixate in formulation buffer and following desalting into HBS/Ca/PS-80, revealing a major peak with an (Sw)20, w-value of 7.6 S. Aggregate levels were 18.9% and 15.9% in formulation buffer and HBS/Ca/PS-80, respectively, indicating that aggregates do not become trapped on the solid phase matrix. To further confirm this, SV AUC was performed on oxidized Helixate without removal of HOCl, and no increase in diffuse aggregates was observed (data not shown).


[image: Figure 3]
FIGURE 3. SV AUC of Helixate in formulation buffer and HBS/Ca/PS-80. Helixate was reconstituted in Sterile Water for Injection to produce its therapeutic formulation (solid curve) or exchanged into HBS/Ca/PS 80 (dashed curve) and immediately subjected to SV AUC at 105,000 g at 20°C. A280 scans were fitted to a continuous c(s) distribution from 0 to 200 S.


The integration range for Helixate in formulation buffer was 15–100 S instead of 12–100 S because dominant species in Helixate sediments faster in formulation buffer than in HBS/Ca/PS-80 (Figure 3). This is surprising because the nominal excipients and stabilizers in Helixate produce a ~0.3 M glycine/0.03 M sucrose solution. Therefore, the predicted density and viscosity of formulation buffer would be greater than HBS/Ca/PS-80 and thus slow the sedimentation of fVIII. To investigate this phenomenon, the density and viscosity of Helixate in formulation buffer was measured and SV AUC was performed on the same sample. The density and viscosity of the formulation buffer were 1.0147 g/mL and 0.01095 Poise, respectively, compared to 1.0062 g/mL and 0.01028 Poise of HBS/Ca/PS-80.

Figure 4 shows the fitted sedimentation profiles and c(s) distribution of Helixate in formulation buffer. The shaded region in Figure 4B was integrated, producing a signal-average sedimentation coefficient, sw, of 9.14 S. This corresponds to a value at 20°C in water, (sw)20,w, of 10.43 S. In contrast, the (sw)20,w of the fVIII heterodimer in Helixate is 7.6 S in HBS/Ca/PS-80 (Figure 3). Continuous c(s) distribution analysis, which produces an estimate of the signal-average frictional ratio, f/fo, of the entire sedimenting population (29), yielded a value of 1.29. To exclude the possibility that aggregates were significantly contributing to the frictional ratio, the hybrid local continuous/global discrete species model in SEDPHAT, which provides an estimate of the frictional ratio in user-defined regions within the sedimentation coefficient distribution range of interest (32), was implemented and produced an estimated frictional ratio of 1.28. In contrast, the frictional ratio of the fVIII heterodimer in HBS/Ca/PS-80 is 1.91. The frictional ratio is a measure of the departure of the sedimenting particle from spherical symmetry and is inversely related to the sedimentation coefficient. The sedimentation coefficient and frictional ratio, combined with the solvent density and viscosity and partial specific volume of the protein, produced an estimated signal-average molar mass 213,000 g/mol for molecule(s) corresponding to the shaded region in Figure 4B as described in Methods. This is close to the mass estimated for the fVIII heterodimer in HBS/Ca/PS-80 (25). These results are consistent with the dominant species in formulated Helixate being the fVIII heterodimer that sediments faster in formulation buffer due to a dramatic decrease in the frictional ratio. The frictional ratio of fVIII in formulation buffer is typical of a globular protein whereas the value in HBS/Ca/PS-80 of 1.9 is due to a significant departure from spherical symmetry. Scanning transmission electron microscopy studies indicate that the B domain projects from the body of porcine fVIII as a long stalk (33), which could explain the relatively large frictional ratio of the fVIII heterodimer. Conceivably, the B domain packs next to the body of fVIII in HBS/Ca/PS-80 buffer, reducing its frictional ratio.


[image: Figure 4]
FIGURE 4. Major species of Helixate in formulation buffer determined by SV AUC. Helixate was reconstituted in Sterile Water for Injection to produce its therapeutic formulation. The density and viscosity of the formulated solution were measured as described in Methods and the sample was subjected to SV AUC at 105,000 g at 20°C. (A) Fitted absorbance scans. Only every fourth scan and every other data point are shown for clarity. Lower panel, residuals of the fitted data. (B) Continuous c(s) distribution from 0 to 100 S. The shaded area corresponds to the region used to determine the signal average sedimentation coefficient of the dominant species.





DISCUSSION

This study demonstrates that oxidation of Helixate, although damaging to procoagulant function, does not result in increased large molecular weight aggregates. SV AUC analysis following oxidation in a HEPES buffer or manufacturer's formulation buffer revealed an equivalent proportion of aggregates compared to non-oxidized Helixate, which was similar to previous reports (25). Buffer exchange using a desalting column did not remove aggregates from Helixate and the total A280 was unchanged before and after oxidation. The immunogenicity of fVIII is independent of its procoagulant function (34, 35) but is, in part, regulated by association with von Willebrand factor (VWF) (34, 36). Oxidation of Helixate with ClO− was previously shown not to affect VWF binding (16). Therefore, the mechanism by which oxidized fVIII induces an increased immune response remains unanswered, however, it is not protected by VWF binding. Aggregates within protein biologics, including fVIII (37), are known to increase the immunogenic potential of the protein drug. It is conceivable that the structural and chemical changes caused by oxidation of Helixate result in increased or novel epitope exposure or altered antigen recognition following administration. Modifications to the protein which are not detected as changes in sedimentation rate, size, or frictional ratio must be occurring due to the loss of procoagulant activity, and these deformations must be further investigate for a better understanding of fVIII immunogenicity. Taken together, this study supports multiple independent mechanisms of immunogenicity that contribute to the complexity of ADA formation.

Herein we highlight the importance of formulation composition for biologic drugs with heterogeneous populations, such as fVIII. Within marketed recombinant fVIII products, buffers, and stabilizers have changed significantly across product generations without sufficient analysis into their propensity to aggregate, until recently (26). In this study, we demonstrate a significant difference in fVIII conformation in HBS/Ca/PS80 buffer compared to 1x or 2x formulation buffer, measured by frictional ratio (Figure 3). This resulted in the dominant species of fVIII in formulation buffer to distribute over a larger c(s) range (Figure 4). In light of recent studies suggesting increased immunogenicity in recombinant products compared to plasma derived (38, 39), the stability and uniformity of recombinant fVIII products prior to administration is of great importance. One such complication is the inconsistent concentration of excipient stabilizers across lots of a single recombinant product, normalized to fVIII IU/ml (25). Excess or deficient solute within the formulation buffer alters the density, viscosity, and frictional ratio which therefore alters the homogeneity of the fVIII product. Furthermore, absence of sufficient redox protectants can increase the propensity to form ADA following administration. To this effect, we also measured fVIII activity in NaHPO4 buffer following OCl-oxidation (data not shown). In this buffer devoid of alternative oxidation targets such as HEPES, PS-80, histidine, glycine, etc., the IC50 was determined at only 5-fold molar excess compared to 55-fold in 2x formulation buffer. Therefore, while the mechanism of oxidation-induced immunity is not driven by aggregate formation and remains unexplained, the inclusion of improved buffers, stabilizers, and antioxidants may contribute to a reduced incidence of anti-fVIII inhibitors.
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The development of neutralizing antibodies (inhibitors) against factor VIII (FVIII) is a major complication of hemophilia A treatment. The sole clinical therapy to restore FVIII tolerance in patients with inhibitors remains immune tolerance induction (ITI) which is expensive, difficult to administer and not always successful. Although not fully understood, the mechanism of ITI is thought to rely on inhibition of FVIII-specific B cells (1). Its efficacy might therefore be improved through more aggressive B cell suppression. FcγRIIB is an inhibitory Fc receptor that down-regulates B cell signaling when cross-linked with the B cell receptor (BCR). We sought to investigate if recombinant FVIII Fc (rFVIIIFc), an Fc fusion molecule composed of FVIII and the Fc region of immunoglobulin G1 (IgG1) (2), is able to inhibit B cell activation more readily than FVIII. rFVIIIFc was able to bind FVIII-exposed and naïve B cells from hemophilia A mice as well as a FVIII-specific murine B cell hybridoma line (413 cells). An anti-FcγRIIB antibody and FVIII inhibited binding, suggesting that rFVIIIFc is able to interact with both FcγRIIB and the BCR. Furthermore, incubation of B cells from FVIII-exposed mice and 413 cells with rFVIIIFc resulted in increased phosphorylation of SH-2 containing inositol 5-phosphatase (SHIP) when compared to FVIII. B cells from FVIII-exposed hemophilia A mice also exhibited decreased extracellular signal-regulated kinase (ERK) phosphorylation when exposed to rFVIIIFc. These differences were absent in B cells from naïve, non-FVIII exposed hemophilic mice suggesting an antigen-dependent effect. Finally, rFVIIIFc was able to inhibit B cell calcium flux induced by anti-Ig F(ab)2. Our results therefore indicate that rFVIIIFc is able to crosslink FcγRIIB and the BCR of FVIII-specific B cells, causing inhibitory signaling in these cells.

Keywords: hemophilia A—complications, drug therapy, anti-drug antibodies, factor VIII inhibitors, recombinant factor VIII Fc, FcγRIIB, B cell inhibition


INTRODUCTION

Hemophilia A is an inherited bleeding disorder caused by defects or deficiencies in factor VIII (FVIII), an essential protein co-factor of the intrinsic coagulation pathway. Affected individuals experience prolonged provoked hemorrhages, and in severe cases spontaneous bleeding into joints and soft tissues. Although FVIII replacement can be used to mitigate these symptoms, the development of inhibitory antibodies remains a major complication of this therapy, occurring in 30% of patients with severe disease (3). Bleeding symptoms in this subset of individuals can be treated with bypassing agents such as FVIII inhibitory bypassing activity (FEIBA) (4) or recombinant activated factor VII (rFVIIa) (5), which drive clot formation via the extrinsic coagulation pathway. However, these are very expensive products that offer inferior and inconsistent hemostatic protection compared to FVIII. Restoring tolerance to the protein and thus re-enabling FVIII replacement therapy is the preferred management option for hemophilia A patients with inhibitors.

Immune tolerance induction (ITI) remains the only therapy to desensitize hemophilia A patients who develop an immune response to FVIII. This approach consists of repeated and often daily administration of high [200 IU/kg (6)] or low [50 IU/kg (7)] doses of FVIII. The treatment is continued for prolonged periods of time ranging from weeks to years (8), until the inhibitor is eradicated and the recovery as well as half-life of FVIII normalize. ITI is expensive, difficult to administer, lowers quality of life and can be complicated by events such as central venous catheter infections (9). In addition, this therapy is effective in only 70–85% of cases (10). As a result, methods to increase ITI efficacy would be of great benefit.

Despite its long-term use in clinical practice, the immunological mechanisms underlying ITI are not fully understood. There are data to suggest that successful tolerance induction is associated with the generation of anti-idiotypic antibodies (11, 12) which could neutralize soluble and B cell surface anti-FVIII immunoglobulin (Ig). Studies in murine models of hemophilia A have also shown that high doses of FVIII can inhibit FVIII-specific B cells thereby preventing anti-FVIII IgG production (1). The improved efficacy of ITI when combined with rituximab (anti-CD20 monoclonal antibody) provides further evidence for the importance of B cell eradication in the success of ITI (13). Based on our current understanding of this therapy it is therefore reasonable to conclude that the efficacy of ITI may be increased by improved inhibition or elimination of FVIII-specific B cells.

FcγRIIB is one of the five receptors that can bind the Fc region of IgG and modulate immune responses. Although these receptors are widely expressed by cells of the immune system and have varying functions based on the cell of origin, FcγRIIB is of particular interest as it is the lone inhibitory Fcγ receptor and is the only Fc receptor expressed by B cells (14). When cross-linked with the B cell receptor (BCR) by an antigen-IgG immune complex, FcγRIIB can inhibit B cell activation. This process is mediated by phosphorylation of FcγRIIB's cytoplasmic immunoreceptor tyrosine-based inhibitory motif (ITIM), ultimately resulting in inhibition of proliferation via the MAPK pathway and decreased calcium flux (15). Cross-linking the BCR of FVIII-specific B cells with FcγRIIB might therefore offer an improved potential for inhibiting the activation of these cells. This mechanism could also provide further mechanistic basis for the decreased immunogenicity of rFVIIIFc in pre-clinical models.

Recombinant FVIII Fc (rFVIIIFc) is a fusion protein composed of B domain deleted (BDD) FVIII fused to the Fc region of IgG1. This molecule was designed to increase FVIII half-life through the IgG recycling mechanism mediated by the neonatal Fc receptor (FcRn) (2) in the endosomes of endothelial cells. The addition of IgG1 Fc to FVIII may however also allow this molecule to interact with Fcγ receptors, which could have immunological implications. Preclinical studies have already shown that replacement therapy with rFVIIIFc results in an attenuated immune response when compared to FVIII. This effect was mediated by regulatory T cell, Fcγ receptors, and possibly FcRn (16). Case reports and retrospective studies of hemophilia A patients undergoing ITI with rFVIIIFc have suggested a quicker time to tolerization when compared to ITI using conventional FVIII concentrates (17, 18). Finally, antibodies targeted to FcγRIIB have been shown to modulate the FVIII immune response (19). Based on this evidence we hypothesize that rFVIIIFc may inhibit FVIII-specific B cells more efficiently than FVIII due to its ability to cross-link the BCR of these cells with FcγRIIB.



METHODS


Animals

Hemophilia A mice with an exon 16 knockout of the F8 gene on a C57Bl6 background were used for all experiments (20). FVIII-exposed mice were generated by administering 6 IU/dose (~200 IU/kg) of FVIII (Advate, Takeda) IV for 4 consecutive weeks (21). All animal procedures were conducted in accordance with the Canadian Council on Animal Care guidelines and approved by the Queen's University Animal Care Committee.



FVIII Concentrates

rFVIIIFc, yellow fluorescent protein—tagged (YFP) rFVIIIFc and BDD FVIII were expressed and purified as previously described (22). For the production of YFP rFVIIIFc, the YFP sequence was inserted in place of the B domain within the rFVIIIFc construct. Similarly, for the production of BDD FVIII the Fc sequence was removed from the rFVIIIFc construct. All concentrates had similar specific activity of 8,000–10,000 IU/ mg and were a kind gift from Bioverativ, a Sanofi company.



Cells

FVIII-exposed whole splenocytes were generated by harvesting spleens from FVIII-exposed hemophilia A mice 1 week after their last FVIII injection. Naïve whole splenocytes were generated by harvesting spleens from sex and age matched hemophilia A mice that had not been exposed to FVIII.

In order to generate naïve and FVIII-exposed B cells, whole splenocytes from naïve and FVIII-exposed mice were first subjected to red blood cell lysis followed by negative selection using the EasySep mouse B cell isolation kit (Stem Cell Technologies). Cells from multiple mice (~3–5) were pooled to generate FVIII-exposed and naïve B cell fractions.

Some experiments were repeated using 413 cells, a murine B cell hybridoma that expresses anti-FVIII A2 IgG1 (23). These cells were characterized for receptors of interest via flow cytometry using Alexa Fluor 488 anti-IgG (Invitrogen), APC anti-FcγRIIB and FITC anti-CD79a (eBiosciences).



rFVIIIFc Binding Assay

Whole splenocytes from naïve or FVIII-exposed mice as well as 413 cells were incubated with varying doses of BDD FVIII (0, 0.1, 0.2, and 0.4 μg/test) or APC-conjugated anti-FcγRIIB (APC anti-FcγRIIB: 0, 0.1, 0.2, and 0.4 μg/test) for 30 min at 4°C in order to block potential binding sites of rFVIIIFc on these cells. Anti-FcγRIIB antibody clone AT130-2 was used because it has previously been shown to have agonistic effects against its target (24) and prevent binding of FVIII immune complexes to FcγRIIB (19). YFP rFVIIIFc was then added at 0.3 μg/test for 30 min at 4°C. The amount of YFP rFVIIIFc binding was then measured via flow cytometry (SH800S, Sony). To identify the B cell subset of the whole splenocyte suspension a PE-Cy7-conjugated CD19 (PE-Cy7 CD19) antibody was used (BD Pharmingen).



Western Blots

Naïve and FVIII-exposed B cells as well as 413 cells were incubated with BDD FVIII (11.4 μg/ml), rFVIIIFc (14.7 μg/ml), goat anti-mouse IgG F(ab)2 (αIgG F(ab)2, 20 μg/ml, Southern Biotech) or whole goat anti-mouse IgG (αIgG, 20 μg/ml, Southern Biotech) for 30 min at 37°C. Cell lysates were then extracted and separated on an SDS PAGE gel, followed by transfer to nitrocellulose membrane (Bio Rad). Membranes were then blotted for phosphorylated SH2-containing inositol phosphatase (pSHIP, Cell Signaling Technology), SHIP (Santa Cruz Biotechnology), phosphorylated ERK (pERK, Cell Signaling Technology), ERK (Cell Signaling Technology) and actin (Abcam). Detection was carried out using horseradish peroxidase—conjugated (HRP) goat anti-rabbit (Dako) and goat anti-mouse (Southern Biotech) Ig followed by development with an enhanced chemiluminescence substrate (PerkinElmer). Densitometry analysis was performed using ImageJ (NIH) and ratios of phosphorylated to total protein were averaged for three different blots. No statistical analysis was carried out for these data due to the qualitative nature of the assay.



Calcium Flux Assay

Whole splenocytes from naïve hemophilia A mice were stained with 2.6 μM Fluo-3 (Invitrogen) and 5.5 μM Fura Red (Invitrogen) for 45 min at 37°C. To identify the B cell subset of the whole splenocytes suspension a PE-Cy7 CD19 antibody was used (BD Pharmingen). B cell calcium flux was then assessed using flow cytometry (SH800S, Sony). Following 5 min of baseline fluorescence reading, αIgG (10 μg/ml, Southern Biotech), αIgG F(ab)2 (10 μg/ml, Southern Biotech), αIgG F(ab)2 + BDD FVIII (11.4 μg/ml) or αIgG F(ab)2 + rFVIIIFc (14.7 μg/ml) were added and data were acquired for a further 7 min. All samples were then treated with ionomycin (1.4 μM) to elicit a maximal response and then finally quenched with EGTA (5 mM). Data was then analyzed using FlowJoX (Tree Star) and the median ratio of Fluo-3 to Fura Red fluorescence was reported as a measure of intracellular calcium flux.



Statistics

All binding competition assays were compared using a 1-way ANOVA followed by Tukey's multiple comparison test. For the competition with anti-FcγRIIB, the percentage of rFVIIIFc+, rFVIIIFc+FcγRIIB+, or FcγRIIB+ cells at 0.2 and 0.4 μg of block were compared against the same parameter at 0.1 μg of block. For the competition with FVIII, the percentage of rFVIIIFc+ cells at all block doses was compared against the same parameter at baseline (0 μg block). Statistical analyses were performed using GraphPad Prism 5.0a (GraphPad Software).




RESULTS


rFVIIIFc Binds the FcγRIIB of Naïve and FVIII-Exposed B Cells and Splenocytes

Naïve or FVIII-exposed whole splenocytes were first incubated with 0.1, 0.2, or 0.4 μg of APC anti-FcγRIIB antibody. Following this, 0.3 μg of YFP rFVIIIFc was added to each sample. The percentage of rFVIIIFc+ cells in the absence of APC anti-FcγRIIB (0 μg) was determined to be the baseline level of rFVIIIFc binding to these cells. This corresponded with 24% of naïve and 27% of FVIII-exposed whole splenocytes (Figures 1A,B). Blocking of these cells with anti-FcγRIIB prior to YFP rFVIIIFc exposure was able to significantly decrease YFP rFVIIIFc binding to both naïve (p = 0.0478, Figure 1A) and FVIII-exposed (p = 0.0036, Figure 1B) whole splenocytes in a dose-dependent manner. In this experiment we also observed a number of cells positive for both FcγRIIB and rFVIIIFc (rFVIIIFc+FcγRIIB+). The percentage of rFVIIIFc+FcγRIIB+ double positive B cells remained constant across the varying doses of anti-FcγRIIB block and indicates that rFVIIIFc does not interact with these cells solely through FcγRIIB. Representative raw flow cytometry data can be found in the Supplementary Materials.


[image: Figure 1]
FIGURE 1. Competition with anti-FcγRIIB decreases rFVIIIFc binding to naïve and FVIII-exposed splenocytes and B cells. The percentage of rFVIIIFc+, FcγRIIB+rFVIIIFc+ and FcγRIIB+ (A) naïve whole splenocytes, (B) FVIII-exposed whole splenocytes, (C) naïve B cells, (D) FVIII-exposed B cells when blocking with APC anti-FcγRIIB (0.1, 0.2, or 0.4 μg) prior to YFP rFVIIIFc (0.3 μg) incubation. Baseline rFVIIIFc corresponds to the percentage of rFVIIIFc+ cells in the absence of APC anti-FcγRIIB. Statistical analysis compares the percentage of rFVIIIFc+, rFVIIIFc+FcγRIIB+, or FcγRIIB+ cells at 0.2 and 0.4 μg of block against the same parameter at 0.1 μg of block. n = 3/condition. Error bars represent SD. *p < 0.05.


By adding a PE-Cy7 anti-CD19 antibody to the whole splenocytes suspensions, we were also able to investigate the interaction of rFVIIIFc with B cells. The baseline rFVIIIFc binding to naïve and FVIII-exposed B cells corresponded to 37 and 41%, respectively (Figures 1C,D). Once again, in the presence of increasing doses of APC anti-FcγRIIB, YFP rFVIIIFc binding to naïve (p = 0.0478, Figure 1C) and FVIII-exposed (p = 0.0084, Figure 1D) B cells decreased in a dose-dependent manner. This effect was more pronounced in B cells than whole splenocytes. rFVIIIFc+FcγRIIB+ double positive B cells showed a similar pattern to the one observed with whole splenocytes. Representative raw flow cytometry data can be found in the Supplementary Materials.

Together these data indicate that rFVIIIFc is able to bind naïve and FVIII-exposed splenocytes and B cells via FcγRIIB. However, since we also observed a significant percentage of rFVIIIFc+FcγRIIB+ cells it is likely that rFVIIIFc has additional modes of interaction with these cells.



rFVIIIFc Binds the BCR of Naïve and FVIII-Exposed B Cells and Splenocytes

We repeated the previous experiment using FVIII as a block instead of APC anti-FcγRIIB. Pre-blocking with FVIII was able to significantly decrease YFP rFVIIIFc binding to both naïve (p = 0.0019, Figure 2A) and FVIII-exposed (p = 0.0150, Figure 2B) whole splenocytes in a dose-dependent manner.


[image: Figure 2]
FIGURE 2. Competition with FVIII decreases rFVIIIFc binding to naïve and FVIII-exposed splenocytes and B cells. The percentage of rFVIIIFc+ (A) naïve whole splenocytes, (B) FVIII-exposed whole splenocytes, (C) naïve B cells, (D) FVIII-exposed B cells when blocking with FVIII (0.1, 0.2, or 0.4 μg) prior to YFP rFVIIIFc (0.3 μg) incubation. Baseline rFVIIIFc corresponds to the percentage of rFVIIIFc+ cells in the absence of FVIII. Statistical analysis compares the percentage of rFVIIIFc+ cells at all block doses against the same parameter at 0 μg block. n = 3/condition. Error bars represent SD. *p < 0.05.


When looking at the B cell compartment, once again in the presence of increasing doses of FVIII, YFP rFVIIIFc binding to naïve (p = 0.0200, Figure 2C) and FVIII-exposed (p = 0.0013, Figure 2D) B cells decreased in a dose-dependent manner. This effect was more pronounced in FVIII-exposed whole-splenocytes and B cells than their naïve counterparts.

We therefore concluded that FVIII blocks rFVIIIFc binding to naïve and FVIII-exposed splenocytes and B cells. Although multiple mechanisms might explain interactions between FVIII and these cells, our observations can in part be attributed to FVIII BCR binding.



rFVIIIFc Affects Signaling in Both Naïve and FVIII-Exposed Splenocytes

We next sought to investigate the ability of rFVIIIFc binding to influence immune cell signaling. Naïve and FVIII-exposed whole splenocytes were incubated with saline, anti-Ig, FVIII or rFVIIIFc for 30 min. We then assessed the effect of these agents on SHIP and ERK phosphorylation, two key mediators of the FcγRIIB and BCR signaling pathways. The inhibitory signals induced by cross-linking these two receptors have been shown to rely on SHIP phosphorylation (14). In both naïve and FVIII-exposed whole splenocytes rFVIIIFc resulted in increased SHIP phosphorylation when compared to FVIII (Figures 3A,C). This was also accompanied by increased ERK phosphorylation (Figures 3B,D), which is typically associated with the propagation of activating signals through both the BCR and other cell surface receptors (25). These findings therefore suggest that rFVIIIFc affects cell signaling of both naïve and FVIII-exposed splenocytes. However, based solely on these experiments it cannot be determined if the overall net effect results in activation or inhibition of these cells.
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FIGURE 3. rFVIIIFc affects signaling in both naïve and FVIII-exposed whole splenocytes. pSHIP and pERK levels in saline, anti-Ig (20 μg/ml), FVIII (11.4 μg/ml), and rFVIIIFc (14.7 μg/ml) stimulated (A,B) naïve and (C,D) FVIII-exposed splenocytes. Ratios of phosphorylated to total protein were obtained through densitometry analysis of three different blots. n = 3/condition. Error bars represent SD.




rFVIIIFc Induces Inhibitory Signaling in FVIII-Exposed but Not Naïve B Cells

In order to isolate the effect of rFVIIIFc on the B cell compartment, we repeated the aforementioned experiment using naïve and FVIII-exposed B cells. In naïve B cells, rFVIIIFc and FVIII had comparable effects on the levels of SHIP phosphorylation (Figure 4A). This was accompanied by a minimal decrease in ERK phosphorylation in the presence of rFVIIIFc (Figure 4B). Together these results suggest that rFVIIIFc does not significantly impact naïve B cell signaling. However, when these studies were repeated using FVIII-exposed B cells, rFVIIIFc resulted in increased SHIP phosphorylation and decreased ERK phosphorylation (Figures 4C,D) when compared to FVIII. rFVIIIFc can therefore selectively induce inhibitory signaling in FVIII-exposed B cells.


[image: Figure 4]
FIGURE 4. rFVIIIFc induces inhibitory signaling in FVIII-exposed but not naïve B cells. pSHIP and pERK levels in saline, anti-Ig (20 μg/ml), FVIII (11.4 μg/ml), and rFVIIIFc (14.7 μg/ml) stimulated (A,B) naïve and (C,D) FVIII-exposed B cells. Ratios of phosphorylated to total protein were obtained through densitometry analysis of three different blots. n = 3/condition. Error bars represent SD.




rFVIIIFc Inhibits Anti-Ig F(ab)2 Induced Calcium Flux in B Cells

We next sought to determine if rFVIIIFc is able to inhibit B cell calcium flux: a hallmark of BCR stimulation and B cell activation. Calcium flux assays are only able to detect pan-B cell stimulation and are not sensitive enough to detect changes induced by a specific antigen. In accordance with this fact, we could not detect the effect of FVIII or rFVIIIFc on FVIII-exposed B cell calcium flux. Instead, we opted to investigate the ability of these proteins to inhibit non-specific B cell stimulation induced by anti-Ig F(ab)2. Using B cells from hemophilia A mice, we first measured the calcium flux induced by anti-Ig F(ab)2 and anti-Ig to determine the maximal and minimal responses. We then assessed the calcium flux induced by anti-Ig F(ab)2 in these cells in the presence of FVIII (anti-Ig F(ab)2 + FVIII) or rFVIIIFc (anti-Ig F(ab)2 + rFVIIIFc) (Figure 5A). When stimulated with anti-Ig F(ab)2 B cells reached an average peak flux of 1.23 with an average area under the curve (AUC) of 90.2 (Figures 5B–D). As expected, in the presence of intact anti-Ig these cells had a significantly blunted calcium response (peak = 0.42, AUC = 20.8, Figures 5B–D), indicative of cross-linking the BCR with FcγRIIB. When incubated with anti-Ig F(ab)2 + FVIII, B cells showed a similar calcium flux profile to the one observed in the presence of anti-Ig F(ab)2 alone (peak = 1.15, AUC = 81.1, Figures 5B–D). Although anti-Ig F(ab)2 + rFVIIIFc cells reached a similar peak calcium flux of 1.15, they had an overall attenuated response as indicated by the smaller AUC of 68.3 (Figures 5B–D). This demonstrates that in the presence of rFVIIIFc the influx of calcium typically caused by anti-Ig F(ab)2 is decreased, suggesting an inhibitory effect of rFVIIIFc on B cell activation.
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FIGURE 5. rFVIIIFc inhibits anti-Ig F(ab)2 induced calcium flux in B cells. (A) Calcium flux assay stimulation conditions and their hypothesized outcomes. (B) Representative graph of calcium flux assay results. (C) Peak calcium flux and (D) area under the curve for B cells stimulated with anti-Ig (10 μg/ml), anti-Ig F(ab)2 (10 μg/ml), anti-Ig F(ab)2 + FVIII (10 + 11.4 μg/ml) and anti-Ig F(ab)2 + rFVIIIFc (10 + 14.7 μg/ml). n = 3/condition. Errors bars represent SD. *p < 0.05, ***p < 0.001. [image: yes], anti-Ig; [image: yes], anti-Ig F(ab)2; [image: yes], anti-Ig F(ab)2 + FVIII; [image: yes], anti-Ig F(ab)2 + rFVIIIFc.




413 Cells Are an Appropriate Model for Assessing rFVIIIFc Binding and FcγRIIB Signaling

A significant challenge of the experiments described thus far is the low frequency of FVIII-specific B cells within the B cell compartment isolated from even the FVIII-exposed mice. This not only required several animals to generate sufficient reagents, but also resulted in small differences between the FVIII and rFVIIIFc groups, requiring sensitive assays. We were therefore interested in exploring a clonal B cell with FVIII-specificity as an alternative model.

As previously described, the 413 cell line is a murine B cell hybridoma that expresses anti-FVIII A2 domain IgG1 (23). To assess the appropriateness of using this cell type in our experiments we first characterized the expression of surface IgG and FcγRIIB on these cells via flow cytometry. We also assessed their intracellular expression of CD79a, which is required for transduction of positive IgG signaling. Although 413 cells expressed both IgG and FcγRIIB, they lacked CD79a expression (Figures 6A–C). As such, they would only be appropriate for investigating the ability of rFVIIIFc to signal via FcγRIIB rather than both the BCR and FcγRIIB. To confirm this conclusion, we stimulated these cells with saline, anti-Ig F(ab)2 and anti-Ig. As expected, anti-Ig was able to induce SHIP phosphorylation via engagement of FcγRIIB (Figure 6D). Furthermore, anti-Ig F(ab)2 did not induce ERK phosphorylation which would have indicated the transduction of activating signals through the BCR (Figure 6E). We therefore concluded that 413 cells could only be used to assess the ability of rFVIIIFc to engage and signal through FcγRIIB.


[image: Figure 6]
FIGURE 6. 413 cells are an appropriate model for assessing rFVIIIFc binding and FcγRIIB signaling. (A) IgG, (B) CD79a, and (C) FcγRIIB expression of 413 cells. (D) pSHIP and (E) pERK levels in 413 cells stimulated with saline, anti-Ig F(ab)2 (20 μg/ml) and anti-Ig (20 μg/ml). Ratios of phosphorylated SHIP to total SHIP were obtained through densitometry analysis of three different blots. n = 3/condition. Error bars represent SD. [image: yes], control isotype antibody; [image: yes], antibody of interest.




rFVIIIFc Binds 413 Cells via FcγRIIB as Well as the BCR and Results in Increased SHIP Phosphorylation

Using 413 cells, we repeated the binding experiments investigating the ability of rFVIIIFc to interact with FcγRIIB and the BCR. The baseline rFVIIIFc binding to 413 cells was 6% (Figures 7A,B). Once again, both anti-FcγRIIB and FVIII inhibited binding of rFVIIIFc to these cells (Figures 7A,B). When looking at the downstream effects of rFVIIIFc binding to 413 cells, an increase in SHIP phosphorylation was observed, providing further proof of rFVIIIFc's ability to induce inhibitory signaling via FcγRIIB (Figure 7C).
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FIGURE 7. rFVIIIFc binds 413 cells via FcγRIIB as well as the BCR and results in increased SHIP phosphorylation. The percentage of rFVIIIFc+ 413 cells when blocking with (A) APC anti-FcγRIIB (0.1, 0.2, or 0.4 μg) or (B) FVIII (0.1, 0.2, or 0.4 μg) prior to YFP rFVIIIFc (0.3 μg) incubation. Baseline rFVIIIFc corresponds to the percentage of rFVIIIFc+ cells in the absence of APC anti-FcγRIIB or FVIII. (C) pSHIP levels in saline, anti-Ig (20 μg/ml), FVIII (11.4 μg/ml) and rFVIIIFc (14.7 μg/ml) stimulated 413 cells. Ratios of phosphorylated SHIP to total SHIP were obtained through densitometry analysis of three different blots. n = 3/condition. Error bars represent SD.





DISCUSSION

The aim of these experiments was to investigate the ability of rFVIIIFc to inhibit activation of FVIII-specific B cells by cross-linking their BCR with the inhibitory FcγRIIB receptor. We demonstrate that rFVIIIFc can bind naïve and FVIII-exposed B cells. Blockade with an anti-FcγRIIB antibody or FVIII resulted in decreased rFVIIIFc binding to these cells, suggesting that FcγRIIB and FVIII-specific BCR both play a role in these interactions. The incomplete blockade of rFVIIIFc binding by either of these agents and the presence of rFVIIIFc+FcγRIIB+ double positive cells indicates that rFVIIIFc binding to B cells is not solely mediated by these receptors. Other B cell surface receptors, such as Siglec-5, have been shown to bind FVIII (26). In addition, non-specific membrane binding through the phospholipid-binding motif of the FVIII C2 domain may also be playing a role in this finding (27). Finally, there may be yet unidentified binding partners for rFVIIIFc facilitating interactions of this protein with B cells.

rFVIIIFc was also able to induce inhibitory signaling in FVIII-exposed B cells as indicated by increased SHIP and decreased ERK phosphorylation. These changes were not observed in naïve B cells suggesting that the inhibitory effects of rFVIIIFc are limited to FVIII-specific B cells. When compared to the positive control (anti-Ig) the effect of rFVIIIFc on B cell signaling appears to be quite modest. While anti-Ig is able to engage all B cells regardless of their specificity, the frequency of cells able to respond to FVIII or rFVIIIFc is small and thus a reduced inhibitory effect is expected (28).

rFVIIIFc binding also occurred in the setting of naïve and FVIII-exposed whole splenocytes. Although this resulted in altered signaling when compared to FVIII, the overall effect on these cells was unclear. This is likely due to the heterogeneous cell population and the ubiquitous expression of Fc receptors. Thus far, rFVIIIFc has been shown to affect regulatory T cells (16) and macrophages (29), both of which can be found in the spleen. However, it is likely that it has a number of other cellular interactions that are yet to be characterized and which could account for our findings. In addition to its role in BCR and FcγRIIB signaling, SHIP is involved in skewing T cell responses and driving macrophage maturation (30). Similarly, ERK is involved in the signal transduction of many mitogens including activators of the BCR and TCR (31). Initiation of any of these pathways would have therefore been detected by our assays complicating the interpretation of the results.

Cross-linking of the BCR with FcγRIIB has also been associated with inhibition of B cell calcium flux. In our studies, rFVIIIFc was able to attenuate calcium flux in B cells stimulated with anti-Ig F(ab)2 more effectively than FVIII. Although both of these molecules resulted in a similar peak calcium flux, rFVIIIFc was associated with a decreased AUC, which indicates a dampened calcium response. Due to its limited sensitivity, a Fluo 3: Fura Red assay can only detect calcium fluxes induced by pan-B cell stimulation rather than single antigens and so we were unable to detect the isolated effect of FVIII or rFVIIIFc (32). Instead, we opted to investigate the ability of these molecules to inhibit calcium flux induced by anti-Ig F(ab)2 stimulation. The experimental set-up also required that anti-Ig F(ab)2 and FVIII or rFVIIIFc were added to the sample sequentially. This may have affected the peak calcium fluxes that were observed as cells were not exposed to the activating and inhibitory reagents simultaneously. It may also explain why rFVIIIFc did not attenuate B cell signaling to the same degree as anti-Ig. Despite these challenges, the ability of rFVIIIFc to dampen the calcium flux induced by a potent pan-BCR stimulant is apparent and encouraging.

A recurrent obstacle for both this and other studies evaluating the responses of FVIII-specific B cells is the small size of this cellular subset. As an alternative to using primary cells from mice exposed to FVIII we explored the use of 413 cells as a clonal model of FVIII-specific B cells. Although this mouse B cell hybridoma expressed BCR and FcγRIIB in abundance, it lacked CD79a expression, resulting in an inability to generate activating BCR-induced signaling. We therefore deemed this model appropriate to use when investigating rFVIIIFc binding and FcγRIIB signaling in isolation, but not dual signaling through both the BCR and FcγRIIB. In the future, methods to generate stable FVIII-specific B cell lines or expand the number of these cells from a primary source would be of great benefit to assess therapeutic effects of FVIII B cell contributions.

Although rFVIIIFc was able to bind 413 cells, it did so to a surprisingly low degree considering that virtually all cells expressed BCR and FcγRIIB. It is however important to note that the BCR of these cells is specific for the A2 domain and so the avidity of these cells for FVIII is lower than in a polyclonal B cell population. In addition, because this is a hybridoma cell line, the surface BCR expression of 413 cells is likely transient rather than stable. These factors may therefore interfere with rFVIIIFc binding to the BCR. Physiologically, FcγRIIB typically binds the Fc of immune complexed IgG with low affinity. In the setting of monomeric Fc, its binding affinity is even lower. It may therefore be difficult to capture interactions between these two molecules.

Throughout these experiments we used equimolar concentrations of rFVIIIFc (~15 μg/ml), BDD FVIII (~11 μg/ml), and anti-Ig (~10 μg/ml). These doses correspond to FVIII concentrations of ~100 IU/ml and were consistent with those previously shown to result in B cell inhibition in vitro (1). Hemophilia A patients with inhibitors undergoing even the most aggressive ITI protocols receive 200 IU/kg/day of FVIII which, for an average sized adult male, is equivalent to about 2.8 IU/ml. Doses required for B cell inhibition may therefore not be achievable in patients. That being said, the kinetics of the interactions between rFVIIIFc and B cells are likely drastically different in vivo. It is therefore difficult to determine if the same rFVIIIFc dosing would be required to reproduce the findings of our studies in the context of clinical practice.

All of our experiments were carried out in the absence of pre-formed anti-FVIII antibodies, which would be expected in the setting of a hemophilia A patient with inhibitors. Since IgG4 is the isotype most commonly associated with inhibitory activity, it is reasonable to hypothesize that during ITI, FVIII/IgG4 immune complexes are formed. This isotype is similar to IgG1 in its affinity for FcγRIIB (33). The potential role of BCR and FcγRIIB co-engagement by FVIII/IgG4 immune complexes in the mechanism of ITI should therefore be investigated. FcγRIIB is known to have a higher affinity for immune complexes than singly IgG-bound antigen. Due to its Fc component, rFVIIIFc may form immune complexes of large-enough size more readily than conventional FVIII. Our findings may also provide a further mechanistic basis for the decreased immunogenicity of rFVIIIFc documented in pre-clinical models (16).

Based on the molecular findings presented here and the limited clinical evidence available thus far, rFVIIIFc may have improved ITI performance when compared to conventional FVIII. This could represent a significant improvement for hemophilia A patients with inhibitors by decreasing the length of therapy and the number of infusions required to achieve immunologic tolerance. It could also decrease health care costs by not only shortening ITI duration but also avoiding complications associated with the delay or failure to achieve tolerance (e.g., bleeding, arthropathy). Current approaches to improving ITI performance require the use of immunosuppressive reagents that have generalized off-target effects. In contrast, rFVIIIFc could improve ITI efficacy with the added benefit of maintaining antigen specificity.



CONCLUSIONS

The work we present here demonstrates that rFVIIIFc binds naïve and FVIII-exposed B cells. These interactions can be inhibited by blockade with anti-FcγRIIB and FVIII indicating that rFVIIIFc can engage FcγRIIB as well as the BCR of these cells. FVIII-exposed B cells incubated with rFVIIIFc exhibited increased SHIP phosphorylation and decreased ERK phosphorylation when compared to those incubated with FVIII. These effects were not observed in naïve B cells. Furthermore, rFVIIIFc was able to decrease the magnitude of calcium flux induced by pan-B cell stimulation using anti-Ig F(ab)2. Together, these data show that rFVIIIFc can inhibit B cell signaling in an antigen-specific matter. These findings provide a potential molecular mechanism for the improved performance of rFVIIIFc in the context of ITI, and support the use of this concentrate as an alternative to conventional FVIII to achieve a quicker time to tolerance induction.
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Replacement therapy with coagulation factor VIII (FVIII) represents the current clinical treatment for patients affected by hemophilia A (HA). This treatment while effective is, however, hampered by the formation of antibodies which inhibit the activity of infused FVIII in up to 30% of treated patients. Immune tolerance induction (ITI) protocols, which envisage frequent infusions of high doses of FVIII to confront this side effect, dramatically increase the already high costs associated to a patient's therapy and are not always effective in all treated patients. Therefore, there are clear unmet needs that must be addressed in order to improve the outcome of these treatments for HA patients. Taking advantage of preclinical mouse models of hemophilia, several strategies have been proposed in recent years to prevent inhibitor formation and eradicate the pre-existing immunity to FVIII inhibitor positive patients. Herein, we will review some of the most promising strategies developed to avoid and eradicate inhibitors, including the use of immunomodulatory drugs or molecules, oral or transplacental delivery as well as cell and gene therapy approaches. The goal is to improve and potentiate the current ITI protocols and eventually make them obsolete.
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INTRODUCTION

The major complication of replacement therapies in hemophilia A (HA) is the formation of inhibitors, anti-FVIII antibodies directed against and inhibiting the function of infused FVIII. The formation of inhibitors occurs in ~30% of HA patients as a severe form, and in ~5% of patients as mild/moderate forms (1, 2). Should inhibitor formation occur, it will do so within 75 exposure days in patients with severe HA (3).

To date the only clinical option for inhibitor eradication is immune tolerance induction (ITI) protocols, which consist of frequent infusions of FVIII. According to the current protocols, high doses of FVIII are administered daily (Bonn protocol: 100–150 IU/kg FVIII twice a day) (4) or every other day (Creveld protocol: 25 IU/kg FVIII every 2 days) (5). Depending on the patient's response, the period of treatment will vary from months to over 1 year, with a successful outcome seen in ~70% of treated patients (6). Despite the high success rate and safety reported, the long treatment period using a central venous catheter for frequent infusions, as well as the high costs, are the major drawbacks of this treatment.

The recent introduction of emicizumab, a bispecific antibody directed against FIXa and FX which mimics the FVIII function, has offered a new approach to the management of ITI. This approach allows the use of lower doses of FVIII and reduces the frequency of administration (7, 8). There remains, however, a need for effective options to treat ITI refractory patients. As such, novel strategies to prevent or eradicate inhibitor formation are required. Different approaches have been proposed in recent years aimed at avoiding the formation of or eradicating existing inhibitors, including the use of immunomodulatory drugs or molecules, oral or transplacental delivery as well as cell and gene therapy approaches, taking advantage of preclinical models of HA (Figure 1).
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FIGURE 1. Schematic representation of strategies adopted to avoid inhibitor formation and to induce tolerance toward FVIII. Strategies include immune modulatory drugs and molecules acting on T and B cells (e.g., rapamycin, dexamethasone, anti-CD20, IL-2/IL-2mAb complexes); interaction with the GALT and tolerance induction through oral administration of FVIII peptides bioencapsulated in plant cells; tolerization at fetal stage through transplacental delivery of FVIII to the pregnant mother; adoptive transfer of FVIII-sensitized Tregs and/or expression specific chimeric antigen receptors (CAR) and engineered B-cell antibody receptors (BAR) expression on T cells; targeted gene therapy for FVIII expression in organs or cell types able to modulate immune reactions and induce tolerance to the transgene, e.g., hepatocytes and liver sinusoidal endothelial cells (LSEC). According to the adopted strategy, the treatment can result in a short-term effect, requiring more administrations and time to achieve tolerance, or in a long-term effect, with virtually life-long tolerance to FVIII with a single administration.




TOLERANCE INDUCTION BY IMMUNE SUPPRESSION

A possible approach to induce tolerance toward FVIII is guiding the immune system toward a FVIII-specific regulatory T cell (Treg) response, thus suppressing T and B cells reacting against FVIII. Some of these approaches are represented by immunomodulatory drugs or molecules that favor the activation of Treg and inhibit the activation of effector T cells in vivo.

Rapamycin, also known as sirolimus, is an antibiotic able to inhibit the mammalian target of rapamycin (mTOR), which reduces cell cycle progression and suppresses effector T cell proliferation, thus rendering this molecule a useful immunosuppressor for allograft transplantation. Moreover, administration of rapamycin results in Tregs expansion, depending on the treatment time and dosage (9–12). In a previous study by Moghimi and colleagues, the daily oral administration of rapamycin for 1 month with the concurrent administration of FVIII, both B-domain deleted-FVIII (BDD-FVIII) or full length FVIII, was able in HA mice to prevent inhibitor formation following weekly FVIII infusions over a 3.5 months period. In control HA mice lacking the administration of rapamycin, the same treatment with FVIII resulted in a high titer inhibitor formation. In this case, a tolerization protocol stimulated Tregs which were able to, upon adoptive transfer from treated mice in naïve HA mice, avoid inhibitor development following immunization. Further, co-administration of FVIII during rapamycin treatment was found to be essential for FVIII tolerization since mice receiving only rapamycin developed high-titer inhibitors within 1 month after weekly FVIII administration following the rapamycin regimen (13).

Since differentiation of naïve CD4 T cells into regulatory or effector T cells is associated with the type and activation status of dendritic cells (DC) (14), administration of determined cytokines in association with rapamycin can further shift the balance toward Treg differentiation. For example, FMS-like receptor tyrosine kinase 3 ligand (Flt3L) administration results in DC expansion and induction of Tregs in both humans and mice (15). According to this observation, rapamycin in combination with Flt3L and low doses (0.3 IU) of FVIII and subsequent treatment for FVIII therapy (1 IU weekly) in a HA mouse model, was able to significantly reduce inhibitor formation by promoting Treg induction (16).

Suppression of pro-inflammatory signals during initial exposures to FVIII has been shown to reduce the incidence of inhibitor development in a number of studies (17–19). Transient treatment with dexamethasone, an anti-inflammatory and immunosuppressive corticosteroid, in conjunction with FVIII, was able to significantly reduce the development of anti-FVIII antibodies in HA mice as well as in a mouse model of HA with humanized major histocompatibility complex (MHC) type II transgene. Additionally, among mice negative for anti-FVIII antibodies after initial FVIII exposure, dexamethasone-treated mice were less prone to develop anti-FVIII immune response following a re-challenge at 6 and 16 weeks (20, 21). This antigen-specific tolerance induced by transient dexamethasone treatment was associated with an increase in thymic Tregs (21).

The use of short term/transient treatments of HA mice with other safe and well-tolerated immunomodulatory agents (22–24), such as anti-CD20 (25, 26), anti-CD3 (27, 28) or IL-2/IL-2mAb complexes (29), have shown significant effects in the prevention of inhibitor formation.

Other than T cells, B cells represent an additional target for FVIII tolerance induction. It was observed that B cell depletion with a single dose of IgG1 anti-CD20 in mice previously immunized with FVIII, avoided an increase of inhibitor titers for FVIII, thus resembling the high dosage protocols for ITI. IgG1 anti-CD20 treatment resulted in increased splenic Tregs and was efficacious for up to 3 months after a partial B cell depletion (26). In a more recent study in mice, the combined treatment of rapamycin and IgG2a anti-CD20 was able to reduce the inhibitors from a high titer (~10 BU/ml) to a low titer (≤ 5 BU/ml), with a minimal increase in inhibitor titers following a FVIII re-challenge after B cell repopulation (25).

In other studies which examined the administration of interleukin 2 (IL-2) bound to a particular anti-IL-2 monoclonal antibody (mAb; JES6), known as IL-2/IL-2-mAb complexes, it was observed that these complexes were able to selectively expand Tregs in vivo (30, 31). When administered concomitantly with low doses of FVIII, IL-2/IL-2-mAb complexes were shown to be effective in abrogating the development of anti-FVIII antibodies, as well as inducing the long term tolerance to FVIII in HA mice without affecting the immune reactivity of T cells to other antigens (29).

Overall, each of the pre-clinical studies described herein, highlight the importance of inducing tolerance to FVIII in a preventive manner and that with additional studies, these strategies have the potential to be adopted in clinical trials for the management of HA patients. Even though these treatments are able to induce tolerance to FVIII for long term, they are not able to guarantee a lifelong tolerance for the replacement therapy. Therefore, there is a need of new strategies aiming to induce a definitive tolerance to FVIII.



TRANSPLACENTAL DELIVERY OF Fc FUSION PROTEIN

Since the highest risk of inhibitor development occurs within the first 15–20 exposure days in HA patients and there is the need to start early with FVIII infusions, Lacroix-Desmazes and colleagues proposed to induce tolerance prior to beginning the FVIII replacement therapy (32). This approach relies on maternal IgG crossing the placental barrier through a transcytosis mechanism, which is based on the binding of IgG to the neonatal Fc receptor (33). This mechanism allows the IgG passage from the maternal to the fetal circulation and occurs during the third trimester of fetal development, the period in which the fetal immune system develops and acquires tolerance to self (34–36). Being an ideal timing for tolerance induction to FVIII, Lacroix-Desmazes' group generated immunodominant FVIII domains, A2 and C2, fused to mouse Fcγ1 (A2Fc and C2Fc) and co-injected them into pregnant HA mice at 16, 17, and 18 days of gestation. Starting at 6 weeks of age, offspring treated with A2Fc and/or C2Fc with FVIII, showed lower anti-A2 and anti-C2 antibody titers (~10 fold) along with a significant reduction (7–8-fold) in inhibitor development, when compared to the control group. Moreover, they observed a significant reduction in the proliferation of splenic cells (isolated from A2+C2-tolerized mice) in the presence of FVIII. This suggests that there is an induction of FVIII-specific Tregs that are able to significantly reduce in vitro the proliferation of effector T cells from mice immunized with FVIII and in vivo the antibody response to FVIII upon adoptive transfer of CD4+CD25+ from FVIII-tolerized mice into naïve HA mice (32).

Overall, the use of the FVIII-Fc fusion protein already present in the market (37) could be a potential prenatal treatment of HA patients to induce FVIII tolerance which lasts a sufficient amount of time to reduce/avoid inhibitor formation. Issues remain, however, which must be addressed including treatment timing and dosage and in particular the ability of FVIII-Fc to bind vWF in which is a larger complex to transfer (38).



ORAL TOLERANCE INDUCTION

Protocols able to induce tolerance toward FVIII in HA patients while avoiding immune suppression and/or toxicity would be ideal and would improve patient compliance. Within the body, the small intestine is exposed to a massive number of antigens of both intestinal bacteria and dietary origin. In order to avoid potentially damaging pro-inflammatory immune responses, the gut-associated immune system (GALT) favors an environment promoting tolerance, especially to food antigens (39). Taking advantage of this naturally occurring immune tolerant environment, tolerance induction toward a determined antigen, including FVIII, is possible. Previous studies from Rawle and colleagues, showed that mucosal administration of purified FVIII C2 domain (FVIII-C2) followed by immunization with FVIII-C2 or full length FVIII, significantly reduced titers of anti-FVIII-C2 antibodies in HA mice, thus obtaining a tolerance to FVIII-C2 that was transferred to naïve HA mice upon CD4+ splenocyte adoptive transfer. The effect, however, of this induced tolerance was temporary since the re-challenge with FVIII-C2 4 weeks later, resulted in inhibitor development in tolerized mice (40). The issues related to this approach for clinical use are the costs related to the antigen production and purification, as well as the requirement of protecting the antigen from degradation within the stomach following oral administration while efficiently reaching the GALT. From this point of view, the production of bioactive proteins in plants presents several advantages, such as low cost, a high scale production, maintenance of post-translational modifications (e.g., N-glycosylation) and absence of endotoxins (41). Furthermore, taking advantage of their cell walls, plant cells offer a natural encapsulation for antigens that need to be released in the intestine (38, 41). In 1999, Hooker and colleagues were able to express active full length FVIII in a transgenic tobacco line (41). While in 2014, FVIII heavy chain (HC) and C2 domains were produced in the tobacco chloroplast as a fusion protein with the subunit B of cholera toxin, a transmucosal carrier, and with the antigens encapsulated in plant cells for their protection during an oral delivery. Mice fed with plant material containing FVIII antigens and subsequently immunized with weekly FVIII intravenous injections showed significantly lower inhibitor titers (~7-fold) compared to control mice. Moreover, oral delivery of FVIII antigens was able to revert a pre-existing immunity to FVIII by significantly reducing inhibitor titers during 2–3 months of feeding, with a subsequent analysis suggesting the activation of Tregs in tolerized mice when compared to control animals (42). More recently, full length FVIII was expressed at optimal levels in lettuce chloroplasts and the oral delivery of FVIII produced in lettuce was shown to be able to significantly reduce inhibitor formation and induce Tregs (43). In both systems, tobacco and lettuce chloroplasts, exogenous proteins were produced at high levels and were correctly folded, although N-glycosylation was absent. Despite this, FVIII production and bioencapsulation in different plant systems offers advantages, including a reduction in costs associated to cell culture systems and the possibility of a long-term storage of plant cells (freeze-dried) for oral delivery without affecting the structure or the activity of the exogenously produced protein (43).



T CELL THERAPY

Even though the cell mechanisms leading to inhibitor development are not completely clear, it has been identified that it is a mechanism involving T helper cells (44, 45), with Tregs playing a pivotal role in tolerance to FVIII replacement therapy (46, 47). As described above, simultaneous administration of FVIII and immunomodulatory drugs/molecules results in the deletion of T effector cells (Teff) and the induction and/or expansion of Tregs (26–29). For these reasons a possible strategy for FVIII tolerance induction may consider the use of FVIII-specific Tregs.

There are two main distinct subsets of Tregs: naturally occurring, or thymic, Tregs (nTregs), which are specific mainly for self-antigens, and peripherally induced Tregs (iTregs), presenting specificity for exogenous antigens (46, 48). While the use of nTregs is restricted by the antigen non-specificity and the low recurrence, the use of iTregs represents a more realistic strategy to achieve tolerance to FVIII (46). A previous study using HA mice showed that the adoptive transfer of autologous polyclonal Tregs expanded ex vivo was able to strongly decrease and even suppress inhibitor development in a dose-dependent manner (49). On the contrary, the use of FVIII-specific Tregs is more efficient at lower frequencies. Recently, Smith and colleagues showed that FVIII-specific Tregs, isolated from FVIII-sensitized mice and expanded in vitro in presence of FVIII, have a superior ability in suppressing anti-FVIII immune response in FVIII plasmid-treated HA mice, even following a second treatment with FVIII plasmid, and promoting long term tolerance to FVIII (50). As an alternative approach, Herzog and colleagues isolated CD4+ T cells from FVIII immunized HA mice, engineered them with a retroviral vector for the expression of Foxp3 and finally adoptively transferred into naïve HA mice followed by weekly injections of FVIII for 2 months. Foxp3-transduced cells from FVIII immunized mice (Foxp3FVIII) were able to induce tolerance during the FVIII infusion time, avoiding inhibitor formation. Even though this approach was not able to revert pre-existing immunity to FVIII, the combination of Foxp3FVIII adoptive transfer and treatment with anti-mCD20 was able to reduce pre-existing inhibitor titers (51).

These studies highlight the need of FVIII-specific cells in order to reach a more reliable and long lasting FVIII tolerance. From this point of view a finer tuning can be achieved taking advantage of specific chimeric antigen receptors (CAR) and engineered B-cell antibody receptors (BAR) expression on T cells. In a recent study, Yoon and colleagues described the generation of an engineered FVIII A2 domain-specific CAR (ASN8 CAR) and transduction of Tregs with ASN8 CAR sequence using a retroviral vector. ASN8 CAR-transduced Tregs were able to proliferate in the presence of FVIII and suppress the proliferation of FVIII-specific T effector cells in vitro. When injected in mice immediately after immunization with FVIII, in vitro expanded ASN8 CAR-transduced Tregs were able to effectively suppress anti-FVIII antibody development for up to 8 weeks, even though transplanted cells were already undetectable after 2 weeks. However, 8 weeks after adoptive transfer a re-challenge with FVIII resulted in anti-FVIII antibody development, thus meaning a loss of tolerance (52). More recently, the same group generated cytotoxic T cells expressing a CAR containing the immunodominant A2 and C2 domains of FVIII able to target FVIII-specific B cells (BAR T cells). A2 and C2 BAR T cells alone showed the ability to partially reduce anti-FVIII antibodies secreting cells in vitro, while when used in combination A2/C2 BAR T cells reduced anti-FVIII antibodies secreting cells almost completely. In vivo administration of A2/C2 BAR T cells in HA mice followed by immunization with FVIII resulted in prevention of anti-FVIII antibody formation even after a re-challenge with FVIII 10 weeks later. Moreover, analysis of splenocytes from mice 12 weeks after injection of A2/C2 BAR T cells showed the absence of FVIII-specific memory B cells, confirming that A2/C2 BAR T cells were able to prevent anti-FVIII antibody formation probably by eliminating FVIII-specific memory B cell precursors (53).

This data suggests that adoptive transfer of FVIII-specific Tregs, possibly in combination with specific chimeric antigen receptors leads to FVIII tolerance. This data is encouraging and offers a feasible approach for the prevention/management of inhibitors in HA patients.



GENE THERAPY

Hemophilia A is an X-linked bleeding disease caused by reduced or absent activity of coagulation factor (F) VIII which is a consequence of mutations or deletions within the F8 gene. Since it is a monogenic disease, HA represents an ideal candidate for gene therapy, which relies on the use of a gene transfer vector, typically viral, for the introduction of the corrected copy of the mutated gene. Several studies using different preclinical animal models and new data from recent clinical trials have demonstrated that these approaches are promising for the treatment of hemophilia patients (54). During the years, several efforts have been focused on viral vector designs in order to improve gene delivery and, at the same time, reduce or avoid immune reaction against the transgene (55). Strategies applied include targeted gene transfer, by transcriptional and post-transcriptional regulation, and shielding of the vector or transgene (55–58).

Several preclinical animal models of HA are presently available which can be used for the development of new gene therapy strategies to treat HA, to evaluate safety, as well as for dosage and long-term follow-up studies. These models include HA animals with spontaneous mutations, such as dogs, sheep and rats, and genetically engineered animals, like mice and pigs (59). Moreover, the generation of a HA mouse model carrying the human HLA class II antigen, associated in humans with higher inhibitor development risk, has given us the possibility to better understand/characterize mechanisms involved in immune reaction against FVIII (20, 60).

The liver is the major source of FVIII within the body (61, 62). Additionally, this organ is constantly balancing pro- and anti-inflammatory responses due to the continuous exposure to external antigens through the blood coming from the gut, thus creating a tolerant environment (63, 64). Several studies and results from clinical trials have demonstrated that liver-directed gene therapy for hemophilia is effective in correcting the HA bleeding phenotype (56, 65–69) taking advantage of the liver's tolerogenic ability (70–72). Moreover, targeted FVIII expression following gene therapy have been demonstrated to be successful even in presence of pre-existing inhibitors (69, 73, 74).

When considering gene delivery, recombinant adeno-associated viral (AAV) vectors have been used extensively in preclinical and clinical studies for FVIII expression in hepatocytes (65, 75, 76), as they are not integrating viral vectors, they can be produced with high yields and they are capable of long-term stable transgene expression in developed liver, while transgene expression results unstable and eventually lost in developing liver due to the non-integrating nature of AAV (77). Using AAV, Sabatino and colleagues have shown that liver-directed canine (c) FVIII gene therapy resulted in tolerance in HA dogs, with only 1 animal showing transitory development of low-titer inhibitors (2.5 BU) which was resolved at 7 weeks. This strategy resulted in detectable cFVIII activity and antigen levels as well as a reduction in whole blood clotting time (WBCT) in treated dogs. Further, tolerance to cFVIII in these HA dogs was maintained even following challenges with plasma-derived or recombinant cFVIII (68). The same group showed that the AAV liver-directed gene transfer is able to eradicate pre-existing high-titer inhibitors in HA dogs (69) and immune tolerance was still present in these animals several years after the first report (56).

Likewise, in HA mice, hepatocyte-directed FVIII gene therapy using AAV resulted in sustained therapeutic transgene expression avoiding inhibitor formation. The induction of tolerance was, however, directly correlated with the transgene expression levels, showing that high levels of FVIII expression are required in hepatocyte-directed gene therapy in order to avoid immune responses (78, 79). On the other hand, despite the initial high-level FVIII expression in hepatocyte-targeted FVIII gene therapy, a strong immune response is observed and inhibitors are developed following naked DNA transfer in HA mice (80). Moreover, it has been demonstrated that high levels of FVIII expression in hepatocytes are associated with transient endoplasmic reticulum stress and the consequent activation of unfolded protein response, with a correlation between FVIII expression and inhibitor formation (81, 82).

The liver is the main FVIII-producing organ and historically hepatocytes considered the principal site of FVIII synthesis. In more recent studies, however, it has been shown that the main FVIII-producing cells are the endothelial cells, particularly liver sinusoidal endothelial cells (LSEC) (83–85), and, to a lesser extent, hematopoietic cells (85, 86). Within the liver, LSEC were shown to be able to interact with T cells and modulate immune responses by preventing antigen-specific activation of CD8+ T cells, inhibiting the effector function of activate T cells and inducing Tregs (87, 88). Carambia and colleagues previously showed that LSECs are able to inhibit the pro-inflammatory activity of CD4 T cells through a IL-10- and PD-1-dependent mechanism (89). Moreover, these cells are able to retain TGF-β on their membrane and to induce antigen-specific CD4+CD25+Foxp3+ hepatic Tregs (88, 90). Our group recently demonstrated that targeting FVIII expression in endothelial cells, mainly LSEC, using a lentiviral vector (LV) containing the endothelial-specific vascular endothelial cadherin (VEC) promoter, results in sustained expression of therapeutic levels of FVIII in HA mice without inhibitor formation, even after immunization. This approach was demonstrated to be effective even in presence of and was able to revert pre-existing immunity to FVIII, suggesting a mechanism of Treg induction, since temporary depletion of Tregs resulted in a loss of FVIII activity and inhibitor formation. When Treg levels were returned to normal, inhibitor titers decreased and FVIII activity was restored to levels observed prior to Treg depletion (73). In the same study, targeting myeloid cells using the CD11b (integrin αM, ITGAM) promoter, long term FVIII expression was achieved but 30% of treated mice developed inhibitors, which were only avoided by de-targeting transgene expression in plasmacytoid dendritic cells using target sequence for microRNA-126 (73). In a more recent study, our group targeted FVIII expression in naturally FVIII-producing cells by generating a LV containing the transgene under the transcriptional control of the F8 promoter (pF8). Gene therapy in HA mice using this LV resulted in sustained production of therapeutic levels of FVIII. The levels of HA correction obtained with this strategy were higher when compared to those observed in our previous study targeting specifically endothelial cells with a typical endothelial promoter such as VEC. pF8 demonstrated to be active in an organ-dependent manner allowing transgene expression in hepatic endothelial cells as well as in splenic hematopoietic cells. Once again, with this strategy no inhibitors were observed and stable tolerance was reached via a mechanism involving Treg induction, even following FVIII challenges. Overall, this strategy was able to provide sustained FVIII therapeutic levels in HA mice with FVIII pre-existing immunity (74).

These data suggest that targeting FVIII transgene expression in cell types naturally producing FVIII represent a more effective strategy to avoid immune reaction and achieve tolerance to the transgene.

Direct intraosseous infusion of LV for the delivery of FVIII transgene in bone marrow (BM) and platelet-specific FVIII expression has been reported to be efficacious for the long-term treatment of the bleeding phenotype in hemophilia A mice. Using this strategy, Wang and colleagues designed a LV containing a FVIII transgene under the control of a platelet-specific promoter, the glycoprotein-1bα (GP1bα) promoter. Upon LV injection, no FVIII activity was detected in plasma of mice treated, while FVIII was present in ~2% of platelets by day 160 after LV delivery. On the contrary, after injection of the control vector, containing the FVIII sequence under the control of the ubiquitous human elongation factor 1α (EF-1α) promoter, they detected FVIII activity in circulation that subsequently decreased to undetectable levels due to inhibitors formation. Since FVIII is stored in α-granules (91), platelet-restricted FVIII expression shielded the presence of FVIII in circulation and resulted in long-term FVIII expression even in presence of high titer inhibitors (92).

An alternative approach to prevent immune responses to delivered transgene is delivering them during the neonatal period, allowing a tolerance induction to the transgene. Hu et al. showed sustained long-term FVIII expression (>5% for more than 1.5 year) following AAV-FVIII gene therapy in newborn (48 h/2 days old) HA mice. Tolerance to FVIII was reached with this strategy since immunization with FVIII in presence of an adjuvant at 8 weeks of life did not result in inhibitor formation. This study demonstrated the presence of the vector genome for more than 1 year, even though the vector copies drastically decreased after 8 weeks (>100-fold) and at the final time point, 1.5 years, were more than 400-fold lower (93). This is not surprising due to the non-integrating nature of AAV. For this reason, as an alternative strategy for the gene transfer in neonates avoiding vector genome “dilution” during the growth, the use of LV could be advantageous. In fact, LV has been shown to be effective in gene therapy approaches for other genetic diseases, such as Mucopolysaccharidosis type 1 (MPS 1) (94) and Pompe disease (95), without immune reactions against the transgene reported. Thus, LV-mediated FVIII gene therapy in HA neonates could represent a valid approach for the life-long treatment of the disease avoiding immune response and possibly inducing tolerance to FVIII.

An alternative and effective approach to obtain therapeutic levels of FVIII, while avoiding anti-FVIII immune responses, is represented by ex vivo gene therapy using hematopoietic stem cells (HSC). This strategy was shown to be able to provide a life-long transgene expression (96), in combination with transcriptional and post-transcriptional sequences to obtain lineage- or cell-type-specific transgene expression. HSC gene therapy is generally performed by transducing ex vivo HSC and transplanting them into conditioned recipients. Taking advantage of cell-type-specific transgene expression in HSC it is possible to obtain therapeutic FVIII expression avoiding immune reactions. For example, megakaryocyte-restricted FVIII expression using a lentiviral vector containing the integrin subunit αIIb (ITGA2B) promoter (2bF8) was able to ensure sustained long-term correction of the bleeding phenotype in HA mice (58, 97, 98) and dogs (99) without formation of anti-FVIII antibodies. This strategy was effective even in presence of inhibitors, since the synthesized FVIII was confined to the platelets, thus shielding the presence of FVIII in circulation and allowing its release following platelet activation to the injury site (58, 97, 98). Additional experiments following platelet-specific ovalbumin (OVA) expression (2bOVA) demonstrated that exists a natural peripheral tolerance to content of platelet granules, able to eliminate antigen-specific CD4 T effector cells and induce/expand antigen-specific Tregs (100), in agreement with a previous study by Chen et al. showing that transplantation of 2bF8-transduced HSC is able to induce immune tolerance to FVIII in HA mice through a CD4+ T cell-mediated mechanism (101).

Whether HSC-directed gene therapy is able to induce tolerance to FVIII is still under debate, as the immune suppressive drugs/treatments could be misleading with respects to the evaluation of the immune system responsiveness (56). However, previous studies showed that following HSC-based platelet-specific gene therapy antigen-specific immune tolerance was achieved in both hemophilia A and B mice and treated animals maintained the ability to respond to the unrelated immunogen ovalbumin (OVA) (102, 103). These studies demonstrate the possibility to treat inhibitor positive HA patients without the need of ITI for achieving hemostasis.



CONCLUSIONS

During recent years, several approaches have been described to avoid inhibitor formation as well as to induce FVIII tolerance with the potential of improving both the rate of success and reduce the drawbacks of existing ITI protocols in clinic.

The use of immune modulatory drugs or molecules has been demonstrated to be helpful in suppressing immune reactions and in driving the immune system toward FVIII tolerance. This strategy, however, requires additional and more informative data regarding the long-term effects of these immune suppressive treatments on the immune system and the adverse effects in general associated to the use of immunosuppressive drugs. These effects may occur at the time of treatment or following the completion of treatment, such as infections, malignancy, bone marrow suppression and cytopenia (104).

Immunization of pregnant women is considered beneficial not only for protecting mothers from infections, but also offer protecting antibodies through the transplacental passage of immunoglobulins. The presence of maternal antibodies, however, could interfere with the immune response of the newborn to the vaccine (105). Further, the eventual presence of non-neutralizing anti-FVIII antibodies reported also in healthy individuals (106) could interfere with the administration of FVIII-Fc for transplacental FVIII delivery. Further studies aimed at deeply understanding and characterizing the mechanisms involved in transplacental transfer, will help in the development of molecules specifically designed for optimal delivery to the fetus and reduced interference from maternal antibodies.

Oral administration of antigens presents different advantages, including low costs, stability and self-administration, avoiding the discomfort of injectable preparations. This approach can be used for both immunization and tolerance induction according to the correct administration regimen (timing and dosage) (107). For these reasons, bioencapsulation of FVIII in plant cells and its oral administration would be an ideal alternative to current ITI protocols, giving the possibility of avoiding frequent injections (up to twice a day according to the protocol) and treatment-related high costs. One of the disadvantages of this strategy is that production of glycosylated antigens is not suitable in plastids (107), which are used to achieve high FVIII antigens production (42). Additional studies are necessary in order to better evaluate the efficacy of and the optimal dosage for this strategy in tolerance induction.

Among the described strategies is gene therapy, which despite the safety concerns related to genotoxicity and insertional mutagenesis, has the greatest potential. In fact, gene transfer could simultaneously prevent/eradicate inhibitors by tolerance induction and provide a life-long and sustained production of therapeutic FVIII levels with a single administration. This would reduce the high costs of existing substitution therapy and avoid the obligatory frequent FVIII infusions for HA patients. Between the vectors used in gene therapy, AAV have been used in numerous preclinical and clinical studies for hepatic FVIII expression (65, 75, 76). These vectors present some characteristics that make them attractive for gene delivery studies, including non-integrating ability, high yields during manufacturing processes and ability of long-term transgene expression (77). However, the use of AAV, especially in clinical trial, is limited by the presence of pre-existing immunity to AAV that could interfere with or nullify the gene transfer treatment and their non-integrating characteristic that is not optimal for the gene transfer in pediatric patients, which may not benefit from the therapy because of transgene dilution during the physiological liver growth. There are currently ongoing different phase 1–3 clinical studies for the treatment of hemophilia A using AAV (75). In 2017 Biomarin reported the first results of BMN270, a dose-escalation study conducted in nine patients, with stable FVIII after 1 year and very significant reduction in annualized bleed rate (from 16 to 1 event/year). They observed an elevation in alanine aminotransferase (ALT) levels in 8 out of 9 patients managed with corticosteroids with no effects on FVIII activity (65). More recently, Biomarin published an update of all the cohorts of this clinical trial reporting that most of the patients had substantial decrease in the occurrence of bleedings and more important the complete interruption of FVIII prophylaxis. These patients did not report liver damage even though liver-biopsy need to be taken in consideration to confirm the efficacy and safety of this approach (108).

Additional clinical trials from Spark (SPK-8011) and University College of London (GO-8) reported FVIII activity levels ranging from 13 to 30% for SPK-8011 and from 7 to 63% for GO-8. Both studies described an increase in ALT levels in some patients that were treated with corticosteroids. An high FVIII activity reduction was observed in two patients in the high-dose cohort of SPK-8011 following a capsid cellular immune response (75). Additional data from ongoing clinical studies after longer follow-up will help in clarify whether this approach, as previously observed in preclinical animal models, is able to induce tolerance to FVIII and allow a stable lifelong transgene expression, even though the corticosteroid treatment represent a confounder for the determination of immune tolerance induction.

Lentiviral vectors, on the other hand, are able to integrate within the host genome, have an expression cassette with doubled capacity compared to AAV, and present lower pre-existing immunity to LV elements (109, 110). These features allow the design of LV that can contain combinations of transcriptional and post-transcriptional regulation sequences, i.e., cell type-specific promoters and microRNA target sequences, in addition to the therapeutic transgene. This kind of approach allows transgene expression not only in determined cell types, but also in specific cell subpopulations, thus avoiding expression in unwanted cells and, in a final instance, immune reaction against the therapeutic transgene (55, 73, 74).

Several gene therapy studies are suggesting that antigen levels and a continuous transgene expression are involved in a successful tolerance induction to FVIII (56). Due to the high potential of this strategy of resolving HA and improving a patient's quality of life, future studies are necessary to improve and develop novel gene therapeutic tools.

While HA mice models have been fundamental for the design of the abovementioned strategies, additional preclinical studies in larger animal models are necessary to clarify the efficacy of these proposed approaches and to define the correct dosages and timing for their clinical use. Such models will also give the possibility of combining these different approaches and assessing their eventual long-term side effects.

Finally, several studies in recent years have highlighted the important involvement of the cells in the marginal zone of the spleen in early FVIII uptake and in the development of inhibitors in mice, including splenic follicular T cells, marginal zone B cells, marginal zone macrophages, and marginal zone metallophilic macrophages (26, 45, 111, 112). Despite this, the mechanisms of interaction between these cells in the induction of immune responses or tolerance to FVIII have yet to be described.

The understanding of cells involved in FVIII uptake and subsequent immune system activation as well as the mechanisms underlying the response to FVIII will contribute to refine the presented strategies, thus possibly reducing their eventual side effects, and will help the development of new therapies to prevent the formation of or revert existing inhibitors in HA patients.
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The development of an immune response against therapeutic factor VIII is the major complication in hemophilia A patients. Oligomannose carbohydrates at N239 and/or N2118 on factor VIII allow its binding to the macrophage mannose receptor expressed on human dendritic cells, thereby leading to factor VIII endocytosis and presentation to CD4+ T lymphocytes. Here, we investigated whether altering the interaction of factor VIII with mannose-sensitive receptors on antigen-presenting cells may be a strategy to reduce factor VIII immunogenicity. Gene transfer experiments in factor VIII-deficient mice indicated that N239Q and/or N2118Q factor VIII mutants have similar specific activities as compared to non-mutated factor VIII; N239Q/N2118Q mutant corrected blood loss upon tail clip. Production of the corresponding recombinant FVIII mutants or light chains indicated that removal of the N-linked glycosylation site at N2118 is sufficient to abrogate in vitro the activation of FVIII-specific CD4+ T cells by human monocyte-derived dendritic cells. However, removal of mannose-ending glycans at N2118 did not alter factor VIII endocytosis and presentation to CD4+ T cells by mouse antigen-presenting cells. In agreement with this, the N2118Q mutation did not reduce factor VIII immunogenicity in factor VIII-deficient mice. Our results highlight differences in the endocytic pathways between human and mouse dendritic cell subsets, and dissimilarities in tissue distribution and function of endocytic receptors such as CD206 in both species. Further investigations in preclinical models of hemophilia A closer to humans are needed to decipher the exact role of mannose-ending glycans in factor VIII immunogenicity.
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INTRODUCTION

Five to thirty percent of patients with hemophilia A develop inhibitory anti-factor VIII (FVIII) antibodies following replacement therapy with therapeutic FVIII (1). The reasons for the elevated immunogenicity of therapeutic FVIII, as compared to other therapeutic glycoproteins, have been intensively investigated. These include congenital (2, 3) or bleeding-induced (4) chronic inflammation favoring the recruitment and activation of antigen-presenting cells (APCs) and of immune effectors, and disequilibrium in regulatory elements of the humoral or cellular arms of the adaptive immune system (5–7). A mandatory step for developing an anti-FVIII immune response is the endocytosis of the exogenously administered FVIII by APCs, such as dendritic cells (DCs) and macrophages, and the presentation of FVIII-derived peptides on major histocompatibility complex class II (MHC II) molecules by APCs to CD4+ T lymphocytes (8, 9).

These last decades, we and others have explored the mechanisms by which FVIII is endocytosed by APCs either by targeting endocytic receptors (10, 11) or by masking and mutating specific amino acid residues in FVIII (11–13). While there is evidence that residues in the C1 (R2090, K2092, and F2093) (12) and C2 (R2215 and R2220) (13) domains of FVIII are involved in the endocytosis of FVIII by human monocyte-derived DCs (MO-DCs), the nature of the involved endocytic receptor(s) remains unknown. In vitro experiments using an excess of mannan demonstrated the importance of mannose-sensitive receptors for the endocytosis of different FVIII products by human DCs and for the ensuing presentation of FVIII-derived peptides to T cells (10, 14). FVIII is a heterodimeric glycoprotein composed of a heavy chain (A1-a1-A2-a2-B domain) and a light chain (a3-A3-C1-C2 domain) linked by non-covalent binding. FVIII contains 20 N-glycosylations that are unequally distributed over the FVIII molecule: two on the A1 domain, one on the A3 and C1 domains and the remaining on the B domain (15). Both plasma-derived FVIII, recombinant full-length (FL) and B domain-deleted FVIII (BDD-FVIII) have been reported to contain mannose-ending glycans at positions N239 and N2118 of the A1 and C1 domain, respectively (16, 17).

Interestingly, both pre-incubation of DCs with an antibody toward the macrophage mannose receptor (CD206), and enzymatic removal of mannosylated glycans on FVIII, lead to reduced FVIII presentation to a human CD4 + T cell line (10). Conversely, a recombinant CD206 construct was shown to bind both the light and heavy chains of BDD-FVIII. Recombinant FL-FVIII and BDD-FVIII products, commercially available at the time of the studies, interact with CD206 (10, 18). While mannose-ending glycans on foreign glycoproteins generally mediate pathogens recognition and elimination by the immune system, oligomannose carbohydrates on self-antigens and their binding to CD206 have been implicated in their catabolism (19). Here, we studied the involvement of the two mannose-ending glycans present at positions N239 and N2118 of FVIII in its immunogenicity in vitro and in vivo.



MATERIALS AND METHODS


Animals

Seven to 12 week-old FVIII exon 16 knock-out C57Bl/6 mice (from Prof. H. H. Kazazian, University of Pennsylvania School of Medicine, Philadelphia) (20) and double von Willebrand factor (VWF)/FVIII deficient mice were used. SureL1 mice are HLA-A2.1-/HLA-DR1-transgenic, H-2 class I-/class II-knockout mice (from Dr. Yu-Chun Lone, INSERM, Villejuif, France) (21). The experimental procedures were approved by the local ethics committee (Charles Darwin N°5, Paris, France), and accreditations have been obtained from the French government (authorization #2058.04).



Cloning of Wild-Type and Mutant B Domain-Deleted FVIII for in vivo Gene Transfer

All clonings and generation of FVIII variants were performed using a BDD-FVIII coding sequence. Indeed, both FL-FVIII and BDD-FVIII demonstrate similar levels of immunogenicity in hemophilia A patients, are endocytosed by human MO-DCs through mannose sensitive pathway (14), bind to CD206 (18), and present mannose-exposed sugars at positions N239 and N2118 (17).

A 4389-base pair fragment was amplified by PCR from a cDNA encoding a partially BDD-FVIII (Δ2FVIII) (22) and introduced into the pcDNA3.1/V5-His-TOPO-TA vector (Thermo Fisher Scientific, Waltham, MA, United States). Δ2FVIII contains the 30 N-terminal amino-acids of the B domain of FVIII, and hence the N-glycosylation site NAT at position 757–759 (23). The pcDNA3.1-Δ2FVIII plasmid containing the Δ2FVIII cDNA was mutated using the QuickChange II XL mutagenesis kit (Stratagene, La Jolla, CA, United States). N239 and/or N2118 were mutated to Q, using the protocol provided by Stratagene. The wild-type and mutated Δ2FVIII cDNA were inserted into the pLIVE vector (Mirus, Madison, WI, United States).



Cloning, Production and Purification of Wild-Type and Mutant B Domain-Deleted FVIII

cDNA encoding human BDD-FVIII (HSQ), containing the 14-amino acid segment SFSQNPPVLKRHQR in place of the B domain, cloned in the ReNeo plasmid (24) was used as a template to generate the FVIII239Q, FVIII2118Q, FVIII2118A, and FVIII239Q/2118Q mutants by splicing-by-overlap extension mutagenesis. Presence of the mutations was confirmed by standard sequencing analysis. BHK-M cells (a kind gift from Prof P. Lollar, Emory University, Atlanta, Georgia, United States) were transfected and selected for neomycin resistant clones using Geneticin- sulfate (500 μg/ml, Sigma Aldrich, St-Louis, MO, United States). Screening of FVIII producing clones was performed by detection of the FVIII:antigen (FVIII:Ag) that refers to the amount of FVIII protein and FVIII:C that refers to the detectable pro-coagulant activity of FVIII. FVIII:Ag was detected by a sandwich ELISA using an anti-FVIII light chain specific monoclonal antibody (mAb) (Clone ESH-8, BioMedica Diagnostics, Stanford, CA, United States), and a biotinylated anti-FVIII heavy chain mAb (Clone GMA-8015, Green Mountain Antibodies, Burlington, United States), as capture and detection antibodies. FVIII:C was measured by chromogenic assay (Siemens Healthcare Diagnostic, Marburg, Germany). For quantification of FVIII in supernatants and cell lysates, a sandwich ELISA with ESH8 mAb and the biotinylated SAF8C polyclonal Ab, as capture and detection antibodies was performed. The stable expression of wild-type and mutated FVIII by BHK-M cells, and FVIII purification were performed as previously described (13). Briefly, the highest expressing clones for each FVIII was selected (according to the quantity of FVIII:C produced by 1.106 million cells/ml in 24 h) and were scaled up to near confluency before switching the medium to serum-free AIM-V medium (Thermo Fisher Scientific). Medium was collected every 24 h and cells were replenished with fresh AIM-V medium. FVIII purification was performed by affinity chromatography on VIII select column (GE Healthcare, Chicago, IL, United States), followed by anion-exchange chromatography on HiTrap Resource Q column (GE Healthcare), as previously described (13). Purified FVIII was analyzed by 4–12% gradient SDS-PAGE (1 μg per well) with and without activation by bovine thrombin (Sigma-Aldrich). A silver staining of the gel was performed to detect proteins. Specific activity of purified WT and FVIII mutants were evaluated by chromogenic assay and absorbance at 280 nm with molar extinction coefficient of 256,300 M–1cm–1.



Cloning and Site-Directed Mutagenesis of the Light Chain of FVIII

A N2118A mutated light chain of human FVIII was amplified using appropriate primers from the commercially available cDNA (pSP64-VIII, ATCC, Manassas, VA, United States). The mutated light chain fragment was cloned in the pNUT vector, with the signal sequence of human IgG kappa. The mutated light chain was produced in DMEM/F12, 5% fetal calf serum (FCS) by chinese hamster ovary (CHO) K1 stably transfected, and purified by ion-exchange chromatography. Briefly, a Resource S column column (GE Healthcare) was equilibrated with 10 mM histidine-HCl, 5 mM CaCl2, 250 mM NaCl, 0.01% tween 80 (pH 6.0). The culture supernatant in 10 mM MES, 5 mM EDTA, 0.01% tween 80, pH 6.0 was injected on the column. The recombinant light chain was eluted with a NaCl gradient, dialyzed in RPMI for 2 h at 4°C and quantified by sandwich ELISA using the human monoclonal anti-C2 conformational epitope-specific IgG (clone BO2C11, gift from JM Saint Rémy, Katholieke Universiteit Leuven, Leuven, Belgium), and ESH8 monoclonal antibody. Human recombinant FVIII was used as a standard. The wild-type light chain was a kind gift from Dr. E. L. Saenko (Center for Vascular and Inflammatory Diseases, University of Maryland School of Medicine, Baltimore, United States) and had been prepared from human FVIII as described (25).



FVIII Gene Transfer to FVIII-Deficient Mice and Correction of Bleeding Time

FVIII-deficient mice were injected in the tail vein with pLIVE plasmid (100 μg) encoding wild-type FVIII (Δ2FVIII) (22), or the N239Q (Δ2FVIII239Q), N2118Q (Δ2FVIII2118Q) or N239Q/N2118Q (Δ2FVIII239Q/2118Q) mutants (Figure 1A), in a large volume (10% of body weight) of 0.9% NaCl within 5 s (26). Four days later, blood was collected. FVIII:C and FVIII:Ag were quantified in citrated plasma using a chromogenic assay (Siemens Healthcare Diagnostics) and an Asserachrom kit (Stago, Asnières-sur-Seine, France), respectively. On day five, mice were anesthetized and 3 mm of the distal tail were cut, blood was collected during 30 min in 50 ml of saline buffer at 37°C. Erythrocytes were then pelleted at 1500 g and lysed in H2O. The amount of released hemoglobin, proportional to blood loss, was determined by measuring the optical density at 416 nm, using a standard curve prepared upon lysis of 20 to 100 μl of mouse blood. The half-life of endogenously produced FVIII was performed as previously described (27). Briefly, 6 days after the hydrodynamic injection, mice were injected intravenously with 500 μg of biotin-N-hydroxysuccinimide ester (Pierce, Rockford, United States) dissolved in saline buffer. Blood was collected on citrated tubes at different time points after injection and residual biotinylated FVIII was measured by ELISA, with a polyclonal anti-human FVIII antibody (SAF8C, Kordia, Leiden, Netherlands) as capture antibody and streptavidin-HRP for detection.


[image: image]

FIGURE 1. In vivo production of wild-type and mutated B domain-deleted FVIII lacking the N-glycosylation sites at 239 and 2118. (A) Human BDD-FVIII was modified by site-directed mutagenesis. The four glycosylation sites are depicted with pin symbols, the full pins represent N239 and N2118, on A1 and C1 domain, respectively. Four constructs were generated from the Δ2FVIII sequence: Δ2FVIII wild-type FVIII (Δ2FVIIIWT), single N239Q mutant (Δ2FVIII239Q), single N2118Q mutant (Δ2FVIII2118Q) and double mutant FVIII (Δ2FVIII239Q/2118Q). (B) The different pLIVE constructs were injected to FVIII-deficient mice (4 to 11 mice per group) and blood was recovered after 4 days. The graph depicts as boxes and whiskers the levels of FVIII in plasma, as measured by ELISA (FVIII:Ag, empty bars) and by functional chromogenic assay (FVIII:C, full bars) using normal human plasma as a standard. Results are a pool of two independent experiments. (C) FVIII-deficient mice received hydrodynamic injections of pLIVE constructs encoding wild-type (six mice, empty squares) and double mutant FVIII (six mice, empty triangles) FVIII. Six days later, activated NHS-biotin was injected to each mouse, and residual biotinylated FVIII was measured at indicated time points. Data represent the percentage of residual biotinylated FVIII (mean ± SEM) quantified at t = 0 (15 min after biotin injection) which was a set at 100% for each mouse. For calculation of half-life, the best fit was obtained with non-linear regression with two exponential decay (Prism v5.0b, GraphPad Software, Inc.). (D) Four days after hydrodynamic injections of pLIVE constructs encoding wild-type (five mice, empty squares) and double mutants FVIII (five mice, empty triangles), FVIII-deficient mice were subjected to tail clip experiments and blood loss was measured. Untreated FVIII-deficient mice (8 mice, empty circles) and wild-type C57BL/6 mice (eight mice, full circles) were used as controls. Horizontal bars depict medians. Statistical analysis was performed using the non-parametric two-tailed Mann-Whitney U test with a confidence interval of 95%. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant.




FVIII Uptake by Human and Mouse DCs

Human DCs were prepared from purified monocytes (MO) by CD14 positive selection (Miltenyi Biotec, Paris, France), cultured in RPMI-1640 (Lonza, Verviers, Belgium), 10% FCS (Life Technologies, Saint-Aubin, France), supplemented with GM-CSF (1000 IU/106 cells) and IL-4 (500 IU/106 cells) (Miltenyi Biotec) (13). Buffy bags from anonymous healthy donors who gave informed consent were obtained from the Etablissement Français du Sang (EFS, Rungis, France), in accordance with EFS guidelines. After 5 days, MO-DC differentiation was validated by flow cytometry using CD1a and CD14 staining (BD Pharmingen, San Jose, CA, United States). Murine DCs were generated by isolation of bone marrow cells from SureL1 mice cultured for 10 days in RPMI-1640, containing 10% FCS, 50 mM 2-mercaptoethanol and 200 U/ml murine GM-CSF (Cellgenix Technology Transfer, Freiburg, Germany) (28). The purity of bone marrow derived-DCs (BM-DCs) was assessed by flow cytometry using CD11c staining. FVIII endocytosis by DCs was detected using the monoclonal anti-FVIII IgG, mAb 77IP52H7, conjugated to FITC after permeabilization of cells with 0.1% saponin (14).



Activation of FVIII-Specific T Cells

As a source of FVIII-specific T-cells, the murine FVIII-specific T-cell hybridoma 1G8-A2, which was generated by immunizing SureL1 mice with BDD-FVIII (see Supplementary Material) (18), and the human FVIII-specific T-cell line D9E9 (from Dr. M. Jacquemin) (29) were used. Five day old MO-DCs from DRB1∗0101 healthy donors or mitomycin C-treated splenocytes from SureL1 mice were incubated for 24 h with the FVIII-specific T-cell hybridoma 1G8-A2 (10,000 MO-DCs or 200,000 splenocytes for 100,000 T cells) with FVIII in X-VIVO15 medium (Lonza). Levels of secreted interleukin-2 (IL-2) were assessed using BD OptEIA mouse IL-2 ELISA set (BD Biosciences). When the human FVIII-specific T-cell line D9E9 was used, 5,000 T cells were incubated with either MO-DCs from a DRB1∗1501 donor, or with the FVIII-specific human B-cell line (BO2C11) expressing the DRB1∗1501/DRB5∗0101 alleles (10,000 cells) (30) in DMEM-F12 media (Lonza) containing 10% FCS, 20 IU/ml human IL-2 (Sigma Aldrich), and FVIII fragments for 20 h at 37°C. When indicated, MO-DCs or BO2C11 were pre-incubated 30 min at 37°C with EDTA (5 mM) or mannan (1 mg/ml) prior to incubation with FVIII and T cells. The production of interferon-gamma was measured in the supernatants using the human IFN-gamma Duo Set (R&D Systems, Minneapolis, Minnesota, United States).



Administration of FVIII and Characterization of the Anti-FVIII Immune Response

To evaluate the half-life of recombinant FVIII, FVIII-deficient mice were administered intravenously with FVIIIHSQ or FVIII2118Q (100 μl, 10 nM). Plasma was collected at different time points and FVIII:Ag was measured by ELISA using the anti-light chain mAb ESH-8, and an anti-FVIII heavy chain mAb GMA-8015, as coating and detection antibodies, respectively, and human plasma as a standard (Siemens Healthcare Diagnostics). To investigate the immunogenicity of recombinant FVIII, FVIII-deficient mice or VWF/FVIII-deficient mice were injected intravenously with 0.5 μg FVIIIHSQ or FVIII2118Q, once a week for 4 weeks. Endotoxin levels in the different recombinant FVIII were below the accepted threshold (i.e., <0.01 ng endotoxin/20 g mouse weight) as assessed using the ToxinSensor Chromogenic LAL Endotoxin Assay Kit (Genscript, Piscataway, NJ, United States). Blood was collected 5 days after the last FVIII injection. ELISA plates were coated with FVIII (1 μg/ml, Recombinate, Baxter, Maurepas, France) overnight at 4°C. After blocking with PBS-1% BSA, plasma was incubated for 1 h at 37°C. Bound IgG were revealed with a HRP-coupled polyclonal goat anti-mouse IgG antibody (Southern Biotech, Anaheim, CA, United States) and the OPD substrate. The mouse monoclonal anti-FVIII IgG mAb6 (from Dr. J. M. Saint-Remy) was used as a standard. FVIII inhibitors were measured by incubating heat-inactivated mouse plasma with human standard plasma for 2 h at 37°C. FVIII residual pro-coagulant activity was measured by chromogenic assay. Results are expressed in Bethesda titers (BU/ml) that correspond to the reciprocal dilution of the mouse plasma that yields 50% residual FVIII activity.



RESULTS


Elimination of the N239 and N2118 Glycosylation Sites Is Compatible With the Production and Pro-coagulant Function of FVIII

The cDNA of human recombinant BDD-FVIII (Δ2FVIII) (22, 23) was modified by site-directed mutagenesis to replace N239 and/or N2118 with Gln residues and cloned into the pLIVE vector for hydrodynamic injection experiments (Figure 1A). Mice injected with pLIVE encoding wild-type Δ2-FVIII (Δ2FVIIIWT) produced 370 ± 37 IU/ml FVIII:C or 373 ± 35 IU/ml FVIII:Ag (mean ± SEM, Figure 1B). Mice injected with Δ2FVIII239Q, Δ2FVIII2118Q or Δ2FVIII239Q/2118Q-encoding pLIVE produced 52 ± 5, 193 ± 82 and 97 ± 10 IU/ml FVIII:C, or 25 ± 2, 200 ± 72 and 69 ± 8 IU/ml FVIII:Ag, respectively, indicating a 2 to 14-fold reduction in circulation levels of FVIII in mice depending on the constructs.

The half-lives of the endogenously produced FVIII were evaluated following injection of activated NHS-biotin. FVIII clearance in FVIII-deficient mice followed a double-exponential distribution. Half-lives of Δ2FVIIIWT in the fast and slow phases of elimination were 30 and 260 min, respectively, with 38% of the FVIII being removed in the fast phase (R2 = 0.91, Figure 1C). Half-lives of Δ2FVIII239Q/2118Q in the fast and slow phases of elimination were 48 and 276 min, respectively, with 50% of the FVIII being removed in the fast phase (R2 = 0.96). Thus, the half-lives of Δ2FVIIIWT and Δ2FVIII239Q/2118Q were similar.

We further analyzed the capacity of endogenously produced Δ2FVIIIWT and Δ2FVIII239Q/2118Q to correct blood loss in tail clipping experiments. We first confirmed that wild-type non-hemophilic mice lose significantly less blood than FVIII-deficient mice (P = 0.001, Figure 1D). The hydrodynamic injection of Δ2FVIIIWT or Δ2FVIII239Q/2118Q-encoding plasmids into FVIII-deficient mice corrected blood loss as compared to untreated mice (P = 0.004 and P = 0.013, respectively). Interestingly, blood loss in FVIII-deficient mice treated with the Δ2FVIII239Q/2118Q construct was not significantly different from that of wild-type non-hemophilic mice. The fact that FVIII-deficient mice treated with the Δ2FVIIIWT-encoding plasmid bled significantly less than mice treated with the Δ2FVIII239Q/2118Q-encoding plasmid (P = 0.010) is probably due to the fact that circulating levels of FVIII were significantly greater in the former group of mice (373 ± 35 IU/ml, mean ± SEM, Figure 1B) than in Δ2FVIII239Q/2118Q-treated mice (69 ± 8 IU/ml).



Production and Characterization of Recombinant FVIII Mutants Lacking the N239 and N2118 Glycosylation Sites

We then assessed the production of wild-type BDD-FVIII (FVIIIHSQ) and of the FVIII239Q, FVIII2118Q, and FVIII239Q/2118Q mutants by stably transfected BHK-M cell clones. Rates of production of FVIII2118Q (FVIII:C = 0.96 ± 0.23 IU/106cells/24 h; FVIII:Ag = 120 ± 31 ng/106cells/24 h; mean ± SEM, Figures 2A,B, respectively) were not statistically different from that of FVIIIHSQ (FVIII:C = 1.58 ± 0.49 IU/106cells/24 h; FVIII:Ag = 204 ± 23 ng/106cells/24 h). In contrast, FVIII239Q (0.17 ± 0.03 IU/106cells/24 h; 29 ± 11 ng/106cells/24 h) and FVIII239Q/2118Q (0.20 ± 0.03 IU/106cells/24 h; 64 ± 20 ng/106cells/24 h) were produced at rates 8 to 9-fold lower than FVIIIHSQ. The absence of N-linked glycans at positions 239 and 2118 was validated by comparing the migration profiles of thrombin-digested purified FVIIIHSQ and mutants on SDS-PAGE. The lower molecular weight of the A1 domain of the thrombin-digested FVIII239Q mutant and of the light chain of the thrombin-digested FVIII2118Q mutant, as compared to the A1 domain and light chain of the thrombin-digested FVIIIHSQ confirmed the removal of the N-linked glycosylation sites (Figure 2C). Besides, the similar molecular weights observed for the A1 fragment (digested FVIII) in the case of FVIIIHSQ and FVIII2118Q and the digested light chain of the FVIII239Q and FVIIIHSQ suggests that site directed mutagenesis at N239 or/and N2118 did not affect the N-glycosylations at positions N41 and N1810, respectively. MS analysis would confirm this observation. Further, a digestion of FVIIIHSQ and FVIII2118Q with the N-glycosidase F was performed to confirm that the lower molecular weight of the light chain is due to the removal of N-linked glycosylation at N2118 and not due to an uncontrolled proteolytic cleavage (Supplementary Figure S1). The purified FVIII mutants exhibited specific activities between 4600–6200 IU/mg (Figure 2D) similar to that of FVIIIHSQ. Furthermore, FVIIIHSQ and the FVIII mutants bound similarly to immobilized VWF and phosphatidylserine (Supplementary Figure S2). In order to decipher whether the removal of N239 or/and N2118 affects the production and/or secretion of FVIII, we measured secreted (supernatant) and intracellular (cell lysate) FVIII after 24 h of culture of BHK-M cells. Intracellular FVIII levels were similar for the FVIII239Q, FVIII2118Q and FVIIIHSQ transfected cells (106 ± 18 ng/106 cells; 195 ± 31 ng/106 cells; 161 ± 28 ng/106 cells, respectively). In contrast, the intracellular FVIII levels were significantly decreased in the case of FVIII239/2118Q (70 ± 9 ng/106 cells/24 h, P < 0.05, Figure 2E). Comparison of the ratios of secreted versus intracellular FVIII levels (Figure 2E, inset) confirms that the N239Q mutation, either alone or in combination with the N2118Q mutation, is associated with a hampered secretion of FVIII.
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FIGURE 2. Production of recombinant wild-type and of mutated B domain-deleted FVIII lacking the N-glycosylation sites at 239 and/or 2118. Levels of FVIII:Ag (A) and FVIII:C (B) produced from BHK-M cells transfected with either the FVIIIHSQ, FVIII239Q, FVIII2118Q, or FVIII239Q/2118Q transgenes were measured by ELISA and functional chromogenic assay, respectively, and are expressed relative to 1.106 cells. Results are representatives of two independent experiments (mean ± SEM), n = 7–10 depending on the construct. Statistical comparisons between cells transfected with mutants and FVIIIHSQ were made using the two-tailed Mann-Whitney U test. (C) SDS-PAGE of FVIIIHSQ, FVIII239Q, and FVIII2118Q with and without exposure to thrombin (FIIa). SC, single chain FVIII; HC, FVIII heavy chain (A1-A2 domains); LC, FVIII light chain; LCIIa, thrombin-cleaved light chain; A1, A1 domain; A2, A2 domain. Arrow heads depict the deglycosylated A1 domain and light chain for FVIII239Q and FVIII2118Q, respectively. (D) FVIII activity was measured by functional chromogenic assay and protein concentration was evaluated by absorbance at 280 nm. ‡FVIII239Q and FVIII239Q/2118Q were purified and tested only once. (E) Levels of secreted and intracellular FVIII produced by transfected and untransfected BHK-M cells were measured after 24 h of culture. Statistical analysis was performed on intracellular levels of FVIII using two-way ANOVA test. The inset depicts the ratios of secreted versus intracellular FVIII levels. Statistical comparison was assessed by a t-test. Data represent means ± SEM of three independent experiments. *P < 0.05, **P < 0.01; ***P < 0.001; ns: not significant.




Removal of the N2118 Glycosylation Abrogates FVIII Presentation by Human Dendritic Cells

To investigate the potential of the purified FVIIIHSQ and mutants to be presented to CD4+ T cells by human APCs, we generated a mouse T-cell hybridoma specific for human FVIII and restricted to the HLA-DRB1∗01:01 allele, referred to as 1G8-A2. The activation of 1G8-A2 by FVIII-loaded human MO-DCs from a HLA-DRB1∗01:01 donor was evaluated by measuring IL-2 secretion. 1G8-A2 is specific for the 2013LFLVYSNKC2022 core peptide, located in the C1 domain of FVIII light chain (Figure 3A and Supplementary Figure S3). As previously reported (10), T-cell activation was drastically reduced when MO-DCs were pre-incubated with mannan (1 mg/ml) or EDTA (5 mM) prior to incubation with FVIIIHSQ (Figure 3B). Likewise, removal of the N2118 glycosylation site resulted in a drastic reduction in 1G8-A2 activation by MO-DCs (39.5 ± 13.4 pg/ml, mean ± SD as compared to the use of FVIIIHSQ (572.9 ± 151.9 pg/ml, P < 0.0001 at 10 nM FVIII, Figure 3C). A different FVIII variant with an N2118A instead of an N2118Q mutation also failed to activate 1G8-A2 (35.3 ± 2.1 pg/ml, P < 0.001 as compared to FVIIIHSQ). In contrast, co-incubation of cells with the FVIII239Q mutant yielded a significant though less marked reduction in IL-2 secretion (377.7 ± 96.8 pg/ml, P = 0.002 as compared to FVIIIHSQ). Of note, removal of both N239 and N2118 glycosylation sites did not have an additional effect on T-cell activation over the removal of the N2118 site alone (Supplementary Figure S4).
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FIGURE 3. Removal of N-glycosylation at 2118 site alters FVIII light chain presentation by human dendritic cells. (A) Sites of mutations of FVIII and epitope specificity of FVIII specific T and B cells used in our assays. The figure depicts the structure of human FVIII and the determined sites of N-glycosylation as reported (15), represented as pins. The nature of oligosaccharides expressed at N239 and N2118 is emphasized: while N2118 carries only Man5- >Man9 oligomannose carbohydrates, N239 bears an heterogenous population of oligomannose- and complex-type carbohydrates. The epitopes for 1G8-A2, a FVIII-specific mouse CD4 + T-cell hybridoma (epitope L2012-C2021), D9E9, a human FVIII-specific T-cell line (epitope: I2144-T2161), and for BO2C11, a human FVIII-specific B-cell line (epitope: 2170–2332) (29, 30) are also depicted. (B) HLA-matched human MO-DCs were pre-incubated with mannan or EDTA prior to incubation with FVIII and 1G8-A2. (C) Activation of 1G8-A2 by FVIII-loaded HLA-matched human MO-DCs with FVIIIHSQ, FVIII239Q, FVIII2118Q, or FVIII2118A was evaluated by quantification of secreted Il-2 in the supernatant by ELISA. Representative of three experiments (mean ± SD), n = 3. (D–F) Presentation of wild-type or mutant FVIII light chain to D9E9. Five-day-old MO-DCs (D) or BO2C11 B cells (E) were pre-incubated in medium alone or in the presence of mannan prior to incubation with D9E9 and wild-type FVIII light chain (LCh). MO-DCs or BO2C11 B cells (F) were incubated with increasing concentrations of mutated N2118A light chain (LCh) in the presence of D9E9. D9E9 activation was assessed by measuring IFN-gamma in the supernatant by ELISA (mean ± SD), n = 3. Representative of two independent experiments. Statistical differences were assessed using two-way ANOVA test. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant.


To confirm this observation, we used a different experimental set-up (different HLA context and using a T-cell line with a different epitope specificity), in which we compared the presentation of a N2118A mutated or wild-type FVIII light chain (25) to the HLA-DRB1∗15:01-restricted human D9E9 T-cell line which is specific for the 2144IIARYIRLHPTHYSIRST2164 C1 domain peptide (29) (Figure 3A). As a source of APCs, we compared HLA-matched MO-DCs to the human BO2C11 B-cell line (30). The activation of D9E9 T cells by MO-DCs incubated with the wild-type FVIII light chain was drastically reduced in the presence of mannan (Figure 3D), thus reproducing the data obtained with complete FVIIIHSQ (Figure 3B). In contrast, BO2C11 B cells activated D9E9 T cells when incubated in the presence of either wild-type or mutated light chains (Figures 3E,F), indicating that the absence of the mannose-ending glycan on the C1 domain does not alter the conformation of the BO2C11 target epitope on the FVIII C2 domain. It also confirmed that FVIII light chain endocytosis by BO2C11 B cells, which is mediated by the B-cell receptor, is insensitive to the presence of mannan (Figure 3E). Since removal of the glycans at position N2118 was sufficient to significantly reduce FVIII presentation to CD4+ T cells, we restricted the rest of the study to FVIII2118Q.



Mannose-Ending Glycans at Position 2118 do Not Modulate FVIII Endocytosis and Presentation by Mouse APCs

We have shown earlier that mouse BM-DCs, in contrast to human MO-DCs, do not endocytose FVIII through mannose-sensitive endocytosis pathways (31). Here, we compared the ability of human MO-DCs and HLA-DRB1∗01:01-transgenic Sure-L1 mouse DCs to endocytose and present FVIIIHSQ and FVIII2118Q to the FVIII-specific T-cell hybridoma 1G8-A2. While a 50% reduction of endocytosis by human MO-DCs was observed with FVIII2118Q compared to FVIIIHSQ (Figure 4A), mouse BM-DCs internalized FVIIIHSQ, and FVIII2118Q in a similar manner (Figure 4B). Likewise, mouse splenic APCs activated 1G8-A2 in a similar manner irrespective of the source of FVIII used: FVIIIHSQ or FVIII2118Q (Figure 4D) whereas only around 10% of T-cell activation by human MO-DCs was measured with FVIII2118Q (Figure 4C).
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FIGURE 4. Removal of N-glycosylation at 2118 does not alter FVIII presentation by mouse APCs. (A,B) Immature human MO-DCs (A) or mouse BM-DCs (B) were incubated with FVIIIHSQ or FVIII2118Q (20 nM) for 1 h. Internalized FVIII was detected by fluorescence-activated cell sorting (FACS) with LSR II and FACSDiva software. Results are expressed as the percentage of median fluorescence intensity (MFI), wherein 100% corresponds to the MFI obtained with wild-type FVIII (FVIIIHSQ). (C,D) The activation of 1G8-A2 by FVIII-loaded (10 nM) HLA-matched human MO-DCs (C) or splenocytes from SURE-L1 mice (D) was evaluated. IL-2 produced by the activated T cells was measured in the supernatant after 24 h. Mean ± SD of three independent experiments. Statistical analysis was performed using two-tailed, unpaired t-test. *P < 0.05; ****P < 0.0001; ns: not significant.




The Absence of N2118 Mannose-Ending Glycan Does Not Reduce FVIII Immunogenicity in Mice

We then investigated the consequence of removing the N2118 glycosylation site on FVIII immunogenicity in FVIII-deficient mice. First, we confirmed that kinetics of FVIII elimination in both the slow and fast phases did not differ statistically between FVIIIHSQ and FVIII2118Q (Figure 5A), confirming the observations obtained with the endogenous expression of Δ2FVIII239Q/2118Q (Figure 1C).
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FIGURE 5. Removal of 2118 mannose ending glycans does not modulate FVIII immunogenicity in FVIII-deficient mice, neither in double VWF/FVIII-deficient mice. (A) Half-life of wild type and N2118Q mutated FVIII. FVIIIHSQ and FVIII2118Q were administered to FVIII-deficient mice and the residual FVIII:Ag was measured at different time points (n = 6 mice per time point) using a sandwich ELISA. The data is plotted as percentage of initial FVIII activity (measured 5 min after administration) versus time (mean ± SEM). Representative of two independent experiments. Inset. The slow and fast phases of FVIII clearance were determined by fitting the data to a two phase decay curve. The immunogenicity of FVIII2118Q was evaluated in FVIII-deficient mice: (B,C), seven mice for both FVIIIHSQ and FVIII2118Q group and VWF/FVIII double-deficient mice; (D,E) 8 and 6 mice for FVIIIHSQ and FVIII2118Q group, respectively. One week after the fourth injection, blood samples were collected and anti-FVIII IgG titers (B,D) quantified using a purified mouse monoclonal anti-FVIII IgG (Mab6) as a standard. Results are expressed in arbitrary units (AU). Inhibitory titers toward FVIII (C,E) were measured by chromogenic assay. Statistical analysis was performed using the non-parametric two-tailed Mann-Whitney U test. ns, not significant.


FVIII-deficient mice were injected with 10 nM FVIII2118Q or FVIIIHSQ once a week for 4 weeks, and anti-FVIII IgG and inhibitory titers were measured in serum. The anti-FVIII IgG titers were similar whether mice were treated with FVIII2118Q or FVIIIHSQ (17362 ± 9632 AU versus 18758 ± 3166 AU, respectively, mean ± SEM, Figure 5B). Likewise, the inhibitory titers in the serum of FVIII2118Q-treated mice were similar to that in the serum of FVIIIHSQ-treated mice (810 ± 527 BU/ml versus 639 ± 455 BU/ml, respectively, Figure 5C). Next, we investigated the immunogenicity of FVIII2118Q and FVIIIHSQ in the absence of VWF in double FVIII/VWF-deficient mice. As seen in the case of FVIII-deficient mice, neither anti-FVIII IgG titers nor inhibitory titers differed between double deficient mice treated with FVIIIHSQ (2712 ± 2599 AU; 174 ± 195 BU/ml, Figure 5D) or FVIII2118Q (3979 ± 4384 AU; 180 ± 175 BU/ml, Figure 5E). Taken together, our results indicate that oligomannose carbohydrates at N2118 do not play a major role in FVIII immunogenicity, at least in mice.



DISCUSSION

Missense mutations in 580 (42%) of the 1384 amino acids that encompass activated FVIII lead to moderate, mild or severe hemophilia A (HAMSTeRS database November 2016)1. This illustrates the critical relationship between the structure and function of proteins in general, and of FVIII in particular, which prompted us to estimate the repercussion of removing N-glycosylation sites of FVIII on its pro-coagulant activity. The recombinant FVIII239Q/2118Q demonstrated specific activity similar to that of its respective non-mutated counterpart. Accordingly, Δ2FVIII239Q/2118Q protected mice from experimentally induced blood loss, and FVIII239Q/2118Q bound normally to VWF and phosphatidylserine. These observations indicate that removal of oligomannose carbohydrates at N239 and N2118 does not alter the pro-coagulant activity of FVIII.

Circulating levels of Δ2FVIII in vivo and levels of production of FVIIIHSQ in vitro were similar or 2-fold lower when the molecules were mutated at N2118 and 9 to 14-fold lower when mutations were located at N239. In support of our data, Wei et al. have shown that, in contrast to mutation at N2118, mutation at N239 drastically reduces FVIII production (32). At the cellular level, the efficient transport of FVIII from the endoplasmic reticulum (ER) to the Golgi apparatus requires the interaction of FVIII with the mannose-binding lectin LMAN1 (33). The interaction of FVIII with the carbohydrate recognition domain of LMAN1 implicates either high mannose-containing N-linked glycosylations, or protein-protein interactions (34). Our observation of a low ratio of secreted versus intracellular FVIII in the case of FVIII239Q and FVIII239/2118Q suggests an essential role for the N239 glycan in FVIII export. Comparatively, the N2118 glycan plays a negligible role in FVIII production and secretion. We hypothesize that removal of the N239 glycosylation site, which is highly conserved among orthologous FVIII molecules (32), synergizes with the absence of N-glycosylation sites of the B-domain that is missing in FVIIIHSQ and Δ2FVIII, resulting in inefficient intracellular transport of FVIII. Of note, the in vivo half-life of Δ2FVIII was not affected by the removal of the 239 and 2118 N-glycosylation sites. Accordingly, the half-lives of recombinant FVIIIHSQ and FVIII2118Q were also similar. Taken together, our data suggest that the oligomannose carbohydrates at N239 and N2118 of FVIII, that mediate binding to CD206 expressed on human macrophages and dendritic cells (10, 18), and to CLEC4M expressed on human liver and lymphatic sinusoidal endothelial cells (35), or to the soluble lectin Galectin-1 (36) are not involved in FVIII catabolism, at least in mice.

The first step of the primary immune response to therapeutic FVIII is its uptake by APCs. Our earlier work had documented the importance of mannose-ending glycans on FVIII for its recognition and internalization by MO-DCs, used as a model of APCs, and its subsequent presentation to CD4+ T cells (10). The phenomenon was true for both full-length and BDD-FVIII, thus highlighting the contribution of mannose-ending glycans outside the B domain for FVIII recognition by human APCs (10, 14). In humans, the presence of high mannose glycans is not frequent on secreted proteins (37). The deliberate mannosylation of non-self-antigens has been shown to enhance their endocytosis by human DCs and subsequent presentation to antigen-specific T lymphocytes (38, 39). Indeed, human DCs express several endocytic C-type lectin receptors, including CD206, DC-SIGN and dectin 2, which bind exposed mannose residues on glycoproteins through their carbohydrate recognition domains (40, 41). Interestingly, CD206 is not only expressed by in vitro derived DCs, but also by some subsets of DCs in the skin, tonsils and blood (42). The present work demonstrates the prevalent role of mannosylated glycans at N2118 in mediating FVIII uptake by MO-DCs, in the context of the absence of the heavily glycosylated B domain. Mutations of N239 had only a marginal effect on T-cell activation by MO-DCs, which may relate to the fact that glycans at N239 contain high-mannose, as well as hybrid and complex structures, while glycans at N2118 exclusively contain high-mannose structures (Man 5-9) (15–17).

We and others have recently documented the crucial role played by charged residues in the C1 and C2 domains of FVIII for its recognition and endocytosis by MO-DCs (11, 13). Mutation to alanine residues of R2215 and R2220 in the protruding loops of the C2 domain of FVIIIHSQ (referred to as FVIIIR2215–20A) as well as of R2090, K2092 and F2093 in the protruding loops of C1 (referred to as FVIIIC1) independently reduced FVIII endocytosis by ≥50% and presentation to T cells by ≥75%. Importantly, FVIIIR2215–20A and FVIIIC1 contain the N-linked high-mannose carbohydrates at position N2118. Conversely, FVIII2118Q contains the native amino acids at positions 2092, 2093, 2090, 2215 and 2220, but is not presented to T cells by MO-DCs. These results point toward a critical role played by the C domains, and particularly the C1 domain, in the recognition and internalization of FVIII by MO-DCs. They also suggest that the engagement of the three FVIII entities – charged residues in the C1 domain, charged residues in the C2 domain and glycans at N2118, is required for FVIII uptake, and pave the way toward the identification of the surface receptors involved in the process.

Removal of the N-linked glycosylation site at position 2118 did not reduce the immunogenicity of FVIII in FVIII-deficient mice. This is reminiscent of the lack of reduced immunogenicity of the FVIIIR2215–20A and FVIIIC1 in hemophilic mice, despite a drastic reduction in endocytosis by DCs (13). Interestingly, the immunogenicity of FVIIIC1 was reduced as compared to that of FVIIIHSQ in double FVIII/VWF-deficient mice, thus highlighting a role for VWF in impairing the potential beneficial effect of mutations in C1 on a reduction of FVIII immunogenicity in vivo. We had previously identified CD206 as one of the receptors implicated in the mannose-sensitive uptake of FVIII by MO-DCs. The activation of T cells was partially blocked when MO-DCs and FVIII were incubated in the presence of an anti-CD206 antibody, and FVIII was demonstrated to interact with soluble and immobilized CD206 (10). Importantly, the interaction between FVIII and CD206 was inhibited in a dose-dependent manner by VWF (43). A role for endogenous VWF in preventing the reduction of FVIII2118Q immunogenicity in FVIII-deficient mice is, however, not probable owing to the fact that there was no reduction in FVIII2118Q immunogenicity in double FVIII/VWF-deficient mice.

The mutation of charged residues in the C1 and C2 domains inhibits endocytosis both by human MO-DCs and by mouse BM-DCs (12, 13). In contrast to human MO-DCs, however, mouse BM-DCs do not internalize FVIII through mannose-sensitive pathways (31). Accordingly, FVIII2118Q and FVIIIHSQ were captured and presented to a similar extent to T cells when mouse BM-DCs or splenic APCs were used. Of note, we observed, as reported previously, that CD206 is expressed by mouse macrophages from the red pulp of the spleen (44), and by a subset of mouse splenic dendritic cells (45) that are present in freshly isolated splenocytes from Sure-L1 mice (data not shown), while in human spleen CD206 has been reported to be expressed by lining venous sinus cells and not by macrophages (46, 47). Overall, the organ-specific expression of C-type lectin receptors is different between mice and human (48). This is of importance in view of the fact that we have previously shown the accumulation of exogenously administered FVIII at the level of metallophilic macrophages in the marginal zone of the spleen of FVIII-deficient mice (49). The identification of preclinical animal models that better mimic the distribution of C-type lectin receptors in the human is necessary to confirm the reduced immunogenicity of FVIII2118Q in vivo, and its potential safety for replacement therapy in patients with hemophilia A.
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The occurrence of neutralizing anti-FVIII antibodies is a major complication in the treatment of patients affected by hemophilia A. The immune response to FVIII is a complex, multi-factorial process that has been extensively studied for the past two decades. The reasons why only a proportion of hemophilic patients treated with FVIII concentrates develop a clinically significant immune response is incompletely understood. The “danger theory” has been proposed as a possible explanation to interpret the findings of some observational clinical studies highlighting the possible detrimental impact of inflammatory stimuli at the time of replacement therapy on inhibitor development. The host immune system is often challenged to react to FVIII under steady state or inflammatory conditions (e.g., bleeding, infections) although fine tuning of mechanisms of immune tolerance can control this reactivity and promote long-term unresponsiveness to the therapeutically administered factor. Recent studies have provided evidence that multiple interactions involving central and peripheral mechanisms of tolerance are integrated by the host immune system with the environmental conditions at the time of FVIII exposure and influence the balance between immunity and tolerance to FVIII. Here we review evidences showing the involvement of two key immunoregulatory oxygenase enzymes (IDO1, HO-1) that have been studied in hemophilia patients and pre-clinical models, showing that the ability of the host immune system to induce such regulatory proteins under inflammatory conditions can play important roles in the balance between immunity and tolerance to exogenous FVIII.

Keywords: hemophilia, inhibitor, danger model, FVIII, IDO, HO-1, tolerance


INTRODUCTION

Hemophilia is a recessive X-linked inherited bleeding disorder caused by a deficient or defective protein needed for blood clotting. Hemophilia A (HA), characterized by Factor VIII (FVIII) deficiency is more common than hemophilia B (HB) (1), and is more often complicated by the occurrence of an immune response during treatment with the missing clotting factor (2). In particular, in patients affected by severe hemophilia (residual FVIII activity <1%) that require prophylactic administration of exogenous FVIII, the occurrence of neutralizing FVIII-specific IgG antibodies directed toward the infused clotting factor is frequent. In fact, up to 40% of treated patients will develop neutralizing antibodies (inhibitors). The development of inhibitors in hemophilia is a serious complication of factor replacement therapy. Immune tolerance to FVIII has been a major concern and interest of hematologists for many years, because the development of inhibitors significantly increases morbidity and lowers the quality of life within the hemophilia population (3). The reason why only a fraction of HA patients develop such an antibody response to FVIII has been a matter of debate among researchers. The last two decades have seen much progress toward the understanding of the basic science of inhibitor development but it is still not possible to predict which patients will develop an inhibitor on an individual basis. Multiple possible risk factors have been studied and have been categorized in two broad categories: patient-related (e.g., F8 gene mutation, family history of inhibitors, HLA haplotype, ethnicity, polymorphisms in immune genes), and environmental factors (e.g., intensity and type of treatment, type of FVIII product, age at first treatment, surgery, bleeding, vaccination) (4). Clinical studies dealing with patient-related risk factors have often reported conflicting results, except for the underlying F8 mutation, and in some instances adequate means of investigating these factors in the pre-clinical, basic science context were missing. Overall, decades of effort in investigating the immune response to FVIII have clearly highlighted the complexity of the process, which involves central and peripheral mechanisms of tolerance that are integrated by the host immune system with the environmental conditions at the time of FVIII exposure. Among the environmental factors, the role of the so-called “danger-signals” (e.g., vaccination, hemarthrosis, surgery) at the time of FVIII infusion in the development of inhibitors has attracted the interest of the scientific community, and offered a possible explanation for the intriguing question of why only a fraction of patients with severe hemophilia A develop an immune response to infused FVIII (5). In fact, the danger theory has been often indicated as a possible explanation for the observed phenomena and together with the self/non-self theory it has been used to conceptualize the development of inhibitors in hemophilia A. However, recently, it has become evident that mechanisms of peripheral tolerance in post-natal life are also important in the balance between tolerance and immunity to FVIII, and in particular the role of two key immunoregulatory enzymes, HO-1 and IDO1, has been described. The evidence from these pre-clinical and clinical studies also point to a possible different theoretical framework to interpret the data in the light of the combined role of central tolerance mechanisms during the early stages of T and B cells development, the danger theory and acquired mechanisms of peripheral tolerance at work throughout the adult life. In this review we will summarize the role of inducible peripheral tolerance mechanisms and the interplay between them and inflammatory/stress signals present in the environment.



SELF RECOGNITION, CENTRAL TOLERANCE AND INHIBITOR DEVELOPMENT IN HEMOPHILIA A: IS CENTRAL TOLERANCE ENOUGH?

The immune response to FVIII is believed to develop as a classic CD4+ T cell-mediated response to an exogenous protein, where professional antigen presenting cells (APCs) internalize, process, and present FVIII-derived peptides to antigen-specific T cells (6). Activated T cells would then provide help to naïve FVIII-specific B cells that can ultimately differentiate either into memory B cells or antibody secreting cells that produce anti-FVIII antibodies (7). The reason why FVIII-reactive T and B cells exist can be explained by incomplete establishment of central tolerance, especially in cross-reactive material–negative (CRM-) patients. In these patients, FVIII-derived peptides could not be presented to T and B cells during their development in the primary lymphoid organs and the immune system of the patients have not been properly educated with FVIII during its ontogeny. Therefore, reactive cells are more likely to persist in the circulation. The association between certain F8 gene mutations and inhibitor development (8) highlights the importance of central tolerance mechanisms in controlling FVIII-reactive lymphocytes, suggesting the relevance of the long-standing idea that the immune system mainly distinguishes between self and non-self antigens. The self/non-self theory has been a pillar of immunology for many years and has helped to explain the development of tolerance or immune responses toward antigens in several contexts (9). In the case of hemophilia A, the relationship between the development of anti-FVIII antibodies and the type of F8 mutation was recognized more than 20 years ago. Mutations resulting in the absence (or severe truncation) of FVIII protein are associated with the highest risk of inhibitor formation, likely due to the prevention of a patient’s immune system from initiating early central tolerance to FVIII. Central tolerance refers to the regulatory mechanisms that occur at the early stages of B and T cell development in the bone marrow and thymus respectively, that culminates in the removal of strongly autoreactive B and T lymphocytes by clonal deletion, anergy, and receptor editing (10). T cells with low-affinity receptors to self antigens can also undergo a process of “clonal diversion” that promotes the differentiation of T regulatory cells. An interesting experimental proof of concept of central tolerance induction was developed by Madoiwa et al. (11). They demonstrated that the administration of FVIII into the thymus using a high-resolution ultrasound system results in the induction of FVIII-specific unresponsiveness in hemophilia A mice. The central tolerance process, however, is often imperfect and the escape of reactive cells into the periphery is still possible. FVIII reactive T cells can be found in both healthy donors and hemophilia A patients (12–15). Therefore, the recognition of self antigens (FVIII, in this case) is possible and can occur in healthy individuals. Consistent with these findings, anti-FVIII IgG antibodies can also be found in the general population as well as hemophilic patients with and without clinically relevant inhibitors (16–18). Additionally, only a fraction of patients with null mutations that most likely cannot undergo the physiological processes of central tolerance to FVIII will develop inhibitory antibodies. However, hemophilia A patients with less severe mutations that can still allow for a partial or complete production of FVIII antigen are still at risk of developing inhibitors. Altogether, these findings suggest that central tolerance is a first barrier against unwanted immune reactions against FVIII, but is not fool-proof and needs to be complemented with peripheral means of tolerance acquired during the adult life. Even though this has not been extensively studied in hemophilia yet, some evidence has been presented that mechanisms of peripheral tolerance are indeed associated with a negative inhibitor status in hemophilia A patients and can be exploited to control the immune response against exogenous FVIII. The next section of this review will describe the recent advances on how mechanisms of peripheral tolerance are involved in the control of the immune response to FVIII.



THE ROLE OF PERIPHERAL TOLERANCE MECHANISMS IN HEMOPHILIA A

Peripheral tolerance develops after T and B cells mature and enter the peripheral tissues and lymph nodes (19). It is established by a number of partly overlapping mechanisms mostly involving control at the level of T cells, especially CD4+ helper T cells, which orchestrate immune responses and give B cells the confirmatory signals they need in order to produce antibodies. The critical pathway to provide the first T cells with information required to steer the immune response toward immunity or tolerance is mediated by peripheral APCs. During the primary immune response to FVIII, dendritic cells (DCs) are presumed to be the APCs primarily involved. However, DCs have a key role not only in promoting antigen-specific immunity, but also in acting as regulators of immune responses to antigens. Accumulating evidence indicates that indeed DCs can induce tolerance rather than immune activation to the antigen they present and a specific lack of peripheral DCs can lead to autoimmune pathology, demonstrating a role for DCs in peripheral tolerance (20, 21). The tolerogenic presentation of antigens by DCs can be promoted by anti-inflammatory enzymes. Most likely, congenital absence of FVIII prevents onset of central tolerance to FVIII, thus foisting effective control of FVIII-reactive lymphocytes on peripheral tolerance mechanisms at work in the post-natal life.

The potential role of regulators of peripheral tolerance has been recently explored in hemophilia, with a specific focus on two immunoregulatory enzymes: heme oxygenase-1 (HO-1) and indoleamine 2,3 dioxygenase (IDO; IDO-1). A schematic representation of HO-1 and IDO-1 effects is presented in Figure 1.
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FIGURE 1. Schematic representation of tolerance induction via expression of IDO1 and HO-1 in hemophilia A. FVIII infusion in the presence of danger signal sensed by APCs, particularly DCs, can result in the expression of IDO1 by DCs. Expression of IDO1 at high levels in turn will influence several immune cells. IDO1 expression will arrest the proliferation of effector T cells and promote pro-apoptotic signals by depleting the microenvironment of Trp. It will also induce tolerogenic signals and anergy of naïve T cells by promoting the interaction of B7 ligand on the surface of APCs with CTLA4 receptor, rather than CD28, on the surface of naïve T cells. Additionally, accumulation of metabolites of kynurenine pathway, most importantly kynurenine and 3-HAA, can activate transcription factor AhR that leads to the upregulation of Tregs and downregulation of Th17. Moreover, AhR activation by these metabolites regulates the expression of TGF-β1 and IDO1 genes in DCs and will promote the expression of anti-inflammatory cytokines. In addition, inflammatory response via TLRs on DCs can inhibit the differentiation of FVIII specific memory B cells to antibody secreting cells through upregulation of IDO1 in the presence of high concentration of exogenous FVIII. On the other hand, presence of high concentration of heme, as well as inflammatory/stress signals which is caused by repeated episodes of bleeding in hemophilia A patients, can result in the generation of high levels of carbon monoxide (CO) and biliverdin in the microenvironment caused by increased activity of HO-1. This will decrease the MHC II expression that displays FVIII-derived peptides to TCR on naïve T cells. Consequently, fewer T cells will be primed and this will result in the reduction of T cell proliferation. As a consequence, activation of these two immune regulatory enzymes potentiate the induction of peripheral tolerance to FVIII and inhibit anti-FVIII inhibitor formation.



Heme Oxygenase-1, an Enzyme With Oxidase Activity as Potential Regulator of Peripheral Tolerance to FVIII


Heme Oxygenase-1 in Immune Regulation

Heme oxygenase-1 (HO-1) is an enzyme that catabolizes the degradation of heme into ferrous ions, carbon monoxide (CO), and biliverdin (22). Biliverdin is further enzymatically reduced to bilirubin which possesses potent anti-inflammatory and anti-oxidant properties (23). HO-1 can be induced by the presence of heme as well as various stressors including proinflammatory cytokines and inflammatory stimuli (24). Thus, HO-1 induction exerts anti-inflammatory effects and when knocked-down in mice or deficient in humans, a chronic inflammatory phenotype is observed (25, 26). A growing body of literature has also shown that HO-1 is capable of inhibiting a variety of immune reactions (24). HO-1 upregulation has been shown in vivo to induce a protective effect against airway inflammation in allergic asthma and skin allergy models, potentially through the mechanism of enhancing expansion and suppression functions of CD4+/CD25+ Treg cells (27–29). In experimental autoimmune encephalomyelitis (EAE) models, a common animal model for multiple sclerosis, HO-1 knock-out mice develop severe EAE symptoms whereas mice with induced HO-1 exhibit reduced EAE symptoms (30).

Currently, the exact cellular mechanism of HO-1 induced immunosuppressive effects is still unclear. However, studies suggest that a large component may be attributed to the ability of HO-1 and the HO-1 catalyzed end products bilirubin and CO in inhibiting dendritic cell (DC) function (31–33). A recent study demonstrated that induction of HO-1 hinders DC maturation in vitro (31). This resulted in limited antigen presentation and activation of adaptive T cell responses as DCs after HO-1 induction exhibited diminished ability to stimulate proliferation of allogeneic CD4+ T cells (31). Other studies show that induction of HO-1 inhibited production of the pro-inflammatory cytokines IL-12, IL-6, TNF-a and type 1 interferons without inhibiting production of the anti-inflammatory cytokine IL-10 (32, 33). This cytokine environment may in turn promote expansion of Treg cells which has been seen in studies investigating the effect of HO-1 on allergic asthma (28). Although mechanisms need to be further elucidated, HO-1 evidently plays a role in regulating adaptive immune responses toward an anti-inflammatory phenotype.



HO-1 Induction Confers Tolerance to Exogenous FVIII in Experimental Hemophilia A Models

Interestingly, Dimitrov et al. demonstrated that HO-1 induction in FVIII-deficient mice prior to FVIII administration significantly reduces the anti-FVIII immune response (34). To induce HO-1 activity, mice were intravenously administered hemin, an oxidized form of heme. Results showed that out of the 9 mice that were administered hemin prior to treatment with FVIII, 8 were protected against inhibitor development and inhibitor levels only slightly above the lower limits of detection were found in the ninth mouse. On the other hand, animals that were given PBS instead of hemin developed high inhibiter titres after 3 weekly treatments (34). A similar trend was seen with anti-FVIII IgG levels. The involvement of HO-1 in the development of tolerance to exogenous FVIII was confirmed using pharmacological approaches. When the specific HO-1 inhibitor, SnMP, was co-administered with hemin prior to FVIII treatment, the protective effect of hemin alone was abrogated, and mice developed high levels of anti-FVIII IgG (34). SnMP was shown to not have an effect on anti-FVIII IgG development when administered alone (34). Additionally, when FVIII deficient mice were treated with CORM-3, a CO-releasing compound, or bilirubin instead of hemin, a diminished anti-FVIII IgG response similar to that when hemin was administered was observed (34). This suggests that the tolerogenic effect of HO-1 may be mainly attributed to the enzymatic pathway end products CO and bilirubin.



HO-1 May Exert Its Effects Through Modulation of Immune Cells

The protective effects of HO-1 may be due to modulation of immune cells that play an important role in FVIII antigen recognition, immune activation, and immune tolerance. Splenic macrophages are APCs critical in the primary immune response to exogenous FVIII and described as a location for exogenous FVIII accumulation due to antigen recognition and internalization (35, 36). Administration of hemin was associated with a significant decrease of major histocompatibility complex (MHC) class II expression on splenic macrophages as well as splenic dendritic cells, which play a similar antigen presenting role (34). Additionally, splenic T cells from HO-1 induced mice displayed decreased splenic T cell proliferation after injection with FVIII (34). However, no significant changes in T-regulatory cells were observed (34). These results taken together suggest that induction of HO-1 aids in the development of peripheral tolerance to exogenous FVIII in experimental hemophilia A, possibly due to diminishing capacity for antigen presentation and T-cell proliferation.



Increased HO-1 Expression Is Associated With Lesser Prevalence of Inhibitor Development in Humans

This relationship between HO-1 induction and tolerance to exogenous FVIII also translates clinically to hemophilia A patients. In humans, HO-1 is encoded by the HMOX1 gene and regulation of HO-1 expression is predominantly at the transcriptional level (37). Evidence suggests HO-1 expression is modulated by polymorphisms in the promoter region of the gene (37), whereby, the number of GT repeats in the promoter region of the HMOX1 gene is a determining factor of the capacity at which HO-1 is transcribed. Long GT repeats are associated with a diminished ability to express HO-1 in response to stimuli whereas shorter GT repeats result in greater HO-1 expression (38). Increased HO-1 induction in individuals with shorter GT repeats was associated with a lesser prevalence of inhibitor development. In a case-control study by Repesse et al. with a sample of 99 inhibitor-positive patients and 263 inhibitor-negative hemophilic patients, the number of GT repeats ranged between 14 and 38 repeats (37). After alleles for HMOX1 were divided into three subclasses depending on the number of GT repeats, where class S alleles contained <21 GT repeats, class M alleles contained 21–29 GT repeats, and class L alleles contained =30 GT repeats, results showed that hemophilic patients with the L/L genotype had a significantly greater prevalence of inhibitor development as compared to all other genotypes (37). Additionally, individuals with at least one L allele (L/L, L/M and L/S) were also significantly more likely to develop FVIII inhibitors compared to those that had no L allele (37). Even after controlling for hemophilia-causing mutations in a multivariable logistic regression, the authors found that this effect remained significant (37).

The results from these two studies strongly suggest that the induction of HO-1 exerts protective effects against anti-FVIII inhibitor formation. Additionally, certain individuals are genetically predisposed to greater HO-1 expression, thus making them more prone to inducing peripheral tolerance to FVIII through a HO-1 related mechanism.



Indoleamine 2,3 Dioxygenase Another Enzyme With Oxidase Activity as Potential Regulator of Peripheral Tolerance to FVIII


IDO1 in Immune Regulation

Reciprocal interactions between metabolic pathways and immunity coordinate cross-talk between whole-body and immune cell functions and is involved in a variety of health and disease states (39). Among these pathways, metabolism of L-Tryptophan (Trp), one of the nine essential amino acid that is obtained exclusively from dietary intake in humans, regulates immune responses at multiple levels (40).

During homeostatic conditions in mammalian cells, 99% of dietary Trp is metabolized via the kynurenine pathway (41). Trp metabolism through the kynurenine pathway is catalyzed by three different enzymes namely, tryptophan 2,3-dioxygenase (TDO2), indoleamine 2,3 dioxygenase 1 (IDO1), and indoleamine 2,3 dioxygenase 2 (IDO2). Both TDO2 and IDO1 activities are rate limiting for Trp entry into the hepatic and extrahepatic kynurenine pathway, leading to Trp depletion and the production of a series of intercellular messengers molecules collectively known as kynurenines characterized by immunoregulatory, pro-apoptotic, and neuroactive properties (42–46). Both effects have been shown to be involved in the regulation of immune responses (47). Moreover, the IDO1 enzyme, as part of its moonlight activity, can also function as an intracellular signalling molecule whose posttranslational modifications are involved in the production of TGF-β by dendritic cells (DCs) (48, 49). All of these features in a combined fashion participate in the induction of immune regulatory pathways in various immune cells including T cells (50) and dendritic cells (48).

It is important to remember that IDO1 is an inducible enzyme whose expression can be strongly increased in immune cells by proinflammatory signals including Toll-like receptors (TLRs) and proinflammatory cytokines (45, 51–55).

In particular, co-culture of naïve CD4+ T cells with DCs expressing high level of IDO suppresses the proliferation of effector T cells and induced the expansion of Foxp3+ regulatory T cells in vitro (56–58). Several mechanisms have been attributed to immunosuppressive and immunoregulatory features of IDO1. IDO1 has very low Km for tryptophan, such that it readily depletes the microenvironment of tryptophan (59, 60). T cell proliferation is highly dependent on the presence of tryptophan. Therefore, IDO1 can alter T cell responses by locally depleting this essential amino acid and thus blocking the cell cycle in the interphase stage and arresting the proliferation of CD4+ T cells, which is key in the progression of humoral immune response (61, 62). There is also evidence for anergy of CD4+ T cells induced by accumulation of tryptophan catabolites as a result of IDO1 enzymatic activity (62, 63). The accumulation of downstream catabolites of kynurenine pathway have potent immunoregulatory effects and can induce the differentiation of naïve CD4+ T cells toward regulatory T cells (50, 57, 64). Among these, kynurenine and 3-Hydroxyanthranilic acid (3-HAA) were shown to induce Foxp3+ regulatory T cells (Tregs) expansion and inhibit non-Treg cell proliferation in vitro and in vivo similar to IDO1 (56). Kynurenine can promote similar effects by acting as activating ligands for transcription factor Aryl hydrocarbon receptor (AhR) leading to both regulation of systemic inflammatory response and increased ratio of Tregs to Th17 cells (49, 65). Moreover, a positive loop has been reported between Trp metabolism and AhR, as activation of AhR upregulates the expression of IDO1 in both mature and immature DCs (65, 66). Interestingly, the target for 3-HAA activity has recently been reported. 3-HAA was shown to activate the AhR coactivator, nuclear receptor coactivator 7 (NCOA) thus increasing the kynurenine induced effects (67).

Altogether these data suggest that IDO1 induction can control the host immune response and promote tolerance induction in several different contexts. Accordingly, dysregulation of Trp metabolism have been reported in various diseases including tumors, autoimmunity, and neurodegenerative diseases (40). Specifically, in different in vivo models, IDO1 expression has shown to have a protective effect on autoimmune encephalitis and pancreatic islet allograft (64, 68). In addition, IDO1 inhibition resulted in increased mortality and disease severity in an experimental model of T cell mediated colitis, and transfusion of IDO overexpressing DCs was associated with long term allograft survival of recipients in a mouse model of small bowel transplantation (56, 69). There are also numbers of studies that have reported the ability of tumor cells in evading host immune responses by expressing IDO1 (61, 70). All these evidences have recently stimulated interest in therapeutically targeting this pathway in various immune related disease conditions (40).



IDO1 and Allogenic Immune Response to FVIII in Hemophilia A

In hemophilia A, several immune cells are involved in directing the immune response toward inhibitor development, and antigen presentations by APCs and subsequent activation of FVIII-specific CD4+ T cells appear to play a key role (7, 71, 72).

The reduction of FVIII-specific CD4+ T cell activation, as well as amplification of regulatory subsets of T cells by IDO1 represents a potential mechanism for tolerance induction and a possible strategic means to restrain the anti-FVIII immune response in hemophilia A.

Correlation between IDO1 expression and anti-FVIII inhibitor development has been assessed in a few studies. In a study conducted by Liu et al., co-delivery of human FVIII and IDO1 genes into adult hemophilia A mice resulted in decreased anti-FVIII inhibitor development (73). In this study, expression of IDO1 protein significantly reduced anti-FVIII antibody levels, but did not completely inhibit the anti-FVIII immune responses. Here, high plasma level of kynurenine correlated with lower inhibitor level and apoptosis of T cells was observed in hemophilic mice that received IDO1 gene delivery. The author concluded that T cell apoptosis and blockade of T cell proliferation induced by IDO1 contributed to the modulation of the humoral immune response against FVIII in mice. In the same study, culture of murine peripheral blood mononuclear cells in the presence of kynurenine in vitro resulted in apoptosis of the cells (73).

In another study, high dose administration of TLR9 ligand (CpG-ODN) inhibited the differentiation of FVIII specific memory B cells to antibody secreting cells (ASCs) in the presence of high concentrations of FVIII in hemophilia A mice (74). Systemic high dose CpG-ODN was associated with increased expression of IDO by DCs in mouse models (74, 75). The author proposed that inhibitory effects of high concentrations of CpG-ODN on FVIII specific memory B cells may have been mediated by upregulated IDO1 expression by immune cells potentially involving DCs (74).

The IDO1 involvement in restraining FVIII antibody responses in hemophilia has been further confirmed by the study of Matino et al. where both IDO1 expression in hemophilic patients with or without inhibitor and the impact of IDO1 activity restraining FVIII alloantibodies in hemophilic mouse (i.e., F8 KO mice) were investigated (76). Specifically, in a cohort of 100 severe hemophilia A patients, the inhibitor-positive status was associated with dysfunctional activation of IDO1 in human CD11c+ APCs in response to the “environmental danger signal” CpG ODN acting as ligand for the Toll-like receptor 9 (TLR9) (76). In F8 KO mice, the animal model of hemophilia A, CpG-ODN administration and consequent induction of IDO1 in dendritic cells (DCs) was shown to prevent generation of anti-FVIII antibodies while promoting FVIII-specific FoxP3+ Tregs, which effects required both IDO1 and AhR in host immune cells (76).

Overall, all these studies could form a basis for further progress toward novel strategies involving Trp metabolism aimed at limiting FVIII alloantibody production and establishing tolerance to FVIII products. This could apply to patients at the beginning of prophylaxis to reduce the incidence rate of inhibitors, or in patients undergoing immune tolerance induction to increase the success in eradicating inhibitors to therapeutically administered FVIII protein.



A NEW INTEGRATION OF IDO1 AND POTENTIAL HO-1 ACTIVITY IN THE DANGER MODEL IN HEMOPHILIA A

A possibly unifying theoretical framework for the immune response to FVIII in HA patients has been sought after and the “danger theory” has been very well received among researchers in the field to explain, at least in part, the complex pattern of inhibitor development in hemophilia (77, 78).

The model, originally proposed by P. Matzinger, opposes the concept that the immune system’s primary goal is to discriminate between self and non-self (79). On the contrary, the danger theory proposes that the primary driving force of the host immune system is the need to detect and protect against danger. If a foreign or a self-antigen is not assessed as dangerous, tolerance should be the outcome. Therefore, according to this model the immune responses to FVIII could be influenced by the presence in the microenvironment of danger-signals. The immune system would discriminate not only on the basis of self vs. non-self but also by whether or not an antigen is perceived as dangerous. Theoretically, if FVIII is per se perceived as dangerous or if APCs somehow recognize tissue stress and injury at the time of FVIII exposure, they may present antigens to the immune system in that context. Potentially, this could happen when FVIII is administered during events such as hemarthrosis, surgery, trauma, vaccination, or infection. After administration, FVIII molecules can be captured and internalized by APCs, such as dendritic cells (DCs), and are processed and presented on the major histocompatibility (MHC) class II complex to naïve CD4 + T-cells. This process may occur in the presence of danger signals in the microenvironment. In fact, several concurrent events such as surgery or joint bleeds could theoretically result in tissue damage and the release in the extracellular milieu of damage-associated molecular patterns (DAMPs) (80). The presence of certain pathogen-derived molecules (pathogen-associated molecular patterns; PAMPs) could act in a similar way. Pattern recognition receptors (PRRs) on DCs surface can recognize and bind to DAMPs and to PAMPs (81). The binding to PRRs leads to the upregulation of essential costimulatory molecules (CD80/CD86) and other adhesion molecules, triggering the production of immune stimulatory cytokines. Activated T-cells can in turn activate FVIII-specific naive B-cells, which can expand and differentiate either into plasma cells, secreting anti-FVIII antibodies, or FVIII-specific B-memory cells.

In the absence of danger signals, DC maturation is not triggered by the engagement of pattern recognition receptors (PRR), co-stimulatory molecules on DCs are not upregulated, and this would prevent activation, clonal expansion, and acquisition of effector functions by T cells. The interaction between an APC not expressing co-stimulatory molecules would instead result in T-cells becoming anergic and not able to further stimulate B-cells.

This theoretical premise would support the effort to a) clearly identify the danger signals occurring during hemophilia A patients’ treatment and b) avoid such stimuli during FVIII administration.

However, clear evidence of direct and unequivocal effect on increasing immunogenicity of FVIII by danger signals is still missing.


In vitro Studies

In the study by Pfistershammer et al., it was shown that neither FVIII, thrombin-activated FVIII, nor FVIII-VWF complex modulates the maturation of human dendritic cells (DCs) or their ability to stimulate T cells (82). Also, even though it has been hypothesized that FVIII could be immunogenic in vivo because of its procoagulant function, robust evidence in this sense is still lacking and conflicting results have been reported (83–85). However, human monocyte-derived DCs from healthy donors treated in combination with FVIII and a danger signal (LPS) at specific doses synergised in increasing DC activation, as characterised by increased expression of co-stimulatory molecules and secretion of pro-inflammatory cytokines (86). The results though would vary with the type of FVIII (recombinant vs plasma-derived) and the type and amount of co-applied danger signal. The authors concluded that also donor-intrinsic characteristics would play a relevant role.



Joint Bleedings

A potential source of tissue damage and inflammation in hemophilic patients is recurrent joint bleed. This also requires treatment with FVIII and could then increase the risk of inhibitor development. In a hemophilia A mouse model of single knee puncture-induced haemarthrosis, the possible synergistic effect of joint bleeding on inhibitor development during FVIII therapy was investigated (87). The authors could not find an effect of joint bleeding on immune response to administered FVIII. On the other side, clinical studies reported conflicting results and could not show a consistent association between treatment of joint bleeding episodes and inhibitor development (88–90).



Vaccinations

A possible influence of vaccinations at the time of FVIII administration has been also hypothesized and generated some discussion in the community of hemophilia treaters (91). In fact, in a similar way that the presence of adjuvants may stimulate the immune system, vaccinations might also act as a danger signal. The effect of influenza vaccinations given intramuscularly (i.m.) or intravenously (i.v.) prior to multiple infusions of FVIII was tested in a mouse model of hemophilia A (92). Surprisingly, the study found that vaccination did not increase the risk of inhibitor development and in fact resulted in reduced antibody responses to FVIII (92).

Clinical observational studies have not reported an increased risk of inhibitor with vaccinations (89, 90). More recently, a retrospective analysis evaluating the possible association between FVIII administration given in close proximity to vaccination and inhibitor development was conducted (93). A cohort of 375 previously untreated patients with severe haemophilia A was studied. The analysis was limited to patients receiving vaccinations between the first and 75th exposure day, when the risk of inhibitor development is highest. Interestingly, inhibitor developed in a similar but slightly lower frequency in patients receiving vaccinations with FVIII compared to patients receiving vaccinations without FVIII.



Surgery

Surgery is another potential relevant immunological event in that it can create substantial tissue damage and be associated with release of endogenous DAMPs that could promote inhibitor development. A case-control study published in 2005 could not demonstrate a significant association between surgery and risk of inhibitor (89). In contrast, Gouw et al. combined individual patient data obtained from four recombinant FVIII product PUP studies performed between 1989 and 2001 (94). Peak treatment in correspondence of surgical procedures was associated with a 2.4 (CI 1.2–4.8) times increased risk of developing an anti-FVIII immune response. Similar results were obtained by Eckhardt et al. in a systematic review including four cohort studies and three case control studies. The analysis showed that intensive treatment at the time of surgery increased the risk of inhibitor development. The odds for inhibitor development in patients that received intensive treatment at the time of surgery was four times higher compared to patients that were treated for bleeding or prophylaxis (95). However, the association between surgery and inhibitor risk could not be confirmed in the a multicentre cohort study enrolling 606 previously untreated patients affected by severe hemophilia A (RODIN study) (96). Similarly, in a mouse model of hemophilia A, surgery did not increase inhibitor production (97). In this study, mice that underwent laparotomy were no more likely to develop anti-FVIII antibodies compared to those that did not. In addition, surgery did not result in higher-titre antibodies. However, surgery increased the production of inflammatory cytokines IL-1 and IL-6 and caused an upregulation of the expression of the costimulatory molecule CD80 on APCs.

In summary, some clinical studies have suggested a possible association of surgery with inhibitor formation, but results are not consistent and the large heterogeneity amongst included studies might also explain, at least in part, the differences. No pre-clinical model was able to prove a definite role for surgery in inhibitor development in hemophilia A mice so far.



Avoiding Danger Signals During FVIII Exposure Cannot Prevent Inhibitor Development

Importantly, a possible consequence of the danger model is that administration of FVIII in the absence of danger signals, as is the case with prophylactic treatment, would promote tolerance to the deficient coagulation protein. In a pilot study, Kurnik et al. evaluated whether low-dose prophylaxis during the initial 20–50 EDs in combination with avoidance of immunological dangers signals could promote FVIII tolerance and reduce the incidence of inhibitors (98). In this prospective study consecutive patients were enrolled in 2 centers in Germany and an early prophylaxis regimen seemed to be associated with a significantly reduced risk of inhibitor development compared to patients treated with a standard prophylaxis regimen. This finding could not be replicated in a larger international prospective study (EPIC study; Early Prophylaxis Immunologic Challenge).

The study had to be terminated prematurely because of a higher than expected inhibitor incidence that seriously compromised the likelihood to reach the primary objective (8/19 patients, 42%) (99).



AN INTEGRATED MODEL OF IMMUNE RESPONSE TO FVIII

Overall, a direct and univocal effect of inflammation/danger on inhibitor development in hemophilia A has not established yet, rather several of the aforementioned studies point to a substantial variability that is likely to be dependent on the host ability to control this external stimuli and how they are integrated in the immune response. It’s interesting to note that studies on both human and mice on IDO-1 and HO-1 indicate in fact that the response of the host to potential danger signals influences the outcome and directs the immune system toward tolerance or immunity. APCs, and in particular DCs, integrate complex environmental signals and have the capacity of directing the magnitude and polarity of the immune response. The influence of IDO-1 and HO-1 on APCs in promoting a tolerogenic response could represent both an important physiological control of the host response in this and other contexts, but also a possible target for a focused therapeutic manoeuvre. These peripheral mechanisms of tolerance are physiologically activated under stress conditions and can help regulate the response in an inflammatory micro-environment and the inability of the host to upregulate such systems could result in a more pronounced immune response, especially when reactive B and T cells are present in a significant amount because of an altered primary education of the immune system in the thymus and bone marrow. This could indeed be the case in hemophilia A patients, particularly for those that have mutations preventing the production of FVIII antigen (cross-reactive material negative; CRM-). In these patients, control of the FVIII immune response is more heavily dependent on the capacity of counteractive activity of immunoregulatory pathways of peripheral tolerance such as IDO-1 and HO-1. The results of the published studies clearly point toward a variability in the induction of such enzymes and failure to activate such regulatory mechanisms are associated to inhibitor development in HA patients and increased inhibitor production in experimental models. Taken together, results of clinical and pre-clinical studies would suggest that even though danger signals are often present at the time of FVIII administration (e.g., hemarthrosis), this does not always determine the occurrence of an immunogenic response to FVIII but can also allow the development of tolerance through the upregulation of systems of adaptive immunity that actively promote tolerance and control inflammation (Figure 2). This is in fact the most common outcome of the encounter between exogenous FVIII and the patient’s immune system and suggests that FVIII is indeed constantly assessed by the host immune system and actively tolerated in a substantial proportion of patients (71). Monitoring the function and capacity of inducible mechanisms of peripheral tolerance such as IDO-1 and HO-1 in hemophilic patients receiving replacement therapy might lead to a better understanding of the process that result in tolerance or immunity to clotting factor concentrates and contribute to the generation of focused and strategic intervention to promote favorable immunological outcomes in this challenging context.


[image: image]

FIGURE 2. IDO and HO-1 in the immune response to FVIII. The presence of the danger model at the time of FVIII administration has been generally viewed as invariably increasing the risk for inhibitors development in all hemophilia A patients (A). However, several studies have shown that there is a proportion of patients that cannot respond to inflammation/danger signals inducing counter-regulatory mechanisms of adaptive tolerance such as IDO and HO-1. The capacity of the host immune system to upregulate such mechanisms could tip the balance in favor of immunity or tolerance to FVIII (B). Overall, in many severe hemophilia A patients that cannot produce any FVIII antigen, an altered central tolerance capacity is expected, resulting in an incomplete “barrier” preventing the escape of FVIII-reactive cells. However, in the FVIII-reactive cells can be controlled in the periphery by adaptive mechanisms of tolerance (C).




AUTHOR CONTRIBUTIONS

DM and AI participated in the planning and writing, reviewed and edited the manuscript, conceptualized the figures. SA, GZ, and PT wrote parts of the article and generated the figures. FF and MG wrote parts of the manuscript.



FUNIDNG

This work was supported by the Italian Association for Cancer Research (AIRC 19903 to FF) and Telethon (GGP17094 to FF), and the research projects of National Interest (Prin 2017BZEREZ to FF).



REFERENCES

1. Stonebraker J, Chambost H, Makris M, Coffin D, Herr C, Germini F, et al. Establishing the prevalence and prevalence at birth of hemophilia in males: a meta-analytic approach using national registries. Ann Intern Med. (2019) 171:540–6.

2. Castaman G, and Matino D. Hemophilia A and B: molecular and clinical characteristics of similar, but different diseases. Haematologica. (2019) 104:1702–9.

3. Walsh CE, Jiménez-Yuste V, Auerswald G, and Grancha S. The burden of inhibitors in haemophilia patients. Thromb Haemost. (2016) 116:S10–7. doi: 10.1160/TH16-01-0049

4. Peyvandi F, and Garagiola I. Product type and other environmental risk factors for inhibitor development in severe hemophilia A. Res Pract Thromb Haemost. (2018) 2:220–7.

5. Lövgren KM, Søndergaard H, Skov S, and Wiinberg B. Non−genetic risk factors in haemophilia A inhibitor management–the danger theory and the use of animal models. Haemophilia. (2016) 22:657–66. doi: 10.1111/hae.13075

6. Lacroix-Desmazes S, Navarrete AM, André S, Bayry J, Kaveri SV, and Dasgupta S. Dynamics of factor VIII interactions determine its immunologic fate in hemophilia a. Blood. (2008) 112:240–9. doi: 10.1182/blood-2008-02-124941

7. Delignat S, Rayes J, Russick J, Kaveri SV, and Lacroix-Desmazes S. Inhibitor formation in congenital hemophilia A: an immunological perspective. Semin Thromb Hemost. (2018) 44:517–30. doi: 10.1055/s-0038-1657777

8. Gouw SC, van den Berg HM, Oldenburg J, Astermark J, de Groot PG, Margaglione M, et al. F8 gene mutation type and inhibitor development in patients with severe hemophilia A: systematic review and meta-analysis. Blood. (2012) 119:2922–34. doi: 10.1182/blood-2011-09-379453

9. Medzhitov R, and Janeway CA Jr. How does the immune system distinguish self from nonself? Sem Immunol. (2000) 12:185–8.

10. Xing Y, Hogquist KAT-. cell tolerance: central and peripheral. Cold Spring Harb Perspect Biol. (2012) 4:a006957. doi: 10.1101/cshperspect.a006957

11. Madoiwa S, Yamauchi T, Kobayashi E, Hakamata Y, Dokai M, Makino N, et al. Induction of factor VIII−specific unresponsiveness by intrathymic factor VIII injection in murine hemophilia A. J Thromb Haemost. (2009) 7:811–24. doi: 10.1111/j.1538-7836.2009.03314.x

12. Reding MT, Wu H, Krampf M, Okita DK, Diethelm-Okita BM, Christie BA, et al. Sensitization of CD4+ T cells to coagulation factor VIII: response in congenital and acquired hemophilia patients and in healthy subjects. Thromb Haemost. (2000) 84:643–52.

13. Hu G, Okita DK, Diethelm−Okita BM, and Conti−Fine BM. Recognition of coagulation factor VIII by CD4+ T cells of healthy humans. J Thromb Haemost. (2003) 1:2159–66.

14. Meunier S, Menier C, Marcon E, Lacroix-Desmazes S, and Maillère B. CD4 T cells specific for factor VIII are present at high frequency in healthy donors and comprise naïve and memory cells. Blood Adv. (2017) 1:1842–7.

15. Jacquemin M, Vantomme V, Buhot C, Lavend’homme R, Burny W, Demotte N, et al. CD4+ T-cell clones specific for wild-type factor VIII: a molecular mechanism responsible for a higher incidence of inhibitor formation in mild/moderate hemophilia A. Blood. (2003) 101:1351–8.

16. Whelan SFJ, Hofbauer CJ, Horling FM, Allacher P, Wolfsegger MJ, Oldenburg J, et al. Distinct characteristics of antibody responses against factor VIII in healthy individuals and in different cohorts of hemophilia A patients. Blood. (2013) 121:1039–48. doi: 10.1182/blood-2012-07-444877

17. Hofbauer CJ, Whelan SFJ, Hirschler M, Allacher P, Horling FM, Lawo J-P, et al. Affinity of FVIII-specific antibodies reveals major differences between neutralizing and nonneutralizing antibodies in humans. Blood. (2015) 125:1180–8. doi: 10.1182/blood-2014-09-598268

18. Moreau A, Lacroix-Desmazes S, Stieltjes N, Saenko E, Kaveri SV, D’Oiron R, et al. Antibodies to the FVIII light chain that neutralize FVIII procoagulant activity are present in plasma of nonresponder patients with severe hemophilia A and in normal polyclonal human IgG. Blood. (2000) 95:3435–41.

19. Mathis D, and Benoist C. Back to central tolerance. Immunity. (2004) 20:509–16.

20. Mueller DL. Mechanisms maintaining peripheral tolerance. Nat Immunol. (2010) 11:21. doi: 10.1038/ni.1817

21. Ohnmacht C, Pullner A, King SBS, Drexler I, Meier S, Brocker T, et al. Constitutive ablation of dendritic cells breaks self-tolerance of CD4 T cells and results in spontaneous fatal autoimmunity. J Exp Med. (2009) 206:549–59. doi: 10.1084/jem.20082394

22. Schuller DJ, Wilks A, de Montellano PRO, and Poulos TL. Crystal structure of human heme oxygenase-1. Nat Struct Mol Biol. (1999) 6:860.

23. Abraham NG, and Kappas A. Pharmacological and clinical aspects of heme oxygenase. Pharmacol Rev. (2008) 60:79–127. doi: 10.1124/pr.107.07104

24. Blancou P, Tardif V, Simon T, Rémy S, Carreño L, Kalergis A, et al. Immunoregulatory properties of heme oxygenase-1. In: Cuturi M, Anegon I editors. Suppression and Regulation of Immune Responses. Methods in Molecular Biology (Methods and Protocols) (Vol. 677), Totowa, NJ: Humana Press (2010).

25. Kapturczak MH, Wasserfall C, Brusko T, Campbell-Thompson M, Ellis TM, Atkinson MA, et al. Heme oxygenase-1 modulates early inflammatory responses. Am J Pathol. (2004) 165(3):1045–53.

26. Yachie A, Niida Y, Wada T, Igarashi N, Kaneda H, Toma T, et al. Oxidative stress causes enhanced endothelial cell injury in human heme oxygenase-1 deficiency. J Clin Invest. (1999) 103(1):129–35.

27. Xia Z-W, Xu L-Q, Zhong W-W, Wei J-J, Li N-L, Shao J, et al. Heme oxygenase-1 attenuates ovalbumin-induced airway inflammation by up-regulation of foxp3 T-regulatory cells, interleukin-10, and membrane-bound transforming growth factor- 1. Am J Pathol. (2007) 171(6):1904–14.

28. Xia Z-W, Zhong W-W, Xu L-Q, Sun J-L, Shen Q-X, Wang J-G, et al. Heme oxygenase-1-mediated CD4+CD25high regulatory T cells suppress allergic airway inflammation. J Immunol. (2006) 177(9):5936–45.

29. Listopad J, Asadullah K, Sievers C, Ritter T, Meisel C, Sabat R, et al. Heme oxygenase-1 inhibits T cell-dependent skin inflammation and differentiation and function of antigen-presenting cells. Exp Dermatol. (2007) 16(8):661–70.

30. Chora AA, Fontoura P, Cunha A, Pais TF, Cardoso S, Ho PP, et al. Heme oxygenase-1 and carbon monoxide suppress autoimmune neuroinflammation. J Clin Invest. (2007) 117(2):438–47.

31. Campbell NK, Fitzgerald HK, Malara A, Hambly R, Sweeney CM, Kirby B, et al. Naturally derived Heme-Oxygenase 1 inducers attenuate inflammatory responses in human dendritic cells and T cells: relevance for psoriasis treatment. Sci Rep. (2018) 8:1–15. doi: 10.1038/s41598-018-28488-6

32. Chauveau C, Rémy S, Royer PJ, Hill M, Tanguy-Royer S, Hubert F-X, et al. Heme oxygenase-1 expression inhibits dendritic cell maturation and proinflammatory function but conserves IL-10 expression. Blood. (2005) 106(5):1694–702.

33. Rémy S, Blancou P, Tesson L, Tardif V, Brion R, Royer PJ, et al. Carbon monoxide inhibits TLR-induced dendritic cell immunogenicity. J Immunol. (2009) 182(4):1877–84. doi: 10.4049/jimmunol.0802436

34. Dimitrov JD, Dasgupta S, Navarrete A-M, Delignat S, Repesse Y, Meslier Y, et al. Induction of heme oxygenase-1 in factor VIII–deficient mice reduces the immune response to therapeutic factor VIII. Blood. (2010) 115:2682–5. doi: 10.1182/blood-2009-04-216408

35. Navarrete A, Dasgupta S, Delignat S, Caligiuri G, Christophe OD, Bayry J, et al. Splenic marginal zone antigen−presenting cells are critical for the primary allo−immune response to therapeutic factor VIII in hemophilia A. J Thromb Haemost. (2009) 7:1816–23. doi: 10.1111/j.1538-7836.2009.03571.x

36. van Schooten CJ, Shahbazi S, Groot E, Oortwijn BD, van den Berg HM, Denis CV, et al. Macrophages contribute to the cellular uptake of von Willebrand factor and factor VIII in vivo. Blood. (2008) 112:1704–12. doi: 10.1182/blood-2008-01-133181

37. Repessé Y, Peyron I, Dimitrov JD, Dasgupta S, Moshai EF, Costa C, et al. Development of inhibitory antibodies to therapeutic factor VIII in severe hemophilia A is associated with microsatellite polymorphisms in the HMOX1 promoter. Haematologica. (2013) 98:1650–5. doi: 10.3324/haematol.2013.084665

38. Brydun A, Watari Y, Yamamoto Y, Okuhara K, Teragawa H, Kono F, et al. Reduced expression of heme oxygenase-1 in patients with coronary atherosclerosis. Hypertens Res. (2007) 30:341. doi: 10.1291/hypres.30.341

39. Pearce EJ, and Pearce EL. Immunometabolism in 2017: driving immunity: all roads lead to metabolism. Nat Rev Immunol. (2017) 18:81. doi: 10.1038/nri.2017.139

40. Platten M, Nollen EAA, Röhrig UF, Fallarino F, and Opitz CA. Tryptophan metabolism as a common therapeutic target in cancer, neurodegeneration and beyond. Nat Rev Drug Discov. (2019) 18:379–401. doi: 10.1038/s41573-019-0016-5

41. Russo S, Kema IP, Fokkema RM, Boon JC, Willemse PHB, de Vries EGE, et al. Tryptophan as a link between psychopathology and somatic states. Psychosom Med. (2003) 65:665–71.

42. Grohmann U, Fallarino F, and Puccetti P. Tolerance, DCs and tryptophan: much ado about IDO. Trends Immunol. (2003) 24:242–8.

43. Mellor AL, and Munn DH. IDO expression by dendritic cells: tolerance and tryptophan catabolism. Nat Rev Immunol. (2004) 4:762. doi: 10.1038/nri1457

44. Kolodziej LR, Paleolog EM, and Williams RO. Kynurenine metabolism in health and disease. Amino Acids. (2011) 41:1173–83. doi: 10.1007/s00726-010-0787-9

45. Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R, et al. Modulation of tryptophan catabolism by regulatory T cells. Nat Immunol. (2003) 4:1206. doi: 10.1038/ni1003

46. Romani L, Fallarino F, De Luca A, Montagnoli C, D’Angelo C, Zelante T, et al. Defective tryptophan catabolism underlies inflammation in mouse chronic granulomatous disease. Nature. (2008) 451:211–5. doi: 10.1038/nature06471

47. Grohmann U, Mondanelli G, Belladonna ML, Orabona C, Pallotta MT, Iacono A, et al. Amino-acid sensing and degrading pathways in immune regulation. Cytokine Growth Factor Rev. (2017) 35:37–45. doi: 10.1016/j.cytogfr.2017.05.004

48. Pallotta MT, Orabona C, Volpi C, Vacca C, Belladonna ML, Bianchi R, et al. Indoleamine 2, 3-dioxygenase is a signaling protein in long-term tolerance by dendritic cells. Nat Immunol. (2011) 12:870. doi: 10.1038/ni.2077

49. Bessede A, Gargaro M, Pallotta MT, Matino D, Servillo G, Brunacci C, et al. Aryl hydrocarbon receptor control of a disease tolerance defence pathway. Nature. (2014) 511:184–90. doi: 10.1038/nature13323

50. Fallarino F, Grohmann U, You S, McGrath BC, Cavener DR, Vacca C, et al. The combined effects of tryptophan starvation and tryptophan catabolites down-regulate T cell receptor ζ-chain and induce a regulatory phenotype in naive T cells. J Immunol. (2006) 176:6752–61. doi: 10.4049/jimmunol.176.11.6752

51. Agaugué S, Perrin-Cocon L, Coutant F, André P, and Lotteau V. 1-Methyl-tryptophan can interfere with TLR signaling in dendritic cells independently of IDO activity. J Immunol. (2006) 177:2061–71.

52. Popov A, and Schultze JL. IDO-. expressing regulatory dendritic cells in cancer and chronic infection. J Mol Med. (2008) 86:145–60.

53. Volpi C, Fallarino F, Pallotta MT, Bianchi R, Vacca C, Belladonna ML, et al. High doses of CpG oligodeoxynucleotides stimulate a tolerogenic TLR9–TRIF pathway. Nat Commun. (2013) 4:1852. doi: 10.1038/ncomms2874

54. Puccetti P. On watching the watchers: IDO and type I/II IFN. Eur J Immunol. (2007) 37:876–9.

55. Grohmann U, Volpi C, Fallarino F, Bozza S, Bianchi R, Vacca C, et al. Reverse signaling through GITR ligand enables dexamethasone to activate IDO in allergy. Nat Med. (2007) 13:579. doi: 10.1038/nm1563

56. Xie FT, Cao J, Sen Zhao J, Yu Y, Qi F, and Dai XC. IDO expressing dendritic cells suppress allograft rejection of small bowel transplantation in mice by expansion of Foxp3 + regulatory T cells. Transpl Immunol. (2015) 33:69–77. doi: 10.1016/j.trim.2015.05.003

57. Chen W, Liang X, Peterson AJ, Munn DH, and Bruce BR. The indoleamine 2,3-dioxygenase pathway is essential for human plasmacytoid dendritic cell-induced adaptive T regulatory cell generation. Blood. (2007) 110:1344–1344. doi: 10.1182/blood.v110.11.1344.1344

58. Baren Van N, Pilotte L, Moulin P, Larrieu P, Gutierrez-roelens I, Renauld J, et al. Extensive pro fi ling of the expression of the indoleamine 2, 3-dioxygenase 1 protein in normal and tumoral human tissues. Cancer Immunol Res. (2015) 3:161–73. doi: 10.1158/2326-6066.CIR-14-0137

59. Basran J, Booth ES, Lee M, Handa S, and Raven EL. Analysis of reaction intermediates in tryptophan 2,3-dioxygenase: a comparison with indoleamine 2,3-dioxygenase. Biochemistry. (2016) 55:6743–50. doi: 10.1021/acs.biochem.6b01005

60. Ball HJ, and Mowat CG. Human indoleamine 2, 3-dioxygenase-2 has substrate specificity and inhibition characteristics distinct from those of indoleamine. Amino Acids. (2014) 46:2155–63. doi: 10.1007/s00726-014-1766-3

61. Uyttenhove C, Pilotte L, Théate I, Stroobant V, Colau D, Parmentier N, et al. Evidence for a tumoral immune resistance mechanism based on tryptophan degradation by indoleamine 2,3-dioxygenase. Nat Med. (2003) 9:1269–74. doi: 10.1038/nm934

62. Terness P, Bauer TM, Röse L, Dufter C, Watzlik A, Simon H, et al. Inhibition of allogeneic T cell proliferation by indoleamine 2,3-dioxygenase-expressing dendritic cells: mediation of suppression by tryptophan metabolites. J Exp Med. (2002) 196:447–57. doi: 10.1084/jem.20020052

63. Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D, et al. GCN2 kinase in T cells mediates proliferative arrest and anergy induction in response to indoleamine 2,3-dioxygenase. Immunity. (2005) 22:633–42. doi: 10.1016/j.immuni.2005.03.013

64. Yan Y, Zhang G-X, Gran B, Fallarino F, Yu S, Li H, et al. Upregulates regulatory t cells via tryptophan catabolite and suppresses encephalitogenic T cell responses in experimental autoimmune encephalomyelitis. J Immunol. (2010) 185:5953–61. doi: 10.4049/jimmunol.1001628

65. Nguyen NT, Kimura A, Nakahama T, Chinen I, Masuda K, Nohara K, et al. Aryl hydrocarbon receptor negatively regulates dendritic cell immunogenicity via a kynurenine-dependent mechanism. Proc Natl Acad Sci USA. (2010) 107:19961–6. doi: 10.1073/pnas.1014465107

66. Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, and Bradfield CA. An interaction between kynurenine and the Aryl hydrocarbon receptor can generate regulatory T cells. J Immunol. (2010) 185:3190–8. doi: 10.4049/jimmunol.0903670

67. Gargaro M, Vacca C, Massari S, Scalisi G, Manni G, Mondanelli G, et al. Engagement of nuclear coactivator 7 by 3-hydroxyanthranilic acid enhances activation of aryl hydrocarbon receptor in immunoregulatory dendritic cells. Front Immunol. (2019) 10:1–14. doi: 10.3389/fimmu.2019.01973

68. Alexander AM, Crawford M, Bertera S, Rudert WA, Takikawa O, Robbins PD, et al. Indoleamine 2,3-dioxygenase expression in transplanted NOD islets prolongs graft survival after adoptive transfer of diabetogenic splenocytes. Diabetes. (2002) 51:356–65.

69. Gurtner GJ, Newberry RD, Schloemann SR, McDonald KG, and Stenson WF. Inhibition of indoleamine 2,3-dioxygenase augments trinitrobenzene sulfonic acid colitis in mice. Gastroenterology. (2003) 125:1762–73. doi: 10.1053/j.gastro.2003.08.031

70. van Baren N, and Van den Eynde BJ. Tryptophan-degrading enzymes in tumoral immune resistance. Front Immunol. (2015) 6:34. doi: 10.3389/fimmu.2015.00034

71. Varthaman A, and Lacroix-Desmazes S. Pathogenic immune response to therapeutic factor VIII: Exacerbated response or failed induction of tolerance? Haematologica. (2019) 104:236–44. doi: 10.3324/haematol.2018.206383

72. Lacroix-Desmazes S, Scott DW, Goudemand J, Van Den Berg M, Makris M, Van Velzen AS, et al. Summary report of the first international conference on inhibitors in haemophilia A. Blood Transfus. (2017) 15:568–76. doi: 10.2450/2016.0252-16

73. Liu L, Liu H, Mah C, and Fletcher BS. Indoleamine 2,3-dioxygenase attenuates inhibitor development in gene-therapy-treated hemophilia A mice. Gene Ther. (2009) 16:724–33. doi: 10.1038/gt.2009.13

74. Allacher P, Baumgartner CK, Pordes AG, Ahmad RU, Schwarz HP, and Reipert BM. Stimulation and inhibition of FVIII-specific memory B-cell responses by CpG-B (ODN 1826), a ligand for Toll-like receptor 9. Blood. (2011) 117:259–67. doi: 10.1182/blood-2010-06-289009

75. Puccetti P, and Grohmann U. IDO and regulatory T cells: a role for reverse signalling and non-canonical NF-κB activation. Nat Rev Immunol. (2007) 7:817–23. doi: 10.1038/nri2163

76. Matino D, Gargaro M, Santagostino E, Di Minno MND, Castaman G, Morfini M, et al. IDO1 suppresses inhibitor development in hemophilia A treated with factor VIII. J Clin Invest. (2015) 125:3766–81. doi: 10.1172/JCI81859

77. Wroblewska A, Reipert BM, Pratt KP, and Voorberg J. Dangerous liaisons: how the immune system deals with factor VIII. J Thromb Haemost. (2013) 11:47–55. doi: 10.1111/jth.12065

78. Astermark J, Altisent C, Batorova A, Diniz MJ, Gringeri A, Holme PA, et al. Non−genetic risk factors and the development of inhibitors in haemophilia: a comprehensive review and consensus report. Haemophilia. (2010) 16:747–66.

79. Matzinger P. Tolerance, danger, and the extended family. Annu Rev Immunol. (1994) 12:991–1045. doi: 10.1146/annurev.iy.12.040194.005015

80. Van Helden PMW, Van Haren SD, Fijnvandraat K, Marijke van den Berg H, and Voorberg J. Factor VIII−specific B cell responses in haemophilia A patients with inhibitors. Haemophilia. (2010) 16:35–43. doi: 10.1111/j.1365-2516.2010.02215.x

81. Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about danger. J Leukoc Biol. (2007) 81:1–5. doi: 10.1189/jlb.0306164

82. Pfistershammer K, Stöckl J, Siekmann J, Turecek PL, Schwarz HP, and Reipert BM. Recombinant factor VIII and factor VIII-von Willebrand factor complex do not present danger signals for human dendritic cells. Thromb Haemost. (2006) 96:309–16.

83. Skupsky J, Zhang A-H, Su Y, and Scott DW. A. role for thrombin in the initiation of the immune response to therapeutic factor VIII. Blood. (2009) 114:4741–8. doi: 10.1182/blood-2008-10-186452

84. Meeks SL, Cox CL, Healey JF, Parker ET, Doshi BS, Gangadharan B, et al. Major determinant of the immunogenicity of factor VIII in a murine model is independent of its procoagulant function. Blood. (2012) 120:2512–20.

85. Gangadharan B, Delignat S, Ollivier V, Gupta N, Mackman N, Kaveri SV, et al. Role of coagulation−associated processes on factor VIII immunogenicity in a mouse model of severe hemophilia A. J Thromb Haemost. (2014) 12:2065–9.

86. Miller L, Weissmüller S, Ringler E, Crauwels P, van Zandbergen G, Seitz R, et al. Danger signal-dependent activation of human dendritic cells by plasma-derived factor VIII products. Thromb Haemost. (2015) 114:268–76. doi: 10.1160/TH14-09-0789

87. Peyron I, Dimitrov JD, Delignat S, Gangadharan B, Planchais C, Kaveri SV, et al. Haemarthrosis and arthropathy do not favour the development of factor VIII inhibitors in severe haemophilia A mice. Haemoph Off J World Fed Hemoph. (2015) 21:e94. doi: 10.1111/hae.12579

88. Gouw SC, van der Bom JG, and Van Den Berg HM. Treatment-related risk factors of inhibitor development in previously untreated patients with hemophilia A: the CANAL cohort study. Blood. (2007) 109:4648–54.

89. Santagostino E, Mancuso ME, Rocino A, Mancuso G, Mazzucconi MG, Tagliaferri A, et al. Environmental risk factors for inhibitor development in children with haemophilia A: a case–control study. Br J Haematol. (2005) 130:422–7.

90. Maclean PS, Richards M, Williams M, Collins P, Liesner R, Keeling DM, et al. Treatment related factors and inhibitor development in children with severe haemophilia A. Haemophilia. (2011) 17:282–7. doi: 10.1111/j.1365-2516.2010.02422.x

91. Santagostino E, Riva A, Cesaro S, Esposito S, Matino D, Mazzucchelli RI, et al. Consensus statements on vaccination in patients with haemophilia—Results from the Italian haemophilia and vaccinations (HEVA) project. Haemophilia. (2019) 25:656–67.

92. Lai JD, Moorehead PC, Sponagle K, Steinitz KN, Reipert BM, Hough C, et al. Concurrent influenza vaccination reduces anti-FVIII antibody responses in murine hemophilia A. Blood. (2016) 127:3439–49. doi: 10.1182/blood-2015-11-679282

93. Platokouki H, Fischer K, Gouw SC, Rafowicz A, Carcao M, Kenet G, et al. Vaccinations are not associated with inhibitor development in boys with severe haemophilia A. Haemophilia. (2018) 24:283–90. doi: 10.1111/hae.13387

94. Gouw SC, Van Den Berg HM, Le Cessie S, and Van Der Bom JG. Treatment characteristics and the risk of inhibitor development: a multicenter cohort study among previously untreated patients with severe hemophilia A. J Thromb Haemost. (2007) 5:1383–90.

95. Eckhardt CL, Van der Bom JG, Van der Naald M, Peters M, Kamphuisen PW, and Fijnvandraat K. Surgery and inhibitor development in hemophilia A: a systematic review. J Thromb Haemost. (2011) 9:1948–58. doi: 10.1111/j.1538-7836.2011.04467.x

96. Gouw SC, van den Berg HM, Fischer K, Auerswald G, Carcao M, Chalmers E, et al. Intensity of factor VIII treatment and inhibitor development in children with severe hemophilia A: the RODIN study. Blood. (2013) 121:4046–55. doi: 10.1182/blood-2012-09-457036

97. Moorehead PC, Waters B, Sponagle K, Steinitz KN, Reipert BM, and Lillicrap D. Surgical injury alone does not provoke the development of factor VIII inhibitors in mouse models of hemophilia A. Blood. (2012) 120:627. doi: 10.1182/blood.v120.21.627.627

98. Kurnik K, Bidlingmaier C, Engl W, Chehadeh H, Reipert B, and Auerswald G. New early prophylaxis regimen that avoids immunological danger signals can reduce FVIII inhibitor development. Haemophilia. (2010) 16:256–62. doi: 10.1111/j.1365-2516.2009.02122.x

99. Auerswald G, Kurnik K, Aledort LM, Chehadeh H, Loew−Baselli A, Steinitz K, et al. The EPIC study: a lesson to learn. Haemophilia. (2015) 21:622–8. doi: 10.1111/hae.12666


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

Copyright © 2020 Matino, Afraz, Zhao, Tieu, Gargaro, Fallarino and Iorio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	REVIEW
published: 15 April 2020
doi: 10.3389/fimmu.2020.00494






[image: image2]

The Immune Response to the fVIII Gene Therapy in Preclinical Models

Seema R. Patel1, Taran S. Lundgren2,3, H. Trent Spencer2* and Christopher B. Doering2*


1Hemostasis and Thrombosis Program, Department of Pediatrics, Aflac Cancer and Blood Disorders Center, Children's Healthcare of Atlanta and Emory University, Atlanta, GA, United States

2Cell and Gene Therapy Program, Department of Pediatrics, Aflac Cancer and Blood Disorders Center, Children's Healthcare of Atlanta and Emory University, Atlanta, GA, United States

3Graduate Program in Molecular and Systems Pharmacology, Laney Graduate School, Emory University, Atlanta, GA, United States

Edited by:
Kathleen P. Pratt, Uniformed Services University of the Health Sciences, United States

Reviewed by:
Denise Sabatino, University of Pennsylvania, United States
 Tim Nichols, University of North Carolina at Chapel Hill, United States

*Correspondence: H. Trent Spencer, hspence@emory.edu
 Christopher B. Doering, cdoerin@emory.edu

Specialty section: This article was submitted to Immunological Tolerance and Regulation, a section of the journal Frontiers in Immunology

Received: 17 December 2019
 Accepted: 04 March 2020
 Published: 15 April 2020

Citation: Patel SR, Lundgren TS, Spencer HT and Doering CB (2020) The Immune Response to the fVIII Gene Therapy in Preclinical Models. Front. Immunol. 11:494. doi: 10.3389/fimmu.2020.00494



Neutralizing antibodies to factor VIII (fVIII), referred to as “inhibitors,” remain the most challenging complication post-fVIII replacement therapy. Preclinical development of novel fVIII products involves studies incorporating hemophilia A (HA) and wild-type animal models. Though immunogenicity is a critical aspect of preclinical pharmacology studies, gene therapy studies tend to focus on fVIII expression levels without major consideration for immunogenicity. Therefore, little clarity exists on whether preclinical testing can be predictive of clinical immunogenicity risk. Despite this, but perhaps due to the potential for transformative benefits, clinical gene therapy trials have progressed rapidly. In more than two decades, no inhibitors have been observed. However, all trials are conducted in previously treated patients without a history of inhibitors. The current review thus focuses on our understanding of preclinical immunogenicity for HA gene therapy candidates and the potential indication for inhibitor treatment, with a focus on product- and platform-specific determinants, including fVIII transgene sequence composition and tissue/vector biodistribution. Currently, the two leading clinical gene therapy vectors are adeno-associated viral (AAV) and lentiviral (LV) vectors. For HA applications, AAV vectors are liver-tropic and employ synthetic, high-expressing, liver-specific promoters. Factors including vector serotype and biodistribution, transcriptional regulatory elements, transgene sequence, dosing, liver immunoprivilege, and host immune status may contribute to tipping the scale between immunogenicity and tolerance. Many of these factors can also be important in delivery of LV-fVIII gene therapy, especially when delivered intravenously for liver-directed fVIII expression. However, ex vivo LV-fVIII targeting and transplantation of hematopoietic stem and progenitor cells (HSPC) has been demonstrated to achieve durable and curative fVIII production without inhibitor development in preclinical models. A critical variable appears to be pre-transplantation conditioning regimens that suppress and/or ablate T cells. Additionally, we and others have demonstrated the potential of LV-fVIII HSPC and liver-directed AAV-fVIII gene therapy to eradicate pre-existing inhibitors in murine and canine models of HA, respectively. Future preclinical studies will be essential to elucidate immune mechanism(s) at play in the context of gene therapy for HA, as well as strategies for preventing adverse immune responses and promoting immune tolerance even in the setting of pre-existing inhibitors.
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INTRODUCTION

Hemophilia A is the most common severe congenital bleeding disorder. The global incidence of hemophilia A is one in 4,000 male births. The disease results from genetic defects on the X chromosome at position Xq28 that cause qualitative or quantitative deficiency of blood coagulation fVIII. Clinically, patients with severe hemophilia A (<1% normal fVIII activity) have recurrent spontaneous bleeds into joints and muscles and internal/external bleeding after injury. Over the course of repeated hemorrhagic episodes, permanent damage to joints and muscles occurs. If untreated, most patients with severe hemophilia A succumb to the disease by young adulthood.

Cloning of the F8 gene and cDNA by a group at Genentech in the 1980's launched a new era in hemophilia drug development (1, 2). This was a monumental technical achievement, as it was the largest gene ever cloned at 186,000 base pairs in length, generating an mRNA of 9,048 nucleotides (nt). The protein encoded is 2,351 amino acids [2,332 amino acids in the mature form after removal of the activation peptide (ap)] and harbors a structure designated A1-A2-B-ap-A3-C1-C2, as defined by internal sequence homologies as well as an identical domain structure to the related coagulation cofactor, factor V. The A and C domains of fVIII and factor V share homology to ceruloplasmin and discoidin/milk-fat globule-binding proteins, respectively, and likely account for their respective roles in metal ion and lipid binding. The B domain does not share sequence homology with any known proteins and its function remains poorly understood, as it is not essential for procoagulant function. This latter observation led to the development of B domain deleted (BDD) recombinant fVIII products and utilization of BDD-fVIII cDNAs in gene therapy applications where reduced size is a benefit to genome packaging within the confines of a viral vector.

Understanding of the F8 sequence enabled commercial development of multiple recombinant fVIII products that have been licensed for the control and prevention of bleeding in hemophilia A through fVIII infusion therapy. Although only in existence for a few decades, this mode of therapy appears to transform severe hemophilia A from a uniformly lethal disease into a manageable state with a normal life expectancy. However, in 25–35% of these hemophilia A patients (<1% normal fVIII activity), an alloantibody response develops and blocks the effectiveness of fVIII replacement therapy due to the presence of neutralizing antibodies termed “inhibitors” (3). The strongest genetic predictor of fVIII immunogenicity is the causal hemophilia A mutation itself within the F8 locus. Mutations that result in very little to no fVIII antigen produced with <1% normal fVIII activity levels (e.g., intron 22 and 1 inversions or other null mutations) are more likely to associate with inhibitor development than missense mutations that result in cross reactive material (CRM)+ status. Other than the complete absence of protein biosynthesis via a null mutation, no other dominant genetic factors of fVIII inhibitor development have been identified.

Currently in the US, as well as other economically-advantaged countries, persons with inhibitors are treated for acute bleeding with “bypassing” agents such as recombinant activated factor VII (rfVIIa; NovoSeven, Novo Nordisk), a bispecific monoclonal antibody-based fVIII mimetic (Hemlibra, Roche) or activated prothrombin complex concentrate in both acute and prophylactic settings. A second therapeutic modality, with the goal of inhibitor eradication, is immune tolerance induction (ITI). This involves repeated administration of fVIII at schedules ranging from every day to every 3rd day and dosages ranging from 40 to 300 IU/kg. ITI is the only proven therapy for achieving fVIII inhibitor eradication and subsequent fVIII product tolerance. ITI was initially described in 1977 by Brackmann and Gormsen as the “Bonn Protocol,” which consisted of a high-dose regimen designed to induce lifelong immune tolerance toward fVIII (4). Current protocols have ITI success rates of 60–80% with prognosis correlated to pre-ITI anti-fVIII titers. However, ITI treatment comes at a high financial cost and compliance burden to the patient. As gene therapy is expected to produce a continuous supply of fVIII to the bloodstream, it seems logical to expect that gene therapy could function as an ITI-type therapy. However, the mechanism of action of ITI is not understood, and the protocols used remain off-label and experimental in nature. Therefore, the study of gene therapy-based inhibitor eradication in preclinical models is warranted.

A collection of gene therapy product candidates for the treatment of hemophilia A are rapidly progressing through clinical development. The subject population has initially been limited to adult previously treated patients (PTPs) without a history of fVIII inhibitors, the rationale being that the risk of inhibitor development is lowest in this population and no inhibitors have been observed in gene therapy clinical trials to date. However, if gene therapy continues to be restricted to this subset of hemophilia A patients, its global impact will remain limited. Although it is critical to determine the immunological risk and/or benefit of gene therapy, especially inhibitor risk, in previously untreated patients (PUPs) such as children, some of the most promising gene therapy technologies may not benefit these patients. For example, as described below, adeno-associated viral (AAV) vector-based approaches do not appear suitable for adolescents with growing livers. Importantly, as previously mentioned, gene therapy may offer the potential for inhibitor eradication, thereby providing an alternative to standard ITI. In order to accomplish these objectives, preclinical investigation into the mechanisms of the immune response to fVIII in a gene therapy setting, especially those employing novel bioengineered fVIII transgenes, is needed. Likewise, it is possible that application of gene therapies toward the fVIII inhibitor problem may require new technologies and/or approaches.

In addition to exclusion criteria, other relevant pharmacological concerns of gene therapy for hemophilia A remain. For example, there is longstanding in vitro and in vivo evidence that high-level heterologous expression of human fVIII induces the unfolded protein response (UPR), a highly coordinated and regulated mechanism designed to regulate the accumulation of “unfolded” proteins in the endoplasmic reticulum (5–13). It is important to note that the discovery of UPR was in large part a direct result of the commercial development of recombinant fVIII products. Since the original discovery, a significant amount of basic research and commercial development effort has been undertaken with the goal of avoiding or controlling UPR in the context of heterologous fVIII expression. For example, our group discovered that recombinant porcine fVIII is expressed at significantly higher levels than recombinant human fVIII due to apparent avoidance of UPR and more efficient secretion from the cell (10, 14, 15). Furthermore, this high expression property translates to greater potency in gene therapy applications (16–24). One can speculate that reduced engagement of UPR also provides a safety benefit to gene therapy applications, wherein liver toxicities (e.g., elevated liver enzyme levels) of unknown origin are being observed in clinical AAV-fVIII gene therapy trials incorporating BDD human fVIII transgenes, extremely high vector doses, and potent, liver-directed promoters. However, preclinical studies have failed to recapitulate the liver pathology, leaving this mystery unresolved (25). In addition, as the UPR can engage several inflammatory cascades (e.g., NFκB pathway), and can thereby activate innate immune responses that possess the potential to skew the liver microenvironment from tolerogenic to inflammatory, avoidance of UPR activation may be the key to inducing tolerance to transgene-produced fVIII. Indeed, there is little to no evidence illustrating a correlation between UPR activation and the onset of an immune response to transgene fVIII (11, 12). However, as these murine studies utilized human or canine fVIII, it is conceivable that species differences may have affected interactions with the UPR, thereby making it difficult to tease out a potential relationship between UPR and immune responsiveness to fVIII following AAV-fVIII gene therapy. Moreover, studies have demonstrated that AAV serotypes can differentially engage UPR (26). Nevertheless, generating an AAV-fVIII gene therapy candidate that reduces the likelihood of engaging UPR may provide both safety and therapeutic benefits for patients with hemophilia A.

Within the collection of promising gene therapy product candidates, two dominant classes are apparent. The first involves in vivo infusion of adeno-associated viral (AAV) vectors selected for hepatocyte tropism and engineered for hepatocyte-restricted gene expression. The second involves ex vivo genetic modification of autologous CD34+ hematopoietic stem and progenitor cells (HSPC) using lentiviral vectors (LV) engineered for hematopoietic lineage-restricted expression of a fVIII transgene, followed by administration of the manipulated autologous cell product into the patient. While both classes have demonstrated evidence of safety and efficacy in small and large animal models as reviewed herein, limited data exist addressing critical parameters relating to fVIII immunobiology.

Various animal models of hemophilia have been utilized for preclinical testing of novel drug candidates. The most common species employed are mice, rats, dogs, and sheep [for review, see (27–29)]. While naturally occurring mutations have been identified in dogs and sheep, strains of mice and rats have been genetically engineered to harbor hemophilia A-causing mutations. In addition to hemophilia A animal models, wild-type non-human primates (NHP) have been utilized in preclinical testing of recombinant fVIII product candidates as well as AAV-fVIII gene therapies. Due to the immunogenicity of fVIII product candidates in humans as well as animal models, immunocompromised animals such as NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice, referred to as “NSG” mice, also are frequently employed. Clearly, under the latter setting, no immunogenicity data are obtained. But frequently, and somewhat perplexingly from an immunogenicity perspective, these often are the penultimate preclinical studies supporting human clinical testing. The goal of this review is to present an overview of the use of animal models for predictive immunogenicity and inhibitor eradication preclinical testing of gene therapy product candidates.


History of Gene Therapy for Hemophilia A

Recombinant viral vector technology emerged shortly after the cloning of F8, and the first demonstration of retroviral transfer of a human fVIII transgene into cultured cells was completed by 1990 (30). This discovery sparked preclinical investigations into the use of retroviral, adenoviral, adeno-associated viral, and non-viral gene transfer methods for hemophilia A gene therapy. Overall, gene therapy approaches can be broken into two categories in terms of the route of gene transfer. In vivo approaches involve the direct infusion of fVIII transgene-containing vectors into subjects. In this scenario, the vectors are expected to find target cells based on their respective tropism, transfer the genetic material into the target cells, and direct expression of fVIII for secretion into the bloodstream. Early studies supported the concept that any cell type with access to the bloodstream is capable of fVIII biosynthesis. Both AAV and LV vectors are being explored as in vivo approaches for fVIII gene transfer. However, in addition to similar immunological challenges that could impact AAV-fVIII gene therapy efficacy, in vivo delivery of LV vectors can result in high transduction efficiency of antigen-presenting cells that can reduce transduction of target hepatocytes at given doses and consequently result in downstream activation of innate and adaptive anti-viral immune responses (31). As a result, in vivo delivery of LV vectors is still in the primitive phase of development, with a focus on tactics to overcome this additional immunological challenge (32–35). Thus, AAV vectors are currently the leading vector in this category of gene therapy and are rapidly progressing through clinical trials (36). The second category of gene therapy approaches involves ex vivo gene transfer wherein cells are genetically modified outside the body prior to infusion into the subject. This approach affords greater control over the gene transfer process and validation prior to administration. Several target cell types including adipocytes, mesenchymal stem/progenitor cells, and HSPCs are being pursued for ex vivo gene therapy (37–40). However, infusion of transduced mesenchymal stem/progenitors and adipocytes has been less successful in preclinical studies than HSPC LV-fVIII gene therapy, and thus HSPC appears to be the leading candidate (24).

By the late 1990's, amid much public excitement, several clinical trials of gene therapy for hemophilia had been initiated using both the in vivo and ex vivo approach. Unfortunately, the results were not encouraging enough to continue clinical development of these product candidates. Direct administration of recombinant retroviral vectors failed to produce a lasting therapeutic effect (41). Moreover, treatment with an adenoviral vector resulted in fVIII expression levels >1% of the normal, though adverse events were reported. In addition, administration of autologous fibroblasts electroporated with a BDD-fVIII encoding plasmid (42) only generated plasma fVIII levels near baseline (1% of normal). One aspect of these trials that may be underappreciated is the demonstration of 0% inhibitor development following gene therapy. However, all subjects were selected for a history of treatment with fVIII-containing products and no evidence of prior inhibitor development. Thus, there likely was a strong bias against inhibitor development as these subjects were assumed to have established immune tolerance or at least non-responsiveness to human fVIII as evidenced by their clinical treatment response history. However, these assumptions were not supported by preclinical animal testing, as no established animal models of immune tolerance (or non-responsiveness) to infused human fVIII products have been described nor utilized in preclinical testing. Although ~30% of humans treated with recombinant fVIII develop inhibitors, there is not an appropriate animal model that mimics these results, as nearly all animals administered human fVIII develop inhibitors.

Overall, the failure to observe safe and durable signs of efficacy in the initial hemophilia A gene therapy clinical trials, as well as other perceived failures in the field of clinical gene therapy (e.g., insertional mutagenesis and liver toxicity), resulted in a shift from commercial development of gene therapy for hemophilia A back to the academic laboratory research setting. During this time, many advances were made in the areas of gene transfer efficiency and safety, and clinical development of gene therapies for hemophilia A resumed more than a decade later with AAV-fVIII vectors taking the lead into clinical trials [for review, see (43)].




IN VIVO GENE THERAPY FOR HEMOPHILIA A


Liver-Directed AAV-fVIII Gene Therapy

Recombinant AAV vectors are the most common gene therapy vector under clinical development for hemophilia A. The basis for their extensive utilization stems from several pharmacological properties including (i) ease of delivery through peripheral vein infusion, (ii) perceived and established safety, and (iii) selective tissue tropism. Wild-type AAV is a small, non-pathogenic, non-enveloped, helper-dependent virus of the family Parvoviridae. AAV genetic material primarily exists in an episomal (i.e., outside of the chromosomes) form, although native AAV is known to integrate into a genetic locus termed the AAV integration site 1 (AAVS1) (44). Recombinant AAV vectors are not believed to possess this site-specific integration property and either exist episomally or integrate at low level into a broader distribution of loci. For gene therapy applications, ~90% of the single-stranded DNA genome, excluding the two inverted terminal repeats (ITRs), is replaced with a transgene cassette encompassing a transcriptional promoter, a therapeutic transgene, and a polyadenylation signal. Due to physical size constraints of the AAV capsid, this cassette must be limited to ~4.5–4.7 kilobases (kb) to ensure complete genome packaging (45).

Human and NHP are the native host, with most individuals being infected during adolescence. While wild-type AAV is non-pathogenic, over 90% of humans are environmentally exposed to AAV and can develop adaptive immunity to AAV capsid antigens. Neutralizing antibodies (NABs) to a given AAV capsid can significantly preclude the ability of AAV vectors to reach and/or transduce target cells depending on the route of administration. Moreover, memory cytolytic CD8+ T cell (CTL) immunity to AAV capsid antigens can cause destruction of transduced cells, decreasing transgene expression. In addition to pre-existing immunity, AAV gene therapy can itself stimulate a naïve adaptive immune response that can subsequently prevent effective repeat dosing and long-term therapeutic benefits. Indeed, an early phase one study administering up to 1.8 × 1012 vg/kg AAV2-factor IX (fIX) into the skeletal muscle of hemophilia B patients demonstrated fIX expression levels above baseline in four out of eight participants despite the presence of pre-existing high titer NABs to AAV2 (46). However, in a subsequent phase 1/2 dose escalation trial, hemophilia B patients administered a high dose of liver-directed AAV2-fIX (2 × 1012 vg/kg) developed transient therapeutic fIX levels that correlated with adaptive immunity to AAV as well as an elevation in liver transaminases (ALT, AST) that declined following loss of fIX expression (47). Similarly, patients treated with a high dose of AAV8-fIX (2 × 1012 vg/kg) demonstrated transient fIX expression levels associated with an elevation in liver transaminases and an increase in AAV8 capsid-specific CD8+ T cells (48). All participants in this study demonstrated a similar humoral immune response to AAV. Of note, glucocorticoid therapy discontinuation was found to coincide with normal liver transaminase levels, fIX levels above baseline, and a complete absence of a detectable AAV8 capsid-specific CD8+ T cell response, suggesting that the initial decrease in fIX expression levels may have been due to T cell immunity to AAV transduced cells. As a result, subsequent liver-directed clinical trials for hemophilia A and B have excluded patients with pre-existing NABs to the therapeutic AAV vector and plan to treat with steroids in the event that liver transaminase levels increase or transgene expression declines. Strategies such as engineered capsids, increasing the recombinant AAV dose, capsid shuffling, and decoy capsids are being tested in animal models to allow for AAV administration where NABs exist, whether from environmental exposure or from a desire to re-dose a gene therapy (49–53). The serotypes currently used in hemophilia A gene therapy trials are AAV 3, 5, 6, 8, and hu37, or modifications of the native serotypes. Rigorous comparative immunogenicity studies of the AAV capsids and/or their payload (i.e., fVIII) have not been reported, although their tropisms and thus biodistributions likely vary and may influence the immune response. Components of the AAV vector beyond the capsid, such as stimulatory hypomethylated CpG motifs, may also influence the immune response (45, 54, 55), although again, there exists little preclinical data and virtually no information on comparative immunogenicity of CpG containing and depleted fVIII-containing vector genomes.

AAV vectors currently under clinical testing are liver-directed and employ synthetic, high-expressing, liver-specific promoters that are hypothesized to utilize the innate ability of liver protein expression to facilitate immune tolerance to fVIII. AAV-fVIII gene therapy benefits from its simplicity as it involves only a single intravenous administration of the vector (Figure 1). Thus, far, certain AAV vectors have been successful in restoring fVIII levels to the normal range and beyond, without inducing an immune response to the transgene product-derived fVIII. Despite the lack of detection of anti-fVIII antibodies, liver transaminitis occurring 6–20 weeks post-AAV-fVIII administration is a common clinical finding that appears to directly correlate with AAV vector dose (36). Although generally responsive to an extended course of high-dose steroids and transitory in nature, the molecular cause of this side effect is not understood. The medical and scientific advisory board of the National Hemophilia Foundation recently recommended that clinical trial sponsors incorporate the option of liver biopsy into clinical trial protocols to attempt to understand this phenomenon, which may have an immunological basis.
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FIGURE 1. In vivo AAV-fVIII gene therapy. AAV-fVIII vectors selected for hepatocyte tropism and encompassing a fVIII transgene cassette under a liver-specific transcriptional promoter are infused into adult patients via peripheral vein. Once in circulation, the AAV vectors are thought to transduce primarily hepatocytes, persist episomally, and direct biosynthesis and secretion of fVIII into the bloodstream.




Liver Immunobiology

With its strategically interposed organization and multicellular composition, the liver is becoming recognized and accepted as an immune organ, although it is important to point out that much of this knowledge stems from studies in animal models, mainly mice. In all mammalian species, arterial and venous blood enters the liver lobules and percolates through a honeycomb of sinusoids (capillary beds) that serve to slow the flow of blood, maximizing contact between circulating blood-borne antigens and resident immune sentinels (56). However, the liver is a unique site of blood filtration in that it must mediate clearance of potential pathogens while maintaining immune tolerance to non-pathogenic antigens. This balance between tolerance and immunity results from the complex interactions of an array of liver immune constituents, including liver sinusoidal endothelial cells (LSECs) that line the wall of the sinusoids and are intimately associated with resident macrophages of the liver (Kupffer cells), hepatic stellate cells (Ito cells) that reside in the space of Disse between hepatocytes and LSECs, and hepatic dendritic cells that reside in the sinusoidal lumen of the liver.

Although each of these immune constituents are equipped with the necessary machinery to activate the adaptive immune response (e.g., major histocompatibility complex [MHC] and co-stimulatory molecules), under basal conditions these immune populations are poor activators of T cells and rather play a significant role in maintenance of T cell tolerance. This is in part due to the low expression of MHC and co-stimulatory molecules, as well as the surrounding inflammatory milieu that promotes suppression of T cell activation (57, 58). Under basal conditions, continual exposure to gut derived LPS can induce Kupffer cells to produce a variety of immunomodulatory cytokines and factors, including interleukin 10 (IL-10) and prostaglandin (PGE2) (59–61), that favor the development of regulatory T cells (Tregs) (62). Similarly, endotoxin exposure to LSECs has been shown to reduce expression of MHC and co-stimulatory molecules (63), while interaction with cognate T cells induces up-regulation of the co-inhibitory molecule, programmed death ligand 1 (PD-L1) (64). In combination with the immunomodulatory microenvironment of the liver (e.g., IL-10 and tumor growth factor β [TGF-β]), LSECs are poor activators of naïve CD4+ T cells but efficient at generating Tregs under basal conditions (65, 66). Moreover, LSECs have been shown to directly modulate the antigen-presentation capacity of other immune sentinels, including hepatic dendritic cells (67), that are innately “immature” due to the local milieu of the liver, and the ability of hepatic dendritic cells themselves to produce IL-10 (68, 69). These mechanisms thus collectively work to promote T cell tolerance and immune deviation from pro-inflammatory to immunomodulatory, thereby rendering the liver an attractive site for AAV-fVIII gene therapy (Figure 2). However, it is important to recognize that this balance is modulated by stimuli. Thus, we propose that a bolus infusion of ~4 × 1015 recombinant AAV particles (e.g., 6 × 1013 vg/kg dose for a 70 kg adult) predominantly transducing hepatocytes has the potential to alter the immunomodulatory status of the liver, and thereby immune responsiveness to AAV-fVIII gene therapy, through enhanced AAV exposure and/or overexpression of a protein known to induce cellular stress, such as human fVIII. For reference, the entire adult human body is thought to contain only 3.72 × 1013 cells (70). Therefore, in a typical expression of multiplicity of infection (MOI), this would represent a whole-body MOI of >100 and a hepatocyte-specific MOI of ~20,000!
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FIGURE 2. Model of immune response to liver directed AAV-fVIII gene therapy. The liver is a unique immunoprivileged site that, through complex interactions of an array of liver immune constituents, teeters between tolerance and inflammation. These immune populations include liver sinusoidal endothelial cells (LSECs) that line the wall of the sinusoids and are intimately associated with resident macrophages of the liver (Kupffer cells), hepatic stellate cells (Ito cells) that reside in the space of Disse between hepatocytes and LSECs, and hepatic dendritic cells that reside in the sinusoidal lumen of the liver. Under basal conditions, an array of immune constituents (e.g., Kupffer cells and LSECs) express low levels of MHC and co-stimulatory molecules as well as immunomodulatory cytokines. In the absence of cellular stress following AAV-fVIII gene therapy (“safe” gene therapy state), the local immunomodulatory milieu of the liver can suppress the activation of vector specific and fVIII reactive T cells. Moreover, expression of co-inhibitory molecules by LSECs can aid in the efficient differentiation of fVIII specific Tregs. However, a bolus infusion of AAV particles and/or overexpression of fVIII can lead to cellular stress that possesses the capacity to deviate the immune environment from immunomodulatory to pro-inflammatory. Under AAV-fVIII gene therapy mediated cellular stress (“stressed” gene therapy state), genetically modified hepatocytes can up-regulate MHC class I and co-stimulatory molecules as well as the production of pro-inflammatory cytokines. CD8+ T cell recognition of cognate antigens expressed by “stressed” hepatocytes can be activated, ultimately resulting in the cytolysis of genetically modified hepatocytes and decline in fVIII production. In addition, the pro-inflammatory milieu generated from cellular stress can promote differentiation of effector fVIII specific CD4+ T cells that can help activate fVIII specific B cells for formation of inhibitors.


Antigen expression by hepatocytes has been shown by multiple studies to efficiently promote antigen-specific peripheral tolerance through the development of Tregs (71, 72). There are two main categories of Tregs: naturally occurring (nTregs) and inducible (iTregs). nTregs are a distinct lineage of thymic-derived CD4+ T cells that account for ~5−10% of all peripheral CD4+ T cells. These CD4+ Tregs constitutively express CD25, the high affinity IL-2R (α-chain), and Foxp3 (forkhead box protein 3), a transcription factor that is crucial for the development and suppressive potential of nTregs. In mice, germline deletion of Foxp3 can lead to a fatal lymphoproliferative disorder that can be restored upon adoptive transfer of Tregs from wild type mice (73). In addition, scurfy mice that possess a spontaneous recessive mutation in Foxp3 develop a lymphoproliferative disorder that parallels IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome in humans, which is also caused by mutations in Foxp3 (74). Conversely, iTregs are generated from peripheral naïve conventional CD4+ T cells following recognition of cognate peptide-MHC Class II complexes in the presence of insufficient co-stimulatory signals as well as immunomodulatory cytokines (e.g., TGF-β and IL-2) and/or small molecules (e.g., retinoic acid). There are 2 predominant types of iTregs, Th3, and Tr1, both of which do not constitutively express Foxp3 nor necessitate Foxp3 for immunomodulation (75, 76). While Tr1 cells are defined by production of IL-10, Th3 cells are identified by secretion of TGF-β. The mechanisms by which Tregs can modulate immunity fall into four main categories: cell-cell contact, cytolysis, metabolic disruption, and contact independent (cytokine mediated) (77, 78). Cell-cell contact suppression operates through multiple cell surface receptors (e.g., cytotoxic T-lymphocyte associated protein 4 [CTLA-4], glucocorticoid-induced tumor necrosis factor receptor [GITR], lymphocyte activating 3 [LAG-3]) that modulate the activation of T cells and stimulatory capacity of antigen-presenting cells. In addition, Tregs can suppress immune responses through cytolytic mechanisms involving secretion of perforin and granzyme B. Metabolic disruption includes delivery of cAMP to effector T cells, as well as expression of ectoenzymes CD39 and CD73. Cytokine-mediated immunomodulation includes secretion of IL-10, IL-35, and TGF-β, and with Th3 iTregs low amounts of IL-4. Currently, the “division of labor” between nTregs and iTregs remains unclear.

Administration of hepatotropic AAV2-OVA (ovalbumin) gene therapy leads to induction and enrichment of OVA specific CD4+ CD25+ Foxp3+ T cells that are phenotypically and functionally characteristic of Tregs (71). Similarly, several studies demonstrate that gene transfer of human fIX using liver-tropic AAV promotes generation of Tregs that have the capacity to suppress antibody formation to human fIX following transfer into naïve hemophilia B mice (71, 79, 80). Moreover, in vivo removal of CD4+ CD25+ Tregs using an anti-CD25 monoclonal antibody results in the development of antibodies to human fIX following hepatic gene transfer. These results collectively support the notion that hepatic expression of antigens in mice can lead to immune tolerance through formation of Tregs. Although these mechanisms are well-described in mice, parallel mechanisms in humans remain to be defined.



Murine Preclinical Studies

Over the past decades, several studies have demonstrated preclinical efficacy following liver-directed AAV-fVIII gene therapy (21–23, 81–87). However, these studies vary greatly in respect to pharmacological parameters including study duration, vector doses, fVIII transgene design, experimental species utilized, and/or the use of immunodeficient animals or transient immune suppression to obviate immune complications (Table 1). For example, a study by Herzog and colleagues in 2012 demonstrates that liver directed AAV gene transfer of BDD human (h)fVIII (AAV-hfVIII) can induce immune tolerance to fVIII (89). Using hemophilia A mice on a BALB/c background, data from this study demonstrate that AAV8-hAAT-hfVIII (1011 vg/mouse) gene therapy can not only correct fVIII levels, but also results in low to no detectable inhibitor titers following subsequent challenge with recombinant human fVIII. The ability to induce tolerance to human fVIII in these mice was found to occur in both the presence and the absence of transient immunosuppression mediated by depletion of B cells 1 week prior to AAV8-hAAT-hfVIII gene therapy. Interestingly, when the same experimental setup was replicated in hemophilia A mice on a mixed S129-C57BL/6 background, AAV8-hAAT-hfVIII gene therapy only resulted in a significantly diminished inhibitor response following subsequent challenge with recombinant human fVIII. The differential outcome observed between both strains of hemophilia A mice is similar to the disparate immune response to recombinant human fVIII that is observed in different background strains of hemophilia A mice (90). These results highlight the potential role of genetics, in particular immune polymorphisms, on whether a patient will respond to AAV-fVIII gene therapy. Further examination of the immune response to AAV8-hfVIII in BALB/c hemophilia A mice in this study demonstrated that liver-directed AAV-fVIII gene therapy in the presence or absence of B cell depletion resulted in a significant decrease in IL-2 and IL-10, and a partial reduction in IL-4 and IL-13 gene expression. Adoptive transfer of CD4+ CD25+ cells from tolerized BALB/c hemophilia A mice into BALB/c naïve hemophilia A mice was found to modestly diminish the de novo fVIII immune response to recombinant fVIII challenge. Given the strong evidence that the immune response to recombinant fVIII is dependent on CD4+ T cell help (98–100), it also is hypothesized that liver-directed AAV gene therapy may enhance production and activation of fVIII-specific Tregs that in turn can actively suppress effector T cells and B cells, allowing for sustained production and therapeutic plasma levels of fVIII.


Table 1. Summary of preclinical gene therapy studies for hemophilia A.
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It remains undetermined whether liver directed AAV gene therapy expands nTregs or shifts peripheral naïve CD4+ T cells toward iTreg differentiation. nTregs are thought to have poor proliferative capacity and are mostly polyclonal, with a minor population of nTregs suggested to possess a T cell receptor (TCR) specific for a single antigen (101). Moreover, only a minority of nTregs are thought to have strong suppressive activity (102). Thus, liver-directed AAV-fVIII gene therapy may predominantly be driven by an iTreg response. However, hepatotropic AAV-OVA gene transfer was found to induce OVA-specific CD4+ CD25+ Foxp3+ Tregs in both the periphery and thymus, suggesting that liver-directed AAV gene therapy may possess the potential to suppress inhibitor formation by promoting formation of nTregs and iTregs (71). Furthermore, unlike nTregs, iTregs are plastic and under appropriate conditions possess the ability to revert back to effectors. Characterization of whether under these conditions (e.g., pro-inflammation) tolerized AAV-fVIII treated animals can maintain non-responsiveness to fVIII necessitates investigation.

As Tregs appear to be critical to induce immune tolerance to fVIII following gene therapy, several studies have investigated different mechanisms to further expand and enhance Treg formation. One such mechanism is through the use of IL-2+IL-2R antibody complexes. IL-2 is a key cytokine that drives T cell proliferation and differentiation into effector cells. Moreover, IL-2 has been shown to be required for development of Tregs, though the exact role of IL-2 in induction of Tregs in vivo remains unclear (103–105). Recently, it was reported that IL-2 bound to a specific monoclonal anti-IL-2 antibody (JES6-1A12) expands CD4+ CD25+ Tregs (106) and protects against various experimental autoimmune diseases as well as rejection of an allogeneic solid organ graft (107–109). When used in conjunction with plasmid fVIII gene therapy, the IL-2+IL-2R antibody complex prevented the formation of inhibitors to fVIII and was found to associate with a five to sevenfold expansion of Tregs in secondary lymphoid organs of treated mice (110). An alternative approach that is being used to augment Treg formation following gene therapy is the co-administration of rapamycin (also known as sirolimus), a small molecule that inhibits the activity of mammalian target of rapamycin (mTOR). mTOR is a serine/threonine protein kinase that is engaged following IL-2/IL-2R ligation. Activation of mTOR promotes protein synthesis, cell cycle progression, and glycolysis. Blocking mTOR not only decreases cell cycle progression, which certainly suppresses T cell proliferation, but results in apoptosis in the presence of cognate antigen recognition. However, as Tregs express the high affinity IL-2R (CD25) and ligation of CD25 engages an alternative pathway than the mTOR cascade, rapamycin exposure actually promotes expansion of Tregs. The ability of rapamycin to selectively induce Tregs is dependent on time and dose, with studies demonstrating that alternating day treatment or withdrawal can better promote Treg proliferation compared to continuous administration. Co-administration of rapamycin with fVIII was found to inhibit T cell activation, increase CD4+ CD25+ Foxp3+ Treg numbers, and reduce antibody formation in naïve and sensitized mice (111). However, the utility of rapamycin in clinical AAV-fVIII gene therapy has yet to be explored.

In addition to Tregs, other mechanisms that may contribute to polarizing the immune response to immunoregulatory include programmed cell death (apoptosis), T cell anergy, and decreased antigen presentation. Hepatotropic AAV-OVA gene transfer was found to induce anergy and deletion of OVA specific CD4+ T cells (112). Moreover, Kupffer cells, LSECs, and dendritic cells have been shown to present liver-derived antigens following gene transfer to CD4+ T cells both in the liver and hepatic draining lymph nodes (72). CD4+ T cells and Tregs induced in the liver were then found to egress to hepatic-draining lymph nodes for further proliferation and differentiation, as indicated by in vivo proliferation of OVA specific CD4+ T cells and expansion of CD4+ CD25+ Foxp3+ Tregs in the draining lymph nodes. Expanded Tregs disseminate to the systemic circulation to mediate peripheral immune tolerance. Although outside the realm of AAV-fVIII gene transfer, Scott and colleagues demonstrated tolerance induction to fVIII through retroviral gene transfer of immunodominant human fVIII A2 and C2 domains fused to IgG. B cells were transduced and adoptively transferred into E16 hemophilia A mice that possess a deletion in exon 16 of F8 (113). The transfer significantly decreased formation of inhibitors to the A2 and C2 domain of fVIII as well as T cell proliferation. Similarly, adoptive transfer of transduced B cells resulted in significant reduction in the T cell response to fVIII as well as pre-existing inhibitor titers even following additional challenges with recombinant fVIII. Depletion of Tregs using an anti-CD25 monoclonal antibody was found to significantly reduce the ability of B cell directed gene therapy to mediate immune tolerance to fVIII.

The dose of an antigen has been shown to play a role in polarization of Tregs and/or activation of an insufficient CD4+ T cell response that may consequently impact the ability to activate antigen experienced B cells (114–117). Low doses of high-affinity ligands in the presence of insufficient co-stimulatory signals promote iTreg generation (116). Moreover, higher expression levels of fIX in the liver have been shown to correlate with enhanced formation of Tregs and immune tolerance induction following subsequent recombinant fIX exposure in the presence of an adjuvant (79, 118). Several factors that may regulate transgene expression following AAV gene therapy include but are not limited to the vector dose, the transgene sequence, and/or the promoter/enhancer elements. Consistent with this, our group has observed that the dose of AAV-fVIII administered can influence the overall immunological outcome to fVIII exposure. Administration of a mid (4 × 1012 vg/kg) or high (2 × 1013 vg/kg) dose of our bioengineered high-expression fVIII transgene, designated ET3, driven by a liver-directed promoter (AAV8-HLP-ET3) resulted in dose dependent fVIII expression, with roughly 70% (0.7 IU/mL) and 200% (2 IU/mL) normal human fVIII levels detected, respectively (22). Both dose groups failed to generate antibodies to ET3 up to 5 months post AAV8-HLP-ET3 treatment. However, upon exposure to infused recombinant ET3, plasma fVIII activity levels quickly declined in mid-dose treated mice. The disappearance of detectable activity levels correlated with the onset of a robust anti-ET3 IgG response. Conversely, high-dose treated mice demonstrated a transient decline in plasma fVIII activity levels that increased following termination of intravenous ET3 infusion, and only one out of three recipients in this cohort harbored detectable antibodies to ET3. These data suggest that higher doses of AAV-fVIII gene therapy may facilitate immune tolerance or non-responsiveness to fVIII, but this has yet to be convincingly demonstrated and replicated. Although mice can be tolerized to fVIII through liver-directed AAV-fVIII gene therapy, wild-type NHP almost uniformly develop inhibitors to transgene-expressed human fVIII using similar technologies and approaches as those described herein. Therefore, our understanding of the tolerogenic mechanisms established through AAV-fVIII directed gene therapy remains incomplete.

The dose of AAV vector used in gene therapy is limited as there is risk of acute toxicity as well as activation of an adaptive immune response to certain vector elements including the protein capsid and transgene product. To overcome this, our group and others are investigating ways to optimize the fVIII transgene cassette to facilitate increased expression of fVIII with a lower dose of AAV vector (i.e., increased product potency). The first strategy involves the development of synthetic promoters that direct high-level expression in liver hepatocytes but no other cell types. One such promoter is designated HCB and has a minimal size of 147 bp (23). Despite the treatment of over 100 E16 hemophilia A mice on a mixed S129-C57BL/6 background with varying doses of AAV-HCB-fVIII vectors, no fVIII inhibitor development has been observed. This finding is independent of the fVIII transgene used as BDD-hfVIII, ET3, and ancestral fVIII variants (e.g., An53) all have been tested, and despite the presence of up to 10% non-human sequence, no antibody formation has been observed [unpublished data as well as (23, 86)]. In contrast, other groups clearly demonstrated inhibitor development using codon-optimized BDD-hfVIII transgenes driven by alternative synthetic promoters. For example, Wilson and colleagues compared a wide array of synthetic enhancer/promoter combinations, with some apparently demonstrating more or less inhibitor development than others (88). Collectively, these data suggest that promoter strength and/or specificity may be dominant factors in inhibitor development in the context of liver-directed AAV-fVIII gene therapy. As there are no established differences in immunogenicity among the various recombinant fVIII products, despite substantial differences in the cellular source (baby hamster kidney, Chinese hamster ovary, or human embryonic kidney cell lines), primary amino acid sequence (SNPs, ± BDD, addition of IgG Fc), and post-translational modifications (both inherent glycation as well as synthetic additions such as PEG), it seems reasonable to speculate that promoter design may be a stronger determinant of fVIII immunogenicity than transgene design and primary amino acid sequence, which should benefit clinical translation of bioengineered fVIII technologies.

Although several liver-directed AAV-fVIII gene therapies are progressing to clinical trials, most of the preclinical data supporting these trials remain unpublished. However, the team at Biomarin recently published a comprehensive preclinical dataset supporting the development of BMN 270, now referred to as Valoctocogene Roxaparvovec, an investigational AAV-fVIII gene therapy in phase three clinical trials (25). BMN 270 is an AAV serotype 5 vector encoding a codon-optimized BDD-hfVIII transgene driven by a small, liver-directed promoter termed HLP. In preclinical pharmacology studies, the authors noted “sporadic formation of anti-hfVIII antibodies was detected beyond 4 weeks post-dosing (data not shown).” Therefore, the majority of the studies performed involved the utilization of both RAG2−/− mice and double RAG2−/− FVIII−/− mice to address issues of dose responsiveness and therapeutic efficacy. However, studies such as these do not provide any insight or prognostic value toward clinical immunogenicity of AAV-fVIII gene therapy product candidates, and brings back to light the longstanding question regarding the value and need for preclinical immunogenicity testing.



Canine AAV-fVIII Preclinical Studies

While the genetic and immunogenic homogeneity of inbred murine models of hemophilia A allow for more precise mechanistic studies, the canine models of hemophilia A permit examination of a potentially more clinically representative immune response to liver-directed AAV-fVIII gene therapy. The canine models of hemophilia A are unique in that they can be caused by a spectrum of genetic mutations that are similar to those in patients with hemophilia A, are outbred and thereby of various genetic backgrounds, and demonstrate a bleeding phenotype that is similar to humans (119–121). Thus, canine models of hemophilia A allow for potentially more accurate examination of the therapeutic benefit of liver-directed AAV-fVIII gene therapy in humans. Currently, two primary colonies of canine hemophilia A are utilized to study the ability of liver-directed AAV-fVIII gene therapy to correct hemostasis while inducing immune tolerance to fVIII. One resides at Queen's University (QU) in Ontario, Canada and the other at University of North Carolina (UNC) at Chapel Hill. While both colonies possess a similar mutation to the human intron 22 inversion and are CRM negative (121–123), the QU colony consists of canines that are “inhibitor-prone,” with ~25% of canines developing inhibitors following exposure to canine cryoprecipitate (82). Conversely, the UNC colony appears to consist of animals that demonstrate both a low and a high propensity to develop inhibitors following canine fVIII (cfVIII) treatment; the “inhibitor-prone” canines of the UNC colony illustrate a similar frequency of inhibitor development as those from the QU colony. Similar to patients with hemophilia A, the factors that govern responsiveness in these animals remain undefined, though these differences highlight the potential contribution of genetic factors in immune responsiveness to fVIII.

Several studies demonstrate that liver-directed AAV-fVIII gene therapy can not only correct hemostasis, but also promote tolerance to fVIII. Using hemophilia A canines from the UNC colony, a study by Sabatino et al. demonstrates that one out of nine hemophilia A canines developed inhibitors following treatment with codon optimized cfVIII (85). However, the inhibitor titer was low (2.5 BU) and transient, resolving within 7 weeks of initial treatment. Subsequent challenge with recombinant cfVIII did not result in inhibitor formation, suggesting induction of immune tolerance. Interestingly, this single hemophilia A canine was later identified as a member of the newly generated “inhibitor-prone” UNC colony; introduction of an outside male breeder resulted in this subset of hemophilia A canines at UNC. These findings again suggest that AAV gene therapy has the potential to induce immune tolerance to fVIII.



Non-human Primate (NHP) AAV-fVIII Preclinical Studies

The use of NHP provides the opportunity to examine the therapeutic efficacy of liver-directed AAV-fVIII gene therapy in a more clinically-relevant setting, particularly from the AAV tropism perspective, which is a key pharmacological parameter. However, somewhat paradoxically, unlike murine and canine pre-clinical studies at the higher end of dose range finding studies, naïve NHPs mount robust immune responses to human fVIII derived from liver-directed AAV-hfVIII gene therapy. A study by McIntosh et al. demonstrates that administration of a high dose (2 × 1013 vg/kg) of an rAAV8-HLP-codop-hfVIII-N6 variant (226-amino acid spacer in place of B domain of fVIII) results in peak fVIII activity levels of roughly 65% and 105% of normal human fVIII activity levels (87). Low dose (7 × 1012 or 2 × 1012 vg/kg) treatment with a disparate rAAV8-HLP-codop-hfVIII-V3 variant (replaced N6 with a 17 amino acid peptide) resulted in peak fVIII activity levels of 138% and 43% of normal human fVIII activity levels. Three out of four NHPs in this study were found to develop inhibitors (3–15 BU/mL) within 6 weeks of gene transfer. Of note, the single NHP that did not form detectable inhibitors was treated with a low dose of rAAV8-HLP-codop-hfVIII-V3. To eradicate inhibitors in these animals, the three responding NHP were treated with rituximab and cyclophosphamide. Likewise, in the BMN 270 preclinical evaluation, three out of four treated NHP mounted an anti-hfVIII immune response by 8 weeks post-AAV-fVIII administration at doses of 1013 vg/kg and 3.6 × 1013 vg/kg (25). The one NHP that did not possess measurable anti-fVIII antibodies was in the lower dose cohort.

The ability of NHP to form inhibitors following liver-directed AAV-hfVIII gene therapy is quite surprising and interesting, as the NHPs used in these studies do not have hemophilia A and endogenous NHP fVIII bears 99% sequence identity to human fVIII. Why human fVIII is immunogenic in NHP remains largely unclear. However, it is possible that the 1% difference between NHP and human fVIII generates peptide variants that, in conjunction with a different MHC (also referred to as human leukocyte antigen (HLA) in humans) profile than humans, is ultimately responsible for initiating an inhibitor response. During positive selection in the thymus, T cells that recognize self-peptide-MHC complexes with too low or high affinity are deleted, while those that have moderate affinity are provided survival signals to ensure that T cells entering the periphery have some affinity for MHC molecules (termed MHC restriction). Thus, as all peripheral T cells to some degree recognize MHC molecules, TCRs must discriminate between small differences that are provided by the cognate peptide itself, and suggests that TCRs are promiscuous. Consistent with this concept, studies using peptides with small variations (termed altered peptide ligands) demonstrate that the TCR can respond to a range of peptides that differ in fidelity to the original peptide, and that each of these altered peptide ligands can induce a spectrum of T cell responses (124, 125). While some altered peptide ligands can act as an agonist or super agonist, others can function as antagonist. Similar to the impact peptide variations can have on the overall T cell response to an immunogen, it also is possible that the MHC profile of NHP differs from humans such that it supports the appropriate presentation of human fVIII peptides to fVIII reactive T cells. Peptides utilize specific residues (amino acids) within the sequence to bind to the binding groove of MHC molecules, and it is this binding that impacts the peptide affinity to the MHC molecule. The stark contrast of the potent immunogenicity findings generated in NHP compared to non-responsiveness, at least in terms of anti-fVIII antibodies, observed in human clinical trials and mice again highlights the lack of understanding in general regarding fVIII immunogenicity and brings into question the predictive value of preclinical studies.



Inhibitor Eradication via Liver-Directed AAV-fVIII Gene Therapy?

Recently, two independent groups demonstrated in a murine hemophilia B preclinical model that liver-directed AAV- or LV-fIX gene transfer can eradicate anti-fIX inhibitors and provide phenotypically-corrective plasma fIX activity (118, 126). One aspect of hemophilia research that sometimes appears underappreciated is the molecular or structural dissimilarity between fVIII and fIX. In this context, it should not be surprising that they possess differential risks and pathologies associated with immunogenicity [for review, see (127)]. Therefore, our group previously tested the ability of liver-directed AAV-fVIII gene therapy to eradicate fVIII inhibitors in hemophilia A mice and found that, unlike liver-directed fIX expression in hemophilia B mice, liver-directed fVIII gene therapy in the pre-immunized hemophilia A setting did not eradicate inhibitors (22). Based on these findings, we hypothesize that immune barriers in hemophilia A are greater than in hemophilia B due to differences in fVIII/fIX immunobiology. In contrast to murine studies, administration of liver-directed AAV-cfVIII resulted in undetectable inhibitor titers within 4–5 weeks post treatment in three out of three UNC hemophilia A canines with historically high pre-existing inhibitors (92). The eradication of inhibitors coincided with progressively increasing fVIII levels, improved bleeding phenotype, and improved normal pharmacokinetics to infused cfVIII. Interestingly, 1 hemophilia A canine from the QU colony had an amnestic response after gene therapy with a peak inhibitor titer of 216 BU that then became undetectable after 18 months. The immune tolerance induction in this animal was maintained even after challenge with recombinant cfVIII. Though one canine in this study did develop an amnestic response, the results from this study are promising as inhibitor titers >100 BU during ITI typically correlate with ITI failure. However, this canine tolerized rapidly compared to the years it would have taken with ITI. Immune tolerance was maintained in all canines for more than 5 years and was found to correlate with an increase in CD4+CD25+FoxP3+ Tregs that preceded eradication of inhibitors. Thus, while liver-directed AAV-fVIII has the potential to generate inhibitors in some canine colonies, it also can promote immune tolerance and eradicate pre-existing inhibitors in a preclinical model of hemophilia A. As the tolerance induction observed with liver-directed AAV-fVIII gene therapy in the canine model of hemophilia A utilized a cfVIII transgene, while our murine studies used human or bioengineered human fVIII transgenes, it is possible that the presentation of identical peptides as what may be recognized during central tolerance promotes induction and expansion of both iTregs and nTregs, and that liver-directed AAV-fVIII may require some aspect of a species-specific fVIII transgene.



Caveats of Preclinical Studies

While preclinical studies of AAV-fVIII gene therapy certainly provide fundamental insight into the immune response to transgene fVIII and allow for the development of effective and safe AAV-fVIII gene therapy candidates, a major caveat that warrants discussion is the use of xenogeneic fVIII transgenes in murine and NHP preclinical studies. Unlike preclinical canine studies that utilize canine fVIII transgenes, wild type NHPs and murine models of hemophilia A are infused with AAV vectors encoding a human or bioengineered human fVIII transgene. In addition, while AAV-cfVIII gene therapy in canine models of hemophilia A results in a heterogenic immune response that more closely resembles what is observed clinically, wild type NHPs uniformly generate a robust humoral immune response to human fVIII following AAV-hfVIII gene therapy. Moreover, certain murine models of hemophilia A can develop humoral immunity to human fVIII following AAV-hfVIII gene therapy. As human fVIII shares some degree of identity with NHP and murine fVIII (99 and 87%, respectively), it is possible that unidentical peptides derived from the human fVIII in conjunction with a distinct MHC profile may contribute to whether murine and NHP models respond to transgene human fVIII. Similarly, patients with hemophilia A have distinct HLA profiles that may differentially bind to the same fVIII peptide but consequently have disparate outcomes, with the same fVIII transgene inducing formation of Tregs in one patient and effector T cells in another. Thus, though a xenogeneic transgene is utilized, these preclinical models actually provide the opportunity to elucidate how MHC differences between patients may influence their propensity to respond to transgene fVIII, especially in cases wherein CRM is detected. It should also be noted that exposure to any form of fVIII in severe hemophilia A patients that lack detectable CRM possess the capacity to elicit a humoral immune response. Similarly, for mild to moderate hemophilia A patients that demonstrate CRM, any parts of a therapeutic transgene fVIII that are not endogenously produced by the patient have the potential to induce an immune response.

Several preclinical studies also demonstrate that strain, vector dosing, transgene design, and promoter/enhancer elements can equally influence the immunological outcome to AAV-fVIII gene therapy. Similar to disparities in immune responsiveness to syngeneic transgene canine fVIII observed in the Queens and UNC colonies, hemophilia A mice on a BALB/c background are more tolerogenic to xenogeneic transgene human fVIII than those on a S129-C57BL/6 background. Moreover, dosing and promoter/enhancer element utilization has been shown to directly impact the overall immunological outcome to transgene fVIII. Particularly, infusion of certain doses of AAV-HCB-fVIII into S129-C57BL/6 mice that are prone to developing inhibitors to xenogeneic and syngeneic recombinant fVIII products failed to develop inhibitors to BDD human fVIII, ET3 and An53, while other synthetic promoters rendered these mice responsive to codon-optimized human fVIII. Nevertheless, the use of xenogeneic transgenes certainly adds a layer of complexity that may confound interpretation of immune responses to fVIII following AAV-fVIII gene therapy in preclinical models of hemophilia A.



Immunobiology of the Hematopoietic System as a Gene Therapy Target

Hematopoietic stem cells (HSCs) are a rare population of multipotent precursors that possess the ability to self-renew and differentiate into a variety of cell lineages. As a result, HSCs provide the unique opportunity to create a continuous reservoir of transgene-expressing cells, and thereby steady expression of a therapeutic gene product. Moreover, as HSCs can differentiate into myeloid and lymphoid derived immune constituents, HSCs allow for the potential to induce life-long immune tolerance to transgene products. Successful immune tolerance induction following HSC directed gene therapy has been documented to occur for solid organ transplantation, allergy, autoimmunity, and a variety of other disease models with genetic abnormalities (i.e., hemophilia A and B) (22, 128–134).

Using various mouse models, it has been shown that one of the main mechanisms by which HSC directed gene therapy may mediate immune tolerance to transgene products is through central tolerance, a process that eliminates developing autoreactive lymphocytes (i.e., T cells and B cells) and promotes the generation of nTregs. To remove T cells that have high affinity for “self” antigens and facilitate the development of nTregs, peripheral tissue-specific antigens under the control of a transcriptional regulator (autoimmune regulator; AIRE) are presented on MHC molecules by medullary thymic epithelial cells (mTECs) to developing thymocytes (135, 136); mutations in the gene encoding AIRE result in autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED), a multiorgan autoimmune disorder caused by the release of “self” reactive T cells into the periphery (137). However, AIRE does not account for all peripheral “self” antigens, with reports indicating that AIRE induces expression of up to 1835 gene products in the thymus (138). As a result, peripheral dendritic cells migrate to the thymus and work in concert with mTECs to maximize removal of autoreactive thymocytes and generation of nTregs (139, 140). There are three distinct populations of dendritic cells that are indicated to contribute to T cell central tolerance: resident dendritic cells (CD8α+ SIRPα−), migratory dendritic cells (CD8α− CD11b+ SIRPα+), and plasmacytoid dendritic cells (CD11cint CD45RAint). While resident dendritic cells present “self” antigens derived from the blood or cross-presented from mTECs, migratory and plasmacytoid dendritic cells present peripherally acquired “self” antigens on MHC molecules to developing thymocytes (141–144).

The fate of autoreactive thymocytes is hypothesized to be based on the “Goldilocks” model, wherein the TCR signaling strength defined by “functional avidity” (based on affinity and duration of interaction) dictates the outcome for developing thymocytes (145, 146). Thymocytes with low affinity for “self” antigens maturate and egress to the periphery as conventional naïve T cells. Conversely, thymocytes expressing TCRs with high affinity for “self” peptide-MHC complexes can undergo clonal deletion (programmed cell death) or receptor editing to develop a new TCR with lower affinity for “self” antigens, though anergy (a state of non-responsiveness) has also been described to occur. Although Foxp3+ thymocytes have been identified in the human thymus, little is known about how these cells develop in humans. Moreover, while the exact factors that determine whether thymocytes with affinity for “self” antigen will become nTregs is not well-defined, it is suggested that thymocytes with intermediate affinity for “self” antigen develop into nTregs.

During B cell development, immature B cells expressing autoreactive B cell receptors (BCRs) are similarly negatively selected. As BCRs recognize epitopes in their native three-dimensional structure, B cell central tolerance necessitates “self” antigen expression within the bone marrow. Developing immature B cells that do not recognize “self” antigen in the bone marrow further maturate and migrate into the periphery. However, BCR recognition of multivalent “self” antigens, resulting in extensive BCR cross-linking, undergo receptor editing, a process wherein the B cell is given a second opportunity to produce a non-autoreactive BCR. If a subsequent autoreactive BCR is generated, the developing B cell undergoes clonal deletion. Conversely, B cells that weakly engage “self” antigens become anergic.

Although effective at removing most autoreactive lymphocytes, central tolerance is incomplete. Thus, peripheral tolerance is crucial for maintenance of immune tolerance. Peripheral tolerance is the mechanism by which autoreactive lymphocytes in the periphery are rendered incapable of subsequently responding to cognate “self” antigen. Mechanisms by which peripheral tolerance regulate immunity include, but are not mutually exclusive to, the differentiation of naïve conventional T cells into iTregs, induction of anergy, and clonal deletion. As CD4+ T cells are essential mediators of both cytolytic and humoral immune responses to protein immunogens, modulating CD4+ T cell immunity is an effective approach to induce or maintain peripheral tolerance. In the absence of danger signals and under basal conditions, dendritic cells express “self” peptide-MHC II complexes to maintain peripheral tolerance (147). T cells that recognize “self” antigen in the absence of co-stimulatory signals and/or presence of co-inhibitory signals are rendered anergic. Conversely, conventional naïve T cells that recognize cognate “self” peptide-MHC Class II complexes in the presence of weak co-stimulatory signals and immunomodulatory cytokines differentiate into iTregs. Thus, in the event that HSC directed gene therapy permits transgene expression by dendritic cells or in the bone marrow microenvironment, HSC-directed gene therapy has the potential to promote lifelong central and peripheral immune tolerance to therapeutic fVIII, and thereby represents one of the most attractive and promising cellular targets for fVIII gene therapy.



HSC-Directed Preclinical Gene Therapy Studies

Retroviral vectors represent a family of versatile and now advanced gene-transfer vehicles that possess the enabling property of stable integration into the target cell genome. Commonly utilized examples of parent viruses include Moloney murine leukemia virus (MoMLV) and human immunodeficiency virus (HIV). In their recombinant form, each has a relatively large packaging capacity easily accommodating the BDD fVIII transgene sequence. Additionally, these vectors are capable of transducing a wide range of cell types both in vivo and ex vivo. MoMLV-based gamma-retroviral vectors have been used clinically in the treatment of X-linked severe combined immunodeficiency (X-SCID) disease (148). In this setting, gene therapy successfully cured the disease in the majority of patients. However, in early clinical trials using first generation vector designs, severe adverse events occurred due to insertional mutagenesis. The exact nature of these leukemogenic events remains unclear but is speculated to have resulted from a combination of factors including the site of viral integration near protooncogenes, vector payload, and cell processing protocol. Despite these adverse events, the X-SCID gene therapy story should be considered a success due to the dramatic clinical improvement achieved in the majority of patients without any other clinical options for treatment and certain early mortality.

Following clinical confirmation of the previously theoretical concern of insertional mutagenesis, extensive research in the area of retroviral vector design led to advancement of HIV-1-based LV vectors. LVs are extensively modified versions of HIV-1 that have most of the viral genes and regulatory sequences removed. In general, expression cassettes contain two long terminal repeats (LTR), an internal promoter, and the therapeutic transgene. Furthermore, LVs can be pseudotyped with envelope proteins from other viruses or synthetic components that facilitate directed tropism toward a variety of cell types. The resulting recombinant vector particles do not contain the genetic material necessary to direct replication upon entry into a target cell, but do retain the ability to integrate their genetic material and facilitate design-directed control of a therapeutic transgene product. Furthermore, LV integration events can be identified using state of the art genomics technology, and the relative abundance of each integrant can be tracked in real time clinically. Importantly, no evidence of pathogenic insertional mutagenesis by a LV has been observed to date in more than 200 subjects treated with LV-modified HSPC or T cell products (149). Recombinant retroviral vectors now have been approved for several congenital disease indications including SCID caused by adenosine deaminase deficiency and β-thalassemia, as well as cancer indications involving chimeric antigen receptors.

HSPCs were among the initial cellular targets for retroviral gene transfer because of their accessibility and clinical experience and utility. HSPC transplantation protocols have been refined over the past half century and have become a reliable way to extract, manipulate, and re-administer cells with long-term engrafting and expansion potential. Two primary populations of cells exist in the bone marrow and blood compartment. One is of mesenchymal lineage, which has the potential to differentiate into bone, cartilage, and adipose cells. The other is hematopoietic in origin, which populates the blood compartment including myeloid, lymphoid, and erythroid lineages. Evans and Morgan reported the initial finding that hematopoietic cells could be genetically modified by retroviral vectors to express human fVIII, albeit at insufficient levels to be detected in plasma (37). Subsequently, other groups demonstrated in vitro that lymphoid cells inefficiently biosynthesize and secrete fVIII compared to other cell types, including those of myeloid lineage (150–152). In vitro, genetically modified bone marrow-derived mesenchymal stem/progenitor cells produce high levels of fVIII (38). Furthermore, they are thought to have long-term engraftment potential, and thus have been a target in many preclinical studies incorporating retroviral vectors. However, in these studies, transient in vivo expression was observed possibly due to transcriptional silencing and/or transplanted cell death.

The first preclinical HSPC gene therapy study to achieve sustained correction of fVIII activity to therapeutic levels in transplanted mice was conducted by Hawley and colleagues (39). Subsequently, Sakata and colleagues demonstrated genetic modification of CD34+ cells using a simian immunodeficiency virus-based vector and detectable, albeit low, plasma human fVIII levels following transplantation into NOD/SCID mice (153). Several key findings were made in these early studies. First, BDD-fVIII transgenes can be stably transferred by recombinant retroviral vectors. Second, sustained expression and accumulation in plasma of fVIII is achievable through ex vivo transduction and HSPC transplantation into conditioned recipients. However, these early studies also identified that inefficient expression/biosynthesis of BDD-hfVIII is a hurdle to clinical translation.

As mentioned previously, bioengineering fVIII for increased expression has become an increasingly active area of research by all key stakeholders. For example, early studies by our group demonstrated that BDD porcine (p)fVIII is expressed at levels 10–100-fold higher than BDD human fVIII from bone marrow-derived cell types transduced with retroviral vectors (16). Genetically modified murine HSPCs were shown to express high levels of BDD-pfVIII after transplantation into mice, and non-myeloablative conditioning was sufficient to facilitate engraftment of genetically modified HSPCs (16, 18). Subsequently, we demonstrated that non-myeloablative chemotherapy regimens incorporating immune suppression through T cell depletion or co-stimulation blockade also were successful at producing long-term engraftment, fVIII expression, and immune tolerance to endogenously produced or exogenously administered fVIII (Figure 3) (18, 94). Therefore, HSPC LV-fVIII gene therapy appears to be a promising approach with lifelong curative potential that can be accessible to all patients with hemophilia without age restriction, as both HSPC transplantation and HSPC gene therapy have been successfully utilized in children <1 year of age for other disease indications. Currently, the main limitation recognized for HSPC LV-fVIII gene therapy remains the toxicity-associated conditioning regimens that include transient immune suppression, risk of infection, and genotoxicity. Recently, our group and others have begun investigating non-genotoxic conditioning agents for utilization in HSPC transplantation and gene therapy [unpublished data and (154, 155)]. These agents take the form of antibody-drug conjugates (ADC) that possess immune and/or stem cell recognition and potent toxicity following cell internalization through the incorporation of toxins such as the ribosomal inactivating protein, saporin. Although the proof of concept data is impressive in terms of targeted stem cell depletion and facilitation of HSPC (both non-modified and genetically modified) engraftment, ongoing product development is needed to generate products suitable for clinical testing. However, it appears likely that ADC or similar technologies will revolutionize the safety and efficacy of HSPC transplantation and facilitate the implementation of HSPC LV gene therapy for a multitude of genetic diseases.
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FIGURE 3. Conditioning dependent outcomes of preclinical HSPC LV-fVIII gene therapy. CD34+ HSPC isolated from hemophilia A or congenic mice are genetically modified ex vivo using LV-fVIII gene therapy. Transduced cells then are infused into naïve (or preimmunized with recombinant fVIII) hemophilia A mice in the presence or absence of various myeloablative and non-myeloablative conditioning regimens that are based on clinical transplantation protocols. Of the regimens tested in the preclinical stetting, myeloablative and non-myeloablative total body irradiation (TBI), or chemotherapy plus T cell immunosuppression (anti-thymocyte globulin or co-stimulation blockade), allowed for engraftment and corrective fVIII activity levels in the absence of inhibitor formation.


In terms of HSPC LV-fVIII design and preclinical testing, we published a comprehensive set of preclinical studies supporting the clinical testing of an HSPC gene therapy for hemophilia A. The product candidate, referred to as CD68-ET3-LV CD34+, consists of autologous CD34+ cells transduced with a HIV-1-based, monocyte lineage-restricted, self-inactivating LV encoding the high-expression ET3 transgene (Figure 4) (19, 24). An Investigational New Drug (IND) application for this product candidate was recently cleared for clinical testing by the United States of America Food and Drug Administration. In the absence of validated preclinical immunogenicity models, directed immunogenicity testing was performed by comparative immunogenicity analysis of recombinant ET3 intravenously infused into E16 hemophilia A mice as well as in silico analysis of potential T cell epitopes. Overall, no significant differences were identified between ET3 and BDD human fVIII. To our knowledge, these studies represent the only specifically designed immunogenicity studies published for a bioengineered fVIII gene therapy candidate to date, despite the knowledge that all fVIII gene therapy products represent bioengineered versions of fVIII.
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FIGURE 4. Ex vivo CD68-ET3-LV CD34+ clinical gene therapy paradigm. Autologous CD34+ HSPC are isolated from subjects with hemophilia A, genetically modified ex vivo using LV encompassing a codon optimized pfVIII transgene (ET3) under the monocyte lineage restricted promoter, CD68. Genetically modified HSPCs are then infused back into the subject following non-myeloablative conditioning with immune suppression. Post-administration of the genetically-modified autologous cell product, plasma fVIII levels, vector copy number in peripheral blood, and fVIII immunity status are followed.




Inhibitor Eradication via HSPC-Directed LV-fVIII Gene Therapy?

As mentioned previously, the theoretical clinical challenges posed by pre-existing fVIII immunity have precluded this subject population from participating in clinical gene therapy trials. Although AAV-fVIII clinical trials may soon open to the inhibitor population, little preclinical data support this approach and the existing data appear contradictory. Therefore, as an alternative approach to addressing this unmet clinical need, our group has studied HSPC LV-fVIII gene therapy in preclinical models with pre-existing immunity to human fVIII (17, 18, 22, 94). We discovered the need for potent immunosuppressive conditioning regimens to achieve stable, long-term engraftment in the pre-immunized setting as can be achieved with reduced intensity conditioning in naïve animals (Figure 3). Specifically, a requirement for either high-dose total body irradiation or chemotherapy plus immune suppression using anti-thymocyte globulin was necessary to facilitate engraftment and efficacy. We also demonstrated that inclusion of a high expression fVIII transgene not only restored curative plasma fVIII levels, but also permanently eradicated fVIII inhibitors. We continue to investigate novel conditioning agents (e.g., ADC) and immune-suppressing agents (e.g., T and B cell-blocking such as CTLA4-Ig) that should facilitate the application of HSPC LV-fVIII gene therapy to all persons with hemophilia A.




CONCLUSIONS

Preclinical studies and early clinical data have yielded a wealth of evidence supporting the safety and efficacy of fVIII gene therapy. Moreover, these studies have provided essential information regarding factors that allow for successful fVIII gene therapy outcomes, including strategies for vector serotype, promoter/enhancer, dose, pre-transplantation conditioning regimens, and fVIII transgene optimization. As a result, fVIII gene therapy clinical trials have rapidly progressed over the past two decades. Recent fVIII gene therapy clinical trials demonstrate remarkable corrections in fVIII activity levels in the absence of inhibitor formation, and thereby provide optimism for a potential cure for hemophilia A. However, these clinical trials are restricted to adult PTPs without a history of inhibitors. As this subset of patients is inherently at low risk of developing inhibitors following fVIII exposure, current clinical trials do not provide indication for global usage of fVIII gene therapy. This is especially the case in previously untreated children and patients with pre-existing inhibitors, both of which may not benefit from AAV-based gene therapy, but could from HSPC LV-fVIII strategies. As highlighted in this review, limited preclinical data exist addressing the immunogenicity risk of fVIII gene therapy a priori and post-inhibitor development, though current studies provide strong evidence for the potential for gene therapy to mediate tolerance through formation of a Treg response. Thus, further examination of the mechanism(s) by which fVIII gene therapy can shift the balance from immunogenicity to tolerance will be critical to assess the immunological risk and/or benefit of gene therapy for PUPs and patients with pre-existing inhibitors. In addition, these studies likely will provide fundamental insight into how fVIII gene therapy can be manipulated to be utilized as an alternative to standard ITI. Finally, preclinical studies examining the longevity of fVIII gene therapy and gene therapy-mediated immune tolerance induction in PUPs as well as patients with pre-existing inhibitors will necessitate exploration, as both humoral and cellular immunity to vectors, especially AAV vectors, can preclude re-administration of fVIII gene therapy. However, since HSPC LV-fVIII approaches target stem cells, it is predicted that this approach can produce lifelong fVIII production. Therefore, gene therapy does offer the first potential and promising cure for hemophilia A. Moreover, as gene therapy consists of a single treatment event and even small increases in circulating fVIII plasma levels (>10 pM) can provide significant clinical benefits for patients with hemophilia A, gene therapy may be a more cost-effective option than factor replacement therapy for a large, worldwide population of patients with hemophilia A with limited access to treatment. Thus, as hemophilia A occurs in 1 in 4,000 male births, gene therapy possesses the capacity to revolutionize treatment for ~500,000 patients with hemophilia A worldwide.
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Anti-drug antibody formation poses tremendous obstacles for optimal treatment of hemophilia A (HA). In this study, we sought to utilize chimeric receptor-modified natural regulatory T cells (Tregs) to target FVIII-specific memory B cells, which are responsible for persistent anti-FVIII neutralizing antibodies (inhibitors) in HA patients. Thus, CD4+CD25hiCD304+ natural Tregs were FACS sorted from naïve C57BL/6 mice and retrovirally transduced to express a chimeric B-cell antibody receptor (BAR) containing the immunodominant A2 domain of FVIII. Plasmablast-depleted (CD138neg) splenocytes from FVIII immunized FVIII-knockout HA mice served as the source for FVIII-specific memory B cells, which were specifically stimulated in vitro with FVIII and enumerated in a B-cell ELISPOT assays. Adding A2-BAR Tregs (1 per 150 splenocytes), but not conventional T cells, to the CD138– splenocytes significantly suppressed the formation of anti-FVIII antibody secreting cells (ASC), compared to the non-relevant OVA-BAR Tregs control group. The observation that A2-BAR Tregs can suppress the response to FVIII suggests that bystander suppression can occur in the local milieu in this system. Transwell experiments confirmed that the suppression was contact-dependent. Moreover, even in the presence of antibodies to FVIII (so-called inhibitors), similarly prepared CD4+CD25hiCD127low A2-BAR human natural Tregs completely suppressed polyclonal anti-FVIII ASC formation. In conclusion, we demonstrated in vitro that FVIII domain-expressing BAR Tregs could efficiently target and suppress FVIII-specific memory B cells.
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INTRODUCTION

Hemophilia A (HA) is a hereditary bleeding disorder, caused by mutations in the F8 gene encoding pro-coagulant factor VIII (FVIII) (1). Despite great improvement in the management of the disease, one remaining major issue is the formation of anti-FVIII neutralizing antibodies (inhibitors), which occur in up to 30% of severe HA and about 5% of moderate and mild HA patients (2). Currently, the only clinically proven strategy to eradicate the inhibitors is called immune tolerance induction therapy (ITI). First described 40 years ago (3), ITI features repeated, high dose FVIII infusions until the inhibitor becomes undetectable. The mechanism of action for ITI remains incompletely understood. Clinical evidence suggests that FVIII-specific memory B cells were deleted in HA patients that had successfully completed ITI (4). Indeed, FVIII-specific memory B cells were suppressed in the presence of high dose FVIII in vitro and in vivo using murine HA models (5–7). Although ITI can eradicate inhibitors in about 60–80% of eligible patients, some patients undergo ITI for up to 3 years, and this therapy is extremely expensive. ITI failures necessitate alternative approaches, which may not be as effective in restoring hemostasis as FVIII in some settings, e.g., trauma or surgery. Therefore, restoring tolerance to FVIII is an unmet need (2).

We have previously reported the approach of targeting pathogenic B cells using antigen-specific regulatory T cells (Tregs) or CD8 T cells (8, 9). Analogous to chimeric antigen receptor (CAR) technology that has been successfully used in cancer immunotherapy (10), we developed a chimeric receptor comprising a protein domain antigen linked to transmembrane and intracellular signaling domains CD28-CD3ζ. We termed this a B-cell antibody receptor, or “BAR”. Adoptive transfer of a combination of FVIII A2 domain-BAR transduced human Tregs and FVIII C2 domain-BAR transduced human Tregs completely prevented the anti-FVIII antibody formation in response to FVIII/IFA immunization of HA mice (8). Because FVIII contains multiple domains, it is not known if engineered Tregs expressing BARs consisting of single domains will be sufficient to suppress the production of polyclonal anti-FVIII antibodies specific for different epitopes of FVIII. Furthermore, it is known that Tregs can impose suppression over a variety of cell types. Several studies have already indicated direct suppression/killing of B cells by CD4+CD25+ Tregs (11–15), which begs the question whether antigen-specific Tregs, such as chimeric BAR receptor engineered natural Tregs, could be utilized to suppress the activity of FVIII-specific memory B cells.

In this study, we addressed the above questions by using plasmablast-depleted (CD138–) splenocytes from FVIII immunized HA mice as the source for FVIII-specific memory B cells. The suppressive effect of mouse A2 domain-BAR natural Tregs on the activity of polyclonal FVIII-specific memory B cells was determined in vitro using a B-cell ELISPOT assay. In addition, the in vitro suppression assay was confirmed by using A2 domain-BAR transduced human Tregs in the same assay, in the presence/absence of neutralizing anti-FVIII antibodies (inhibitors).



MATERIALS AND METHODS


Mice and FVIII Immunization

E16 mice (F8 exon 16 knockout) on a C57BL/6 background were originally from the colony of Dr. L. Hoyer at the American Red Cross (16, 17). Male and homozygous female E16 mice were maintained in the vivarium of Uniformed Services University of the Health Sciences (USUHS), and were immunized by weekly intravenous injections of 1 μg recombinant human FVIII (rFVIII) in 100 μl PBS for at least 4 weeks to allow the generation of FVIII-specific memory B cells. In some experiments, the immunization was done subcutaneously with a single injection of 2 μg rFVIII emulsified in Incomplete Freund’s Adjuvant. The presence of high-titer anti-FVIII antibodies and high-titer inhibitors was confirmed by a FVIII ELISA and a modified Bethesda assay, respectively, as previously described (18). Naïve C57BL/6 mice were purchased from the Jackson laboratory and served as the donors of Tregs for engineering to make BAR-Tregs. Animal procedures were approved by the Institutional Animal Care and Use Committee at USUHS.



Reagents

Recombinant human IL-2 (rIL-2) was provided by the National Cancer Institute Biological Resources Branch (Frederick, MD, United States). Recombinant human FVIII (rFVIII) was provided by Baxalta, Inc. (Vienna, Austria). An anti-FVIII A2 mAb (4A4) was a gift from Dr. Pete Lollar at Emory University. The following commercial anti-mouse antibodies were used either for stimulating T cells or for flow cytometry: anti-CD3ε (145-2C11), anti-CD28 (37.51), FITC anti-CD4 (GK1.5), PE anti-CD25 (PC61), PE-Cy7 anti-CD304 (3E12), PE anti-Helios (22F6), Pacific Blue anti-Granzyme B (GB11), PerCP-Cy5.5 anti-IL 10 (JES5-16E3), PerCP-Cy5.5 anti-TGF-β1 (TW7-16B4) from BioLegend; APC anti-Foxp3 (FJK-16s) from eBioscience. Rabbit anti-OVA IgG was purchased from Organon Teknika Corp (West Chester, PA, United States). CD4 (L3T4) microbeads (Miltenyl Biotec) was used to positively select mouse CD4+ T cells.



Construction of BAR Retroviral Vectors

Construction of BAR retroviral vectors containing the FVIII A2 or chicken Ovalbumin (OVA) was as described (8). Briefly, the cDNA sequence encoding the human FVIII A2 domain or chicken OVA were obtained from GenBank. As illustrated in Figure 1A, each of these two cDNA sequences was linked via a G4S sequence to downstream CD28-CD3ζ transmembrane and intracellular signaling domains. The constructed DNA sequence for BARs was codon optimized and synthesized by GenScript (Piscataway, NJ, United States), and inserted into a pRetroX-IRES-ZsGreen1 (Clontech Laboratories, Mountain View, VA, United States) retroviral vector. The retroviral particles were produced using a Phoenix-Eco packaging system (Clontech Laboratories). Culture supernatants containing the retroviral particles were aliquoted and stored at −80°C until use.
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FIGURE 1. Generation of mouse CD4+CD25hiCD304+ natural Tregs expressing the chimeric BAR receptor. (A) Schematic illustration for the retroviral constructs for FVIII A2-BAR and control OVA-BAR. (B) Gating strategy for FACS sorting of mouse natural Tregs. (C) Surface BAR expression on transduced mouse Tregs. FACS sorted and activated mouse natural Tregs were transduced with retroviral supernatant for either FVIII A2-BAR or the control OVA-BAR. Five days following the transduction, the cells were surface stained with either anti-A2 (mAb 4A4) or anti-OVA (rabbit anti-OVA IgG), followed by a fluorescence labeled 2nd antibody. The cells were gated on singlets → size → live and GFP+.




Isolation of Mouse T Cells and Transduction

On day 0, spleens were isolated from naïve 6–8 week old C57BL/6 mice, and single cell suspensions of splenocytes were prepared after red blood cell lysis. The cells were first enriched for CD4+ T cells using magnetic cell sorting (MACS) and then further purified to isolate natural Tregs (CD4+CD25hiCD304+) and conventional T cells (Tcon, CD4+CD25–) by sorting on a FACSAria II cell sorter (BD Biosciences, Franklin Lakes, NJ) (Figure 1B). For Treg sorting, the purity of CD4+CD25hiCD304+ gate was 96.9 ± 0.4%. The sorted cells were cultured in complete RPMI 1640 culture medium supplemented with 10% FBS, 1 mM sodium pyruvate, 10 mM HEPES buffer, 2 mM L-glutamine, 50 U/ml Penicillin-Streptomycin, and 50 μM 2-Mercaptoethanol in the presence of 200 U/ml rIL-2.

FACS-sorted Tregs or Tcon were stimulated with plate-bound anti-mouse CD3ε, in the presence of 2 μg/ml soluble anti-mouse CD28 and 200 U/ml rIL-2 for 48 h. Transduction was performed on day 3 by adding the retroviral particle supernatant to a 10 μg/ml Retronectin (Clontech) pretreated culture plate and spinning it at 2000 × g, 32°C for 2 h, followed by centrifugation of the activated T cells onto the viral particle-coated plate at 500 × g, 32°C for 15 min. The cells were split every 2 or 3 days with complete culture medium containing 200 U/ml rIL-2. Five days after transduction, the BAR-transduced Tregs and Tcon cells were FACS sorted based on GFP expression. The sorted cells were cultured in complete RPMI culture medium in the absence of added rIL-2 for 24 h, before been used in the suppression assays.



Generation of Human BAR Natural Tregs

Human FVIII A2 domain-BAR Tregs were prepared as described (8). All procedures using human blood samples were approved by the Uniformed Services University of the Health Sciences Institutional Review Board.



FACS Staining

The cells (1 × 10^6) were stained with the indicated antibodies together with a fixable viability dye eFluor 780 (eBioscience). The cells were then fixed with 2% Formaldehyde in PBS containing 0.02% Tween 20 at 37°C for 10 min. Data were then acquired on an LSR II instrument (BD) and analyzed using FlowJo software (Tree Star, Ashland, OR, United States).

For intracellular staining, the cells were fixed and then permeabilized overnight in 0.02% Triton-X 100 in PBS containing 1% FBS, followed by staining with the indicated antibodies for 4 h at 4°C. The cells were then analyzed as described above.



In vitro Suppression of FVIII-Specific Memory B Cells and B-Cell ELISPOT Assay

Splenocytes from FVIII-immunized HA mice were depleted for CD138+ plasmablasts using CD138 microbeads (Miltenyi Biotec), and the resultant pooled CD138– splenocytes served as the source for FVIII-specific memory B cells (5–7). In 48-well culture plates, 6 × 10^6 of CD138– splenocytes were cultured with 40,000 of A2-BAR Tregs or A2-BAR Tcon cells in the presence of 10 ng/ml rFVIII at 37°C for 6 days to promote FVIII-specific memory B cells differentiation into anti-FVIII antibody-secreting cells (ASC). For the B-cell ELISPOT assay, after 6 days the cells were washed twice in culture medium and transferred to 5 μg/ml rFVIII-coated 96-well ELISPOT plates (EMD Millipore) and cultured overnight. The spots indicating FVIII-specific ASCs were visualized through incubation with HRP-rabbit anti-mouse IgG (H + L) (Thermo Fisher Scientific), followed by AEC substrate (BD Biosciences).



Statistical Analysis

Statistical analysis was performed using Prism software (v6.0; GraphPad Software, La Jolla, CA, United States). A Student’s t-test (2-tailed) was chosen to evaluate differences between different groups. A p-value < 0.05 was considered statistically significant. Each in vitro memory B-cell suppression assay was repeated at least two times, and representative data are shown.



RESULTS


FVIII A2-BAR and OVA-BAR Are Expressed on Transduced Mouse Natural Tregs

FVIII A2-BAR was constructed by linking the immunodominant A2 domain of FVIII to the downstream transmembrane and signaling domains, CD28-CD3ζ, via a G4S linker. OVA-BAR was constructed similarly and served as the specificity control (Figure 1A).

Transduction efficiencies for A2-BAR and OVA-BAR Tregs were estimated to be 30–70% based on the GFP reporter gene expression (data not shown). After transduction, BAR expression could be detected on the surface of transduced Tregs by staining with specific antibodies against the FVIII-A2 or OVA domains, respectively (Figure 1C).



BAR Expression Did Not Affect the Suppressive Phenotype of Mouse Natural Tregs

To confirm the purity of the BAR Tregs, 5 days following retroviral transduction, the Tregs were stained intracellularly with Treg markers Foxp3 and Helios. As shown in Figure 2A, >95% of the A2-BAR and OVA-BAR Tregs expressed Foxp3, and most of these cells co-expressed Helios, a phenotype consistent with that of natural Tregs (19).
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FIGURE 2. Expression of BAR did not adversely affect the suppressive function of mouse natural Tregs. (A) Foxp3 and Helios expression in the prepared mouse BAR Tregs. Five days after the retrovirus mediated transduction, the cells were surface stained with anti-CD4 and fixable viability dye eFluor 780, followed by intracellular staining for Foxp3 and Helios. The cells were gated on singlets → size → live and CD4+ → GFP+. (B) In vitro suppression of Tcon proliferation by mouse Tregs. Five days after the A2-BAR retroviral transduction, the mouse Tregs were FACS sorted into A2-BAR Tregs (GFP+) and non-transduced Tregs (GFP–). For the suppression assay, in 96-well culture plates, 2 × 106 FACS sorted CD4+CD25– conventional T cells from naïve E16 mice (Teff) were cultured with either Tregs at various ratios for 3 days, in the presence of 4 × 106 irradiated splenocytes and 2 μg/ml soluble anti-mouse CD3. The cells were then pulsed with 0.5 μCi 3H-thymidine for 16 h before readout. The data are expressed as mean ± SEM. *p < 0.05 comparing the A2-BAR Tregs group and the non-transduced Tregs group using a Student’s t-test.


To exclude the possibility that BAR expression could adversely affect Treg functionality, a typical in vitro T cell suppression assay was performed. Five days after A2-BAR transduction, mouse Tregs were further FACS sorted into GFP+ (A2-BAR Tregs) and GFP– (non-transduced Tregs) fractions, based on the GFP reporter gene expression. Both GFP+ A2-BAR Tregs and GFP– non-transduced Tregs were co-cultured with a fixed number of FACS-sorted CD4+CD25– conventional T cells (Tcon) at various ratios, in the presence of 2 μg/ml soluble anti-CD3. Similar to the non-transduced mouse Tregs, A2-BAR Tregs dose-dependently suppressed proliferation of Tcon cells. At multiple Tregs/Teff ratios, A2-BAR Tregs were significantly more suppressive than GFP– non-transduced Tregs, indicating that BAR expression did not adversely impact the suppressive quality of the Tregs (Figure 2B).



FVIII A2-BAR Natural Tregs Contact-Dependently Suppressed FVIII-Specific Memory B Cells

The effect of FVIII A2-BAR Tregs on cognate FVIII-specific memory B cells was tested next. Bicistronic GFP expression was used as a minimal surrogate marker for BAR expression (Figure 1A). The purity of FACS sorted GFP+ cells was 96.8 ± 0.5%. FACS sorted GFP+ BAR Tregs were used in all the suppression assays described below. Plasma cell-depleted (CD138–) splenocytes from FVIII-immunized E16 mice served as the source of FVIII-specific memory B cells (Supplementary Figure S1). As illustrated in Figure 3A, the rare FVIII-specific memory B cells were detected by culturing the splenocytes with FVIII for 6 days, and then by carrying out a FVIII-specific B-cell ELISPOT assay, as previously described (5–7). As shown in Figure 3B, 10 ng/ml rFVIII was the optimal concentration to detect FVIII-specific ASC. A higher concentration of rFVIII suppressed FVIII-specific ASCs formation, which was consistent with previous reports (5–7). Therefore, rFVIII at 10 ng/ml concentration was used for all of the FVIII-specific memory B cell suppression assays.


[image: image]

FIGURE 3. FVIII A2-BAR mouse natural Tregs suppressed FVIII-specific memory B cells in vitro. (A) Schematic illustration for the detection of FVIII-specific memory B cells. Splenocytes from FVIII-immunized E16 mice were depleted for plasmablasts/plasma cells with CD138 microbeads by MACS. The CD138– splenocytes were cultured in complete culture medium in the presence of optimal amount of rFVIII for 6 days. At the end of the culture, the anti-FVIII antibody secreting cells (ASC), which reflect the number and activity of FVIII-specific memory B cells, were enumerated with a FVIII-specific B-cell ELISPOT assay. (B) The effect of rFVIII concentration on the detection of FVIII-specific memory B cells. CD138– splenocytes were cultured in complete culture medium in the presence of increasing amounts of rFVIII for 6 days. The anti-FVIII ASC spots were detected by a FVIII-specific B-cell ELISPOT assay. (C) A2-BAR mouse natural Tregs significantly suppressed FVIII-specific memory B cells in vitro. In 48-well culture plates, CD138– splenocytes (6 × 106) were co-cultured with 150-fold less (40,000) A2-BAR or OVA-BAR mouse natural Tregs, in the presence of 10 ng/ml rFVIII for 6 days. The anti-FVIII ASC spots were detected by FVIII-specific B-cell ELISPOT assay, and visualized with AEC substrate (BD Bioscience). The ELISPOT plates were analyzed using ImmunoSpot analyzers (CTL Immunospot). (D) Expressing A2-BAR on Tcon did not confer suppressive function on FVIII-specific memory B cells. The experiment was performed as described in Figure 3C, except that BAR Tcon cells were used instead of Tregs. (E) The suppression of A2-BAR mouse natural Tregs on FVIII-specific memory B cells was contact-dependent. The suppression assay was set up as described in Figure 3C, except a Transwell plate was used. The Tregs were placed in the lower chamber, and the CD138– splenocytes were placed in the upper chamber. No statistical difference was found between the A2-BAR Tregs group and the control OVA-BAR Tregs group. The histograms summarize the data on the left, and the data are expressed as mean ± SEM (C–E). **p < 0.01 between the A2-BAR group and the control OVA-BAR group by the Student’s t-test (C,D).


As shown in Figure 3C, compared to the OVA-BAR Tregs control, adding A2-BAR Tregs significantly suppressed FVIII-specific memory B-cell activity, as reflected by the reduced number of anti-FVIII ASCs (p < 0.01) (Figure 3C). The suppressive activity of A2-BAR Tregs on the activity of FVIII-specific memory B cells could not be ascribed to the expression of A2-BAR alone, since the addition of A2-BAR Tcon did not suppress the anti-FVIII ASC formation (Figure 3D).

To address the question of whether cell-cell contact is required for suppression, a transwell culture system was employed to separate the BAR Tregs from the CD138– splenocytes. The suppressive effect of A2-BAR Tregs was completely abolished in the transwell setting, indicating that the suppression of FVIII-specific memory B cells was contact-dependent (Figure 3E).



Cytokine Expression by the Activated BAR Mouse Natural Tregs

Next, we examined the expression of several important cytokines, including IL-10, TGF-β1, and Granzyme B, which could potentially play a role in the suppressive function of the BAR Tregs. Compared with the freshly isolated mouse Tcon, slight upregulation of IL-10 and TGF- β1 expression could be detected in the activated BAR mouse Tregs. Strikingly, >96% of the BAR Tregs expressed Granzyme B (Figure 4). The exact roles of these effector cytokines during the suppression of FVIII-specific memory B cells by BAR mouse natural Tregs are to be further investigated.


[image: image]

FIGURE 4. Cytokine expression by mouse BAR natural Tregs. Five days after the retrovirus-mediated transduction, the Tregs were rested in medium in the absence of IL-2 overnight, and then stimulated for 5 h with cell stimulation cocktail containing PMA, Ionomycin, Monensin and Brefeldin A. The cells were then surface stained with anti-CD4 and fixable viability dye eFluor 780, followed by intracellular staining for Granzyme B, IL-10, or TGF-β1. Freshly isolated CD4+CD25– mouse conventional T cells (Tcon) was stimulated the same way and served as a control. (A) The expression of Granzyme B and IL-10 in the mouse BAR natural Tregs. (B) The expression of TGF-β1 in the activated BAR Tregs. The cells shown were gated on singlets → size → viable CD4+ → GFP+.




Human FVIII A2-BAR Tregs Suppressed Murine FVIII-Specific Memory B Cells in the Presence of Murine Inhibitory Antibodies

For potential clinical translation of the BAR Treg approach, it is important to know whether the BAR Tregs would function properly in a primed host with pre-existing anti-FVIII inhibitors. Toward this goal, the inhibitor titer of pooled sera from FVIII-immunized E16 mice was determined using the modified Bethesda assay (data not shown), and A2-BAR human natural Tregs were generated as previously described (8). The FVIII-specific memory B cell suppression assay was carried out in the presence of the pooled sera diluted to a final inhibitor concentration of 1 BU/ml. The addition of human A2-BAR Tregs completely suppressed FVIII-specific ASC formation independent of the presence/absence of FVIII-inhibitory antibodies (Figure 5).


[image: image]

FIGURE 5. Human FVIII A2-BAR Tregs suppressed murine FVIII-specific memory B cells in the presence of low-titer inhibitors. In 48-well culture plates, CD138– splenocytes (4 × 106) were co-cultured with A2-BAR human Tregs (1 × 106) in the presence/absence of rFVIII for 6 days. In one group, anti-FVIII mouse sera was added to the culture so that the final inhibitor titer was 1 BU/ml, as indicated. The anti-FVIII ASC spots were detected as described in Figure 3C. (A) Representative pictures of the anti-FVIII ASC spots from the different groups. (B) The data in the histograms are expressed as mean ± SEM. **p < 0.01 compared to the rFVIII only group by the Student’s t-test.




DISCUSSION

Anti-drug antibody formation to therapeutic FVIII is considered the most severe side effect in the treatment of HA patients, and FVIII-specific memory B cells are key targets toward the goal of eradicating inhibitors and establishing tolerance to FVIII (2). We report here that both mouse and human natural Tregs engineered to express the FVIII A2 domain (A2-BAR Tregs) effectively suppressed the activity of FVIII-specific memory B cells in an in vitro assay. To our knowledge, this is the first proof-of-principle demonstration that natural Tregs can be engineered to target antigen-specific memory B cells.

Although most inhibitors are against the functionally important A2 and/or C2 domain of FVIII, the anti-FVIII immune response is heterogeneous (20). Therefore, an important question to be answered regarding the BAR Treg approach is whether Tregs engineered to express a single domain of the antigen are sufficient to suppress inhibitor responses against epitopes located on other domains. Since the in vitro assay used in our study measures the activity of polyclonal FVIII-specific memory B cells, the complete suppression of anti-FVIII ASCs formation by A2-BAR human Tregs clearly suggests a beneficial bystander suppression effect by the BAR Tregs in the local milieu (Figure 5).

Two aspects of the BAR Treg-mediated suppression have been addressed in this study. First, expressing A2-BAR on Tregs was required for the suppressive activity. When A2-BAR Tcon cells were added, they were unable to suppress the activity of FVIII-specific memory B cells (Figure 3D). Second, A2-BAR Tregs acted on the FVIII-specific memory B cells in a cell contact-dependent manner, since the suppression was completely abolished when Tregs and responders were separated using a transwell setting (Figure 3E). However, the detailed mechanisms of action by FVIII A2-BAR Tregs remain to be determined in future studies.

The BAR used in the current study contains transmembrane and signaling domains CD28-CD3ζ of human origin. Such chimeric receptors were functional in our in vitro studies, as well as indicated by others (21, 22). However, human CD3 and CD28 components may eventually be immunogenic, which could prevent long-term in vivo following up of the adoptively transferred BAR Tregs in immunocompetent mice. Therefore, future in vivo studies of the effect of FVIII A2-BAR Tregs will utilize fully murine CD28-CD3ζ components.

One limitation of the BAR Treg approach is that fully differentiated plasma cells no longer express BCR, so they are not targeted by BAR Tregs, as would be expected. However, not all FVIII-specific plasma cells are long-lived. The short-lived ones may still be indirectly targeted since they may rely on specific memory B cells for replenishing.

Taken together, the present results show that using an established in vitro memory B-cell assay system, FVIII A2-BAR natural Tregs effectively suppressed the activity of FVIII-specific memory B cells. The suppression was contact-dependent and required the BAR receptor to be expressed on Tregs. Although detailed mechanisms are still to be elucidated, we believe these findings have important implications for potential clinical translation of this approach to reverse inhibitor responses in HA, as well as other anti-drug antibody responses.
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Hemophilia A is a genetic disorder that results in the deficiency of functional factor VIII protein, which plays a key role in blood coagulation. Currently, the majority of hemophilia A patients are treated with repeated infusions of factor VIII protein. Approximately 30% of severe hemophilia A patients develop neutralizing antibodies to factor VIII (known as factor VIII inhibitors) due to treatment, rendering factor VIII protein infusions ineffective. Previously, mice receiving murine IL-2 complexed with α-murine IL-2 mAbs (JES6-1A12) showed a lack of factor VIII inhibitor formation after factor VIII treatment, which was associated with the proliferation and the activation of factor VIII-specific regulatory T cells (Tregs). In this paper, we evaluated if an Fc-fused mutated protein analog of mouse IL-2, named Fc.Mut24, engineered to selectively promote the expansion of Tregs in vivo can modulate factor VIII-specific immune responses. The mice received one intraperitoneal injection of Fc.Mut24. When the regulatory T cell population reached its highest frequency and peak activation, the mice received a hydrodynamic injection of factor VIII plasmid (day 4) followed by a second Fc.Mut24 dose (day 7). Peripheral blood was collected weekly. Flow cytometry was used to characterize the peripheral blood cell populations, while ELISA and Bethesda assays were used to assess the inhibitor concentrations and the functional titers in plasma. The activated partial thromboplastin time assay was used to assess the functional activities of factor VIII in blood. The mice receiving Fc.Mut24 showed a dramatic and transient increase in the population of activated Tregs after Fc.Mut24 injection. Factor VIII gene therapy via hydrodynamic injection resulted in high anti-factor VIII inhibitor concentrations in control PBS-injected mice, whereas the mice treated with Fc.Mut24 produced no inhibitors. Most significantly, there were no inhibitors generated after a second hydrodynamic injection of factor VIII plasmid administered at 19 weeks after the first injection in Fc.Mut24-treated mice. The mice receiving Fc.Mut24 maintained high levels of factor VIII activity throughout the experiment, while the control mice had the factor VIII activity dropped to undetectable levels a few weeks after the first factor VIII plasmid injection. Our data show that human therapies analogous to Fc.Mut24 could potentially provide a method to prevent inhibitor formation and induce long-term immune tolerance to factor VIII in hemophilia patients.
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INTRODUCTION

Hemophilia A (HemA) is a sex-linked recessive genetic disorder that results in a deficiency in factor VIII protein (FVIII), which is critical for blood coagulation. Currently, the majority of HemA patients undergo FVIII protein replacement therapy to acutely or prophylactically treat their condition (1). Unfortunately, approximately 30% of severe HemA patients develop alloantibodies to FVIII, often referred to as FVIII inhibitors, due to a lack of immune tolerance to FVIII. These inhibitors neutralize the FVIII activity and thus render conventional protein therapy ineffective.

To overcome the barriers to therapy caused by FVIII inhibitors, some patients undergo immune tolerance induction (ITI) (2), which can involve months or even years of treatment (3, 4). Even after a costly and long ITI regimen, only 70% of patients have successful outcomes (5, 6). More recently, the monoclonal bispecific antibody emicizumab has shown promise in providing an alternative to FVIII protein therapy for HemA patients with inhibitors (7, 8). However, repeated infusions over the patient’s lifetime are still required, and long-term safety needs to be evaluated. In addition, due to the growing potential of FVIII gene therapy for HemA patients (9–11), we believe that addressing the problem of FVIII inhibitors directly is still a very important pursuit.

Regulatory T cells (Tregs) are CD4+CD25+Foxp3+ T cells that are critical in establishing immune tolerance (12, 13). They also have important roles in coordinating a balanced response to foreign antigens (14, 15) and in the prevention of autoimmune diseases (16). Immunomodulating techniques involving the manipulation of Treg populations have shown promise in promoting FVIII tolerance (2, 17–19). Both the in vivo expansion of Tregs (20–23) and the adoptive transfer of in vitro expanded antigen-specific Tregs (18, 24), T cell receptor-engineered Tregs (25), or chimeric antigen receptor-engineered Tregs (26, 27) have proven efficacy in HemA mice.

Interleukin-2 (IL-2) is a cytokine that promotes the proliferation of T cells and is critical for the maturation and survival of Tregs (28, 29). IL-2 signals through a heterogeneous trimer receptor, consisting of the α (CD25), β (CD122), and γ (CD132) chains (30). Signaling occurs through the β and γ chains, while the α chain increases the affinity between IL-2 and the receptor complex 100-fold (31). Because the α chain is present in high quantities on the surface of Tregs, the Tregs are more responsive to low IL-2 concentrations in comparison to the effector T cells. As such, IL-2 selectively increases Treg survival and proliferation when administered via a low-dose regimen (32–34) or when complexed with an anti-IL-2 mAb (JES6-1A12) that increases the CD25 dependency for IL-2R signaling (20, 22).

High-dose recombinant human IL-2 (aldesleukin) was originally approved as a cancer immunotherapy due to its stimulatory activity on cancer-killing effector CD4+ and CD8+ T cells and NK cells (35, 36). More recently, chemically modified (37, 38) and computationally designed versions of IL-2 (39) have shown promise in increasing the effectiveness and decreasing the side effects associated with wild-type IL-2 treatment. With the newly appreciated role for IL-2 in Treg function, recent studies have explored low-dose IL-2 for the treatment of auto-inflammatory diseases through Treg enrichment (40, 41). While exploratory clinical studies have shown that low-dose IL-2 is generally well tolerated and that efficacy in resolving disease symptoms can occur, the possibility that Tregs are not adequately activated at the low doses required to avoid effector T cell responses raises concerns that a generally applicable dosing strategy will be difficult to define and may ultimately result in only moderate efficacy (42–44).

To overcome these limitations, mutational variants of IL-2—fused to Fc or IgG domains to increase half-life and exposure—have been developed with greater Treg selectivity due to a greater reliance on high CD25 expression for IL-2R signaling (45, 46). While the clinical testing of these molecules is just beginning, the general applicability, robustness, and durability of this approach should be more extensively explored with murine surrogates of experimental therapeutics. In this study, we utilized a highly Treg-selective mutated version of murine IL-2, referred to as Fc.Mut24 (47), to activate and increase the Treg population in HemA mice, followed by gene therapy to induce FVIII tolerance. An analysis of the peripheral blood serum from Fc.Mut24-treated mice showed the absence of FVIII inhibitors and the high levels of functional FVIII throughout the experiment. In contrast, the control mice quickly developed inhibitors and had the functional FVIII levels dropped to negligible levels early in the experiment. Tolerance to FVIII was maintained in the mice for the 6-month experiment duration, even after a second gene therapy challenge was administered.



MATERIALS AND METHODS


Mice

All mice were kept in accordance with the National Institute of Health and Seattle Children’s Research Institute guidelines for animal care. The mice were housed in a specific pathogen-free facility. HemA mice of mixed 129/SV and BL6 genetic background were generated by the targeted disruption of exon 16 of the FVIII gene (48). The experiments started in 8- to 12-week-old mice.



Immunomodulation With Fc.Mut24 and Gene Therapy of FVIII

The identification and characterization of Fc.Mut24 is described in the study of Khoryati et al. (47). Briefly, site-directed mutagenesis was performed on murine IL-2, which was then fused to an effector-functionless murine IgG2a Fc. Twenty-eight different IL-2 muteins were screened for efficacy, with Fc.Mut24 being selected for this study. The Fc.Mut24 protein was generated at Olympic Protein Technologies (Seattle, WA, United States). The experimental mice initially received 6 μg of Fc.Mut24 in 200 μl of phosphate-buffered saline (PBS) by intraperitoneal injection, while the control mice received 200 μl of plain PBS. FVIII gene therapy was administered via a hydrodynamic injection of 50 μg of FVIII plasmid (pBS-HCRHPI-FVIIIA) in PBS 4 days after the initial Fc.Mut24 injection. A second Fc.Mut24 injection of 3 μg Fc.Mut24 in 100 μl PBS for the experimental mice was performed at 7 days after the initial injection, while the control mice received 100 μl of plain PBS.



Characterization of Peripheral Blood Mononuclear Cells and Splenocytes

Flow cytometry was used to characterize the peripheral blood mononuclear cells (PBMCs) and splenocytes. Peripheral blood was collected via retro-orbital bleeding. Splenocytes were collected from spleens that were homogenized by grinding between glass slides. The cells were stained with the following antibodies conjugated to fluorophores: Alexa Fluor 700- anti-mouse CD4 (BD Biosciences, San Jose, CA, United States), PE-Cy5- anti-mouse CD25 (eBioscience, San Diego, CA, United States), PE-CF594- anti-mouse Foxp3 (BD Biosciences), PE- anti-mouse CTLA-4 (eBioscience), FITC-anti-mouse Helios (Biolegend, San Diego, CA, United States), PE-anti-mouse CD11b (BD Biosciences), APC-Cy7 anti-mouse CD8a (BD Biosciences), and Alexa Fluor 700-anti-mouse B220 (eBioscience). The cells were fixed and permeabilized before staining with the eBioscience Foxp3/transcription factor staining buffer set. Flow cytometry was performed on a LSRII flow cytometer (BD Biosciences) and data were analyzed using FlowJo software (FlowJo LLC, Ashland, OR, United States). Gating strategy is included in the Supplementary Figure 1.



FVIII Activity and Anti-FVIII Antibody Assays

Peripheral blood samples were collected from mice in 3.8% sodium citrate solution. Blood plasma was separated via centrifugation. FVIII activity was measured via activated partial thromboplastin time (aPTT) using a modified clotting assay with FVIII-deficient plasma (18). The anti-FVIII IgG1 concentration was measured via enzyme-linked immunosorbent assay (ELISA). The FVIII inhibitor concentration was measured via Bethesda assay.



Treg Suppression Assay

CD4+ cells were isolated from the spleens of mice by magnetic activated cell sorting (Miltenyi Biotec, Auburn, CA, United States). The total CD4+ splenocytes from mice with high anti-FVIII antibody serum concentrations were used as responder T cells (Tresps). CD4– splenocytes from naïve mice were irradiated and used as antigen-presenting cells (APCs). CD4+CD25+ cells were used as Tregs and were isolated by magnetic separation from naïve mice or mice tolerized via Fc.Mut24 and FVIII gene therapy. RPMI medium supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% HEPES, 1% penicillin–streptomycin, 1% sodium pyruvate, 0.1% 2-mercaptoethanol, and murine IL-2 at 100 U/ml was used in all culture conditions. APCs were plated at 1.6 × 105 cells per well, and Tresps were plated at 8 × 104 cells per well. Tregs were plated at either 8 × 104 or 4 × 104 cells per well. The cells were stimulated with FVIII at 10 U/ml for 5 days. Proliferation of cells was quantified using the Click-iT Plus EdU flow cytometry assay kit (Invitrogen, Carlsbad, CA, United States). Then, 10 μM of EdU reagent was added to the culture media immediately after plating. Details on the analysis of the Treg-suppressive activity are described in the Supplementary Methods.



Non-specific Challenge With Trinitrophenyl-Ficoll and Trinitrophenyl-Keyhole Limpet Hemocyanin

Fc.Mut24-treated mice (n = 3) and naïve mice (n = 3) were intraperitoneally immunized with 25 μg trinitrophenyl-Ficoll (TNP-Ficoll) and 100 μg trinitrophenyl-keyhole limpet hemocyanin (TNP-KLH) reconstituted in 100 μl PBS and then emulsified in an equal volume of complete Freund’s adjuvant at week 16. A second challenge was administered 3 weeks later with the same volume and concentrations. Serum was collected from the mice weekly and analyzed for anti-TNP antibodies by ELISA in plates coated with TNP-bovine serum albumin. IgG concentrations were detected using horseradish peroxidase-labeled anti-mouse IgG antibodies to develop the substrate solution.



Statistical Analyses

All data are presented as means ± standard deviation. Statistical significance for single time points was calculated using the parametric Mann–Whitney U test due to the small sample sizes. Statistical significance between groups across multiple time points was calculated using repeated- measures ANOVA.



RESULTS


Fc.Mut24 Increases and Activates the Treg Population in vivo

We assessed the ability of Fc.Mut24 to increase and activate Tregs in HemA mice by intraperitoneally injecting 6 μg of Fc.Mut24 diluted in 200 μl PBS. PBMCs isolated from Fc.Mut24-treated mice and PBS-treated control mice were analyzed by flow cytometry and stained by Treg markers, CD4, CD25, and Foxp3. The CD4+CD25+Foxp3+ Treg population in the control mice remained at ∼7.5% of the total CD4+ cells between 1 day before treatment (day -1) and 4 days post-treatment (day 4). The experimental mice showed an approximately fourfold increase (from 7.3 to 31.7%) in Treg population from day -1 to day 4. Treg activation, defined by CTLA-4 positive staining, was doubled by day 4, increasing from 31 to 59% (Figure 1). Treg activation remained unchanged in the PBS-treated control mice. Interestingly, most of the expanded Tregs in the Fc.Mut24-treated mice were Helios+ cells, increasing from 74 to 92% of the Treg population, whereas the percentage of Helios+ Tregs remained the same in the PBS-treated control mice. Helios+ Tregs have been described to be predominantly derived from the thymus and are considered to be more stable and highly suppressive compared to Helios– Tregs (49).
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FIGURE 1. Analysis of changes in CD4+CD25+Foxp3+ Tregs by IL-2 Fc.Mut24 treatment. Fc.Mut24 was administered to HemA mice (n = 4) and lymphocyte populations were compared to mice receiving phosphate-buffered saline (PBS) injections (n = 3). (A) Representative flow cytometry plots of CD4+ peripheral blood lymphocytes to determine the percentage of the Treg population, defined by double-positive CD25 and Foxp3 expression (top row). CD25+Foxp3+ Tregs were gated to determine the activation percentage, defined by CTLA-4 expression (bottom row). (B) Comparison of percentages of Tregs (left), activated Tregs (middle), and Helios+ Tregs (right) between PBS- and Fc.Mut24-treated mice on Day 1 and Day 4. The experiments were repeated three times with no significant variation. The data are presented as means with standard deviation. The p-values were calculated at individual time points by non-parametric Mann–Whitney U test (*p < 0.05).




Fc.Mut24 Treatment in Conjunction With FVIII Gene Therapy Prevents Inhibitor Formulation and Maintains FVIII Clotting Activity

After confirming the efficacy of Fc.Mut24 in activating Tregs and stimulating their proliferation, we performed a gene therapy experiment in conjunction with Fc.Mut24 treatment as described in Figure 2A. HemA mice were treated with 6 μg Fc.Mut24 or vehicle control on day 0 as before. On day 4, all mice received a hydrodynamic injection of 50 μg FVIII plasmid. On day 7, the mice received a second 3-μg injection of Fc.Mut24 in 200 μl PBS (experimental group) or vehicle (control group).
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FIGURE 2. The effect of Fc.Mut24 on the peripheral blood lymphocytes of mice receiving Fc.Mut24 (n = 4) or PBS (n = 3) combined with FVIII plasmid gene therapy. The peripheral blood lymphocytes were characterized via flow cytometry over 23 weeks. The lymphocytes were first gated on live cells and then CD4 to determine the helper T-cell population. (A) The Fc.Mut24 and FVIII plasmid dosing schedule. Six micrograms of Fc.Mut24 was injected intraperitoneally into the experimental mice on day 0 and 3 μg was injected on day 7. The FVIII plasmid was administered hydrodynamically to all mice on day 4. (B) The percentage of Treg population was defined by CD25+Foxp3+ cells out of the total CD4+ population. Days 7 and 14: *p < 0.05. (C) The activation of Tregs was measured by percentage, showing the high CTLA-4 expression. Day 7: p < 0.05. (D) The CD4+ population as a percentage of total lymphocytes over the 23 weeks of the experiment. The experiments were repeated three times with no significant variation. The data are presented as means with standard deviation. The p-values were calculated at individual time points by non-parametric Mann–Whitney U test.


Peripheral blood mononuclear cells from the treated mice were isolated and analyzed over 7 weeks following the Fc.Mut24 treatment. Peak Treg population and activation percentages in the Fc.Mut24-treated mice were observed between day 4 and day 7, which then dropped significantly by day 14. The Treg population returned to baseline levels by day 21, while Treg activation did not differ significantly from the control mice by day 14 (Figures 2B,C). The percentage of total CD4+ cells in relation to all PBMCs did not change for either group throughout the experiment, indicating that Fc.Mut24 selectively enriched the Treg population (Figure 2D). FVIII plasmid was administered on day 4 to coincide with peak Treg population and activation.

Plasma was collected from Fc.Mut24 + FVIII plasmid-treated and PBS + FVIII plasmid-treated mice and analyzed weekly to quantify the anti-FVIII antibody levels by ELISA and the anti-FVIII functional inhibitor titers by Bethesda assay. These analyses showed that the control mice receiving PBS had 0.25 μg/ml of anti-FVIII antibodies by week 4 (Figure 3A), which increased to 1 μg/ml by week 7, which was when they began to plateau. FVIII inhibitor levels were detected at 6.5 BU by week 4 and then increased gradually to ∼200 BU by week 11, where they remained relatively consistent until the secondary challenge (Figure 3B). The experimental mice receiving Fc.Mut24 in conjunction with gene therapy showed zero or negligible levels of both anti-FVIII antibodies and FVIII inhibitors throughout the experiment.
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FIGURE 3. Analysis of peripheral blood plasma of mice receiving Fc.Mut24 or PBS. Peripheral blood was collected via retro-orbital bleeding in sodium citrate and spun at 500g for 5 min to separate plasma from cells. (A) ELISA was performed to measure anti-FVIII antibody levels in peripheral blood plasma using mouse whole IgG as control. p = 0.021 between Fc.Mut24-treated (n = 8) and PBS-treated (n = 4) groups. (B) Bethesda assay was performed on peripheral blood plasma. Serial dilutions were performed on plasma samples that showed high levels of inhibitor to obtain accurate inhibitor titers. p = 0.0092 between Fc.Mut24- and PBS-treated groups at multiple time points. (C) Factor VIII activity was measured in peripheral blood plasma via activated partial thromboplastin time assay relative to normal human plasma controls. p = 0.0014 between Fc.Mut24- and PBS-treated groups at multiple time points. The experiments were repeated twice with no significant variation. The data are presented as means with standard deviation. The p-values were calculated for multiple time points between groups using repeated-measures ANOVA.


FVIII activity was measured via a modified aPTT assay using normal human pooled plasma as controls. Both groups of mice showed very high levels (>200%) of FVIII activity 1 week after the initial FVIII plasmid gene therapy. These levels rapidly dropped to below 50% by week 3 in the control mice, which further dropped to undetectable or negligible levels by week 10. The experimental mice showed a gradual decrease in FVIII activity for the first 4 weeks of the experiment to ∼100%. This activity level remained relatively stable but decreased to about 70% by week 19 (Figure 3C).



Long-Term FVIII Activity and FVIII Tolerance Are Maintained in Mice Treated With Fc.Mut24 After the Secondary FVIII Gene Therapy

To investigate the ability of Fc.Mut24 treatment to induce long-term FVIII tolerance, we performed a second FVIII gene therapy challenge in all mice. Thus, 50 μg of FVIII plasmid was injected hydrodynamically on week 19. The control mice showed a significant increase in anti-FVIII antibodies after the secondary challenge, from 1.5 μg/ml at week 15 up to 6 μg/ml at week 21 and to 20 μg/ml by week 25, and continued to show undetectable levels of FVIII. The elevation of the immune responses was also reflected in the inhibitor titers, increasing from 200 to 1,000 BU from week 13 to week 23. In contrast, in Fc.Mut24-treated mice, we observed an increase in FVIII activity to 170% at 1 week after the secondary challenge, which then decreased and plateaued at ∼80% activity within 2 weeks (Figure 3C). The Fc.Mut24-treated mice maintained low or negligible levels of anti-FVIII antibodies and inhibitors for the remaining duration of the experiment (Figures 3A,B).



Fc.Mut24 + FVIII Gene Therapy Combination Treatment Increases the FVIII-Specific Immunosuppressive Capacity of Splenic Tregs

To characterize the splenocytes of mice treated with Fc.Mut24, spleens were isolated, homogenized, and lysed with ACK buffer. The resulting splenocytes were stained and characterized by flow cytometry, as described above. The Treg population and activation percentages in the spleen reflected the trends observed in the PBMCs, which peaked at around day 4, significantly dropped by day 7, and returned to baseline levels by day 21 (Figures 4A,B). The overall CD4+ population did not show any significant changes, again indicating that Fc.Mut24 selectively enriched the Treg population (Figure 4C). To assess the functional capacity of Tregs from the treated mice, spleens were harvested from the experimental mice at day 50 and isolated Tregs were evaluated with an in vitro suppression assay. The Tregs from mice receiving Fc.Mut24 + FVIII gene therapy were isolated and cultured with irradiated CD4– cells as APCs, Tresps from mice with high FVIII inhibitor titers, and FVIII protein for 5 days. Their efficacy in suppressing Tresp proliferation was compared to the suppressive activity of the Tregs isolated from naïve mice. When cultured at a ratio of 1:1 Treg/Tresp, we observed an increase in the suppressive potential of Tregs isolated from Fc.Mut24-treated mice (Supplementary Figure 2). Fc.Mut24 Tregs were able to suppress Tresp proliferation by 45.6%, while naïve Tregs only suppressed 11.2% of Tresp proliferation, an approximately fourfold increase in suppressive potential (Figure 4D). When the Treg/Tresp ratio was changed to 1:2, the difference in suppressive potential was only 28.2 to 11%, an increase of only 2.5-fold. These results indicate that the Tregs isolated from Fc.Mut24-treated mice have a functional population of Tregs that are specific to FVIII that persists for several weeks. These Tregs show the potential to suppress an immune response initiated by FVIII-specific Tresps.
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FIGURE 4. Characterization and functional evaluation of CD4+ splenocytes in Fc.Mut24-treated and FVIII plasmid gene therapy-treated mice. (A–C) Splenocytes were isolated from mice receiving Fc.Mut24 (n = 3) or PBS (n = 3) treatment and characterized via flow cytometry for comparison with peripheral blood lymphocytes. The experiments were repeated three times without significant variation. The data are presented as means with standard deviation (*p < 0.05, **p < 0.01). The p-values were calculated at individual time points by non-parametric Mann–Whitney U test. (D) A suppression assay was performed using CD4+CD25+ Tregs isolated on Day 50 after an initial treatment from the spleens of mice receiving Fc.Mut24 and FVIII plasmid or from naïve mice (n = 6 for all groups). Tregs were cultured in vitro with CD4+ cells isolated from the spleens of inhibitor-positive hemophilia A mice as well as irradiated antigen presenting cells. FVIII was added at 10 U/ml in culture media for 4 days. FVIII-specific cell proliferation was measured by an EdU incorporation assay and analyzed via flow cytometry. The suppression of CD4+ cell proliferation was compared to CD4+ cell proliferation in the absence of Tregs. The data are presented as means with standard deviation from two separate experiments (*p < 0.05).




Fc.Mut24 Treatment Does Not Alter Antigen-Presenting Cell or CD8+ T Cell Frequencies

In order to characterize different cell populations in the spleen during Fc.Mut24 treatment, we analyzed splenocytes and PBMCs via flow cytometry as described above. B220 was used as a marker for B cells, myeloid cells were defined as CD11b+ cells, and cytotoxic T cells were defined as CD8a+ cells. During the Fc.Mut24 treatment, we observed small differences between the experimental and the control groups for B220+ and CD11b+ cells. The Fc.Mut24-treated mice seemed to have a slightly lower B220+ population than the control mice on day 4 and day 7, which then returned to comparable levels by day 14 (Figures 5A,D). The Fc.Mut24-treated mice also seemed to have a slightly higher population of CD11b+ cells from day 4 to day 14 (Figures 5C,F). However, none of these differences was statistically significant at any time point (p > 0.05). There were no differences seen in the CD8a+ cell populations between the control and the experimental groups at any time point (Figures 5B,E). Although NK cells have a strong response to wild-type IL-2, we did not characterize NK cell populations specifically because Fc.Mut24 was shown to have a minimal effect on NK cell populations in vivo at the doses used in these experiments (47).
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FIGURE 5. Characterization of B220+, CD8a+, and CD11b+ cells in the spleen and the peripheral blood of Fc.Mut24-treated and FVIII plasmid gene therapy-treated mice. The mice treated with Fc.Mut24 (n = 3) or PBS (n = 3) in conjunction with FVIII plasmid gene therapy were sacrificed at separate time points, and their spleens (A–C) and peripheral blood (D–F) were collected for analysis by flow cytometry. B220 was used as a marker for B cells (A,D), CD8a as a marker for cytotoxic T cells (B,E), and CD11b as a marker for myeloid cells (C,F). All percentages are calculated from total lymphocytes from peripheral blood or total splenocytes from spleens. The experiments were repeated at least twice without significant variation. The data are presented as means with standard deviation. p > 0.05 at all time points. The p-values were calculated at individual time points by non-parametric Mann–Whitney U test.




Unrelated Antigen Challenge Shows the Immune Competence of Fc.Mut24-Treated Mice

While Fc.Mut24 treatment induced FVIII tolerance when FVIII gene therapy was administered during Treg enrichment, we wanted to determine if the suppression of antibody responses against other antigens persisted in treated mice after the Tregs returned to baseline frequencies. To evaluate the immune competence of mice receiving Fc.Mut24, an unrelated antigen challenge was performed using TNP-KLH and TNP-Ficoll. At week 16 post-gene therapy, three mice receiving Fc.Mut24 + FVIII plasmid that showed high FVIII functional activity were injected with TNP-KLH and TNP-Ficoll in complete Freund’s adjuvant. A second challenge with the same emulsified antigens was performed at week 19. Three naïve mice receiving the same antigen challenge were used as a control group. Peripheral blood serum was collected and ELISA was used to measure the TNP IgG levels to assess the immune response of the experimental mice compared to the naïve controls. The antibody titers showed no significant difference between the Fc.Mut24-treated mice and the naïve mice at any time point. The anti-TNP IgG levels gradually increased to ∼80 μg/ml in both groups by week 5 after the initial challenge (Figure 6). At no time point was there a statistical significance between the experimental mice and the naïve mice, indicating that the transient Fc.Mut24 treatment did not permanently compromise the murine immune system.
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FIGURE 6. Evaluation of the immune competence of the Fc.Mut24-treated and the FVIII plasmid gene therapy-treated mice. Trinitrophenyl (TNP) antigen challenge was performed to evaluate if the mice treated with Fc.Mut24 and FVIII plasmid gene therapy remain immune-competent to other unrelated antigens. At 16 and 19 weeks after the initial Fc.Mut24 treatment, the experimental (n = 3) and the control naïve hemophilia A mice (n = 3) were injected with TNP-keyhole limpet hemocyanin and TNP-Ficoll emulsified in CFA to induce a non-specific immune response. The anti-TNP IgG concentrations were measured via ELISA (p = 0.66). The p-values were calculated at multiple time points between groups using repeated-measures ANOVA.




DISCUSSION

The alloimmune response to FVIII treatment is a complication that occurs in a significant number of severe HemA patients. CD4+CD25+Foxp3+ Tregs have been demonstrated to be critical in the suppression of alloimmune and autoimmune responses (50, 51). Some approaches to prevent the development of FVIII inhibitors require ex vivo expansion and manipulation of Tregs, which are then adoptively transferred to suppress the immune response (18, 24). These techniques require the isolation, expansion, and adoptive transfer of FVIII-specific Tregs, an inefficient and time-consuming process that risks disease exacerbation due to Treg dedifferentiation into effector T cells. Other techniques that have shown efficacy involve the in vivo expansion of Tregs using murine IL-2 complexed with a specific anti-murine IL-2 antibody (clone JES6-1A12) (20, 22).

This study explores a more robust Treg enrichment method with direct applicability to the design of human trials using Fc.Mut24 (47), a murine surrogate for half-life-extended human IL-2 muteins designed specifically to increase and activate the Treg population while having a minimal effect on the rest of the immune system (45, 46). In brief, Fc.Mut24 contains mutations in the region that interacts with the CD122 portion of the IL-2 receptor, increasing reliance on binding with CD25 for binding and subsequent cell signaling (Supplementary Figure 3). This results in selective signaling in cells with CD25high expression and low or non-existent signaling in CD25– cells.

The preliminary testing of Fc.Mut24 showed that the murine peripheral blood Treg population increased at least fourfold on day 4 after one intraperitoneal injection, which was also observed in the spleen Treg population. Previously, the IL-2/IL-2 antibody complex required three injections on three consecutive days in order to achieve a high expansion of Tregs in vivo (20, 22). The percent of CTLA-4+-activated Tregs after Fc.Mut24 injection also increased by twofold on day 4. These data encouraged us to perform FVIII gene therapy via the hydrodynamic injection of FVIII plasmid on day 4. A second lower-dose injection of Fc.Mut24 performed on day 7 was performed to maintain a relatively high Treg percentage during the initial expression of FVIII protein. We hypothesized that a high population of activated Tregs during the early timeframe of FVIII expression would prevent FVIII inhibitor formation by suppressing helper T cell function. Both Treg percentage and activation returned to normal levels by day 21.

The analysis of peripheral blood plasma showed that our dosage schedule of Fc.Mut24 and FVIII gene therapy was highly effective in preventing the formation of FVIII inhibitors. The Fc.Mut24-treated mice showed no anti-FVIII antibodies at any time throughout the course of the experiment, even after a second FVIII challenge on week 19. In addition, the analysis of functional FVIII activity in blood plasma showed that FVIII activity remained high in Fc.Mut24 mice as well. This was in stark contrast with that in the control mice, which had significant levels of anti-FVIII antibodies by week 5 that increased greatly after the secondary FVIII challenge. The FVIII activity in the control mice also dropped to negligible levels by week 10. An in vitro evaluation of Tregs from Fc.Mut24-treated mice demonstrated an increased suppressive response compared to the Tregs from naïve mice when cultured in the presence of FVIII protein. This leads us to believe that FVIII-specific Tregs were present in significant numbers in the Fc.Mut24-treated mice, which resulted in the tolerance of FVIII protein in vivo. It will be interesting to compare the effectiveness of Fc.Mut24 to a wild-type Fc.IL-2 treatment in future work.

Due to its mechanism of action, the Fc.IL-2 mutein approach may have increased safety when compared to other immunomodulating techniques. Other techniques involve agents such as rapamycin (21), cyclophosphamide (52), and rituximab (53, 54), which can have serious side effects. In Fc.Mut24-treated mice, no significant variations were observed in CD4+ T cell populations, as well as other cellular compartments including B cells, myeloid cells, and CD8+ T cells, in both the blood and the spleen as examined by flow cytometry analysis at various time points, indicating that Fc.Mut24 did not have a deleterious or significant stimulatory effect toward other cell types (Supplementary Figure 4). NK cells, which also respond to IL-2, were shown by Khoryati et al. (47) to be unaffected following the treatment of Fc.Mut24 at varying dosages in healthy and type-1 diabetic B6 mice. It is also expected that there will not be significant changes in NK cells following Fc.Mut24 treatment in HemA mice. However, this will need to be verified in future studies. It is also interesting to note that most of the expanded Tregs in Fc.Mut24 mice are Helios+. Helios+ Tregs have been described to be derived from the thymus (55) and are phenotypically more stable, suppressive, and activated compared to Helios– Tregs (56). In addition, due to the increased reliance on high CD25 expression, Fc.Mut24’s specificity and potency in promoting Treg proliferation and activation is high, which means that Treg specificity is retained at high doses and that immune tolerance can be sustained with infrequent dosing compared to other IL-2 therapies in HemA mice. This was also seen in the study in type-1 diabetic B6 mouse model (47). This increased safety is also reflected in our unrelated antigen challenges, which showed that the immune system of the treated mice was not compromised.

Our experiments solely focused on the prevention of FVIII inhibitor formation and preservation of FVIII functional activity in HemA mice before receiving FVIII gene therapy. Current immune tolerance induction techniques for patients with preexisting inhibitors have high cost and with only 70% success rate (57), which call for new approaches to treat patients with FVIII inhibitors. The use of half-life-extended IL-2 muteins, perhaps in combination with other techniques, could provide a more effective and faster method of inducing tolerance in these patients. Anti-human IL-2mAbs have also been developed to either increase (58) or decrease (59) Treg specificity and tested for applications in diabetes or oncology, respectively. These antibodies are in the clinical trial phase at the time of publication, demonstrating that IL-2 Treg specificity approaches are viable in human patients. In addition, molecules with very similar structure and activity to Fc.Mut24 are currently in clinical trials for auto-inflammatory diseases; thus, our findings may be readily translated to clinical exploration by combining current and emerging FVIII replacement strategies with Treg-selective human IL-2 muteins (45, 46).

Potential directions for future research could include the adoptive transfer of Tregs from Fc.Mut24-treated mice to recipient HemA mice with preexisting inhibitors. If Fc.Mut24 treatment alone does not provide an avenue to induce FVIII tolerance, perhaps the infectious tolerance mechanism provided by FVIII-specific Tregs from donor mice would be able to (24, 60, 61). Previous experiments performed in this lab have shown similar effectiveness in preventing inhibitor formation using the IL-2/IL-2 antibody complex (20) and low-dose IL-2 using the same hydrodynamic gene therapy and mouse strain; a side-by-side comparison experiment could be performed to directly compare the effectiveness of these treatment methods. In addition, the use of half-life-extended IL-2 muteins and antigen therapy could also be applicable to other immune-related diseases that require the tolerance promoted by activated Tregs, such as organ transplant rejection (62, 63) and autoimmune and allergic diseases where the antigens promoting the immune-mediated pathology are known (64–67).

A limitation of this study is that we only used hydrodynamic injections as a means of gene therapy, which is not a feasible method of gene delivery for human patients at the time of this article’s publication. The delivery of the FVIII gene in humans would likely require other approaches, such as AAV vectors (9, 11) or lentiviral vectors (68, 69). However, these methods add another dimension of complexity in administering FVIII gene therapy, while hydrodynamic injection is straightforward and reproducible in a murine model. Hydrodynamic injections can also be consistently repeated at later time points for a secondary challenge, while viral vectors may induce anti-vector immune responses, reducing the effectiveness of a secondary challenge. Ultimately, hydrodynamic injection provides a method of gene therapy that reduces the likelihood of confounding factors in our studies, which focus on the reduction of inhibitors to FVIII. In addition, although the majority of patients currently receive FVIII protein as treatment, the future of hemophilia treatment is moving toward gene therapy approaches or synthetic biologicals such as emicizumab. This study focuses on addressing inhibitor formation following gene therapy.

In this study, it has been demonstrated that FVIII tolerance can be achieved in a murine model by using an engineered analog of IL-2, Fc.Mut24, in conjunction with FVIII gene therapy. Currently, many forms of hemophilia gene therapy are in development and appear to be the future of hemophilia treatment (10, 11). Thus, we believe that our use of FVIII plasmid gene therapy, rather than the use of FVIII protein injections, is a relevant test model for promoting FVIII tolerance following gene therapy. It would also be significant to evaluate this method combined with other gene delivery methods, such as viral vector-mediated gene therapy, in future studies. Compared to ITI and ex vivo cell therapy techniques, the in vivo expansion and activation of Tregs may potentially be a safer, more effective, and less costly approach to achieving FVIII tolerance for hemophilia patients. Corroborative experiments in non-naïve HemA models and other gene therapy techniques could support moving this approach forward, with eventual applications in human clinical trials.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



ETHICS STATEMENT

The animal study was reviewed and approved by IACUC, Seattle Children’s Research Institute.



AUTHOR CONTRIBUTIONS

AC designed and performed the experiments, analyzed the results, and wrote and edited the manuscript. XC and CL performed the experiments. LK and MG designed, screened, and provided the Fc.Mut24. MG assisted in the experimental design and edited the manuscript. CM conceived the experiments, supervised the project, and wrote and edited the manuscript.



FUNDING

This work was supported by a NIH-NHLBI grant (U54HL142019) and a pilot project from NIH-NIAID (grant 5 U01 AI101990).


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.00638/full#supplementary-material



REFERENCES

1. Mannucci PM, Mancuso ME, Santagostino E. How we choose factor VIII to treat hemophilia. Blood. (2012) 119:4108–14. doi: 10.1182/blood-2012-01-394411

2. Waters B, Lillicrap D. The molecular mechanisms of immunomodulation and tolerance induction to factor VIII. J Thromb Haemost. (2009) 7:1446–56. doi: 10.1111/j.1538-7836.2009.03538.x

3. Nilsson IM, Berntorp E, Zettervall O. Induction of immune tolerance in patients with hemophilia and antibodies to factor VIII by combined treatment with intravenous IgG, cyclophosphamide, and factor VIII. N Engl J Med. (1988) 318:947–50. doi: 10.1056/NEJM198804143181503

4. Schep SJ, Schutgens REG, Fischer K, Boes ML. Review of immune tolerance induction in hemophilia A. Blood Rev. (2018) 32:326–38. doi: 10.1016/j.blre.2018.02.003

5. Meeks SL, Chapman RL, Kempton C, Dunn AL. Late immune tolerance induction in haemophilia A patients. Haemophilia. (2013) 19:445–8. doi: 10.1111/hae.12077

6. Rivard GE, Rothschild C, Toll T, Achilles K. Immune tolerance induction in haemophilia A patients with inhibitors by treatment with recombinant factor VIII: a retrospective non-interventional study. Haemophilia. (2013) 19:449–55. doi: 10.1111/hae.12102

7. Oldenburg J, Mahlangu JN, Kim B, Schmitt C, Callaghan MU, Young G, et al. Emicizumab prophylaxis in hemophilia a with inhibitors. N Engl J Med. (2017) 377:809–18. doi: 10.1056/NEJMoa1703068

8. Shima M, Hanabusa H, Taki M, Matsushita T, Sato T, Fukutake K, et al. Long-term safety and efficacy of emicizumab in a phase 1/2 study in patients with hemophilia A with or without inhibitors. Blood Adv. (2017) 1:1891–9. doi: 10.1182/bloodadvances.2017006684

9. Pickar AK, Gersbach CA. Gene therapies for hemophilia hit the mark in clinical trials. Nat Med. (2018) 24:121–2. doi: 10.1038/nm.4492

10. Pipe SW. Gene therapy for hemophilia. Pediatr Blood Cancer. (2018) 65:e26865. doi: 10.1002/pbc.26865

11. Rangarajan S, Walsh L, Lester W, Perry D, Madan B, Laffan M, et al. AAV5-Factor VIII gene transfer in severe hemophilia A. N Engl J Med. (2017) 377:2519–30. doi: 10.1056/NEJMoa1708483

12. Safinia N, Leech J, Hernandez-Fuentes M, Lechler R, Lombardi G. Promoting transplantation tolerance; adoptive regulatory T cell therapy. Clin Exp Immunol. (2013) 172:158–68. doi: 10.1111/cei.12052

13. Sakaguchi S, Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T. Regulatory T cells: how do they suppress immune responses? Int Immunol. (2009) 21:1105–11. doi: 10.1093/intimm/dxp095

14. Belkaid Y. Regulatory T cells and infection: a dangerous necessity. Nat Rev Immunol. (2007) 7:875–88. doi: 10.1038/nri2189

15. Hawrylowicz CM, O’Garra A. Potential role of interleukin-10-secreting regulatory T cells in allergy and asthma. Nat Rev Immunol. (2005) 5:271–83. doi: 10.1038/nri1589

16. Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, Fehervari Z, et al. Foxp3+ CD25+ CD4+ natural regulatory T cells in dominant self-tolerance and autoimmune disease. Immunol Rev. (2006) 212:8–27. doi: 10.1111/j.0105-2896.2006.00427.x

17. Matsui H, Shibata M, Brown B, Labelle A, Hegadorn C, Andrews C, et al. A murine model for induction of long-term immunologic tolerance to factor VIII does not require persistent detectable levels of plasma factor VIII and involves contributions from Foxp3+ T regulatory cells. Blood. (2009) 114:677–85. doi: 10.1182/blood-2009-03-202267

18. Miao CH, Harmeling BR, Ziegler SF, Yen BC, Torgerson T, Chen L, et al. CD4+FOXP3+ regulatory T cells confer long-term regulation of factor VIII-specific immune responses in plasmid-mediated gene therapy-treated hemophilia mice. Blood. (2009) 114:4034–44. doi: 10.1182/blood-2009-06-228155

19. Scott DW, Pratt KP, Miao CH. Progress toward inducing immunologic tolerance to factor VIII. Blood. (2013) 121:4449–56. doi: 10.1182/blood-2013-01-478669

20. Liu CL, Ye P, Yen BC, Miao CH. In vivo expansion of regulatory T cells with IL-2/IL-2 mAb complexes prevents anti-factor VIII immune responses in hemophilia A mice treated with factor VIII plasmid-mediated gene therapy. Mol Ther. (2011) 19:1511–20. doi: 10.1038/mt.2011.61

21. Moghimi B, Sack BK, Nayak S, Markusic DM, Mah CS, Herzog RW. Induction of tolerance to factor VIII by transient co-administration with rapamycin. J Thromb Haemost. (2011) 9:1524–33. doi: 10.1111/j.1538-7836.2011.04351.x

22. Liu CL, Ye P, Lin J, Djukovic D, Miao CH. Long-term tolerance to factor VIII is achieved by administration of interleukin-2/interleukin-2 monoclonal antibody complexes and low dosages of factor VIII. J Thromb Haemost. (2014) 12:921–31. doi: 10.1111/jth.12576

23. Gupta N, Culina S, Meslier Y, Dimitrov J, Arnoult C, Delignat S, et al. Regulation of immune responses to protein therapeutics by transplacental induction of T cell tolerance. Sci Transl Med. (2015) 7:275ra21. doi: 10.1126/scitranslmed.aaa1957

24. Smith BM, Lyle MJ, Chen AC, Miao CH. Antigen-specific in vitro expansion of factor VIII-specific regulatory T cells induces tolerance in hemophilia A mice. J Thromb Haemost. (2019) 18:328–40. doi: 10.1111/jth.14659

25. Kim YC, Zhang AH, Su Y, Rieder SA, Rossi RJ, Ettinger RA, et al. Engineered antigen-specific human regulatory T cells: immunosuppression of FVIII-specific T- and B-cell responses. Blood. (2015) 125:1107–15. doi: 10.1182/blood-2014-04-566786

26. Fu RY, Lyle MJ, Cai X, Khan I, Rawlings DJ, Miao CH. Murine T Cells Modified with FVIII CAR and Foxp3 Alleviate Anti-Factor VIII Immune Responses. Molecular Therapy. (2018) 26:377–377. doi: 10.1016/j.ymthe.2018.05.001

27. Yoon J, Schmidt A, Zhang AH, Konigs C, Kim YC, Scott DW. FVIII-specific human chimeric antigen receptor T-regulatory cells suppress T- and B-cell responses to FVIII. Blood. (2017) 129:238–45. doi: 10.1182/blood-2016-07-727834

28. Almeida AR, Borghans JA, Freitas AA. T cell homeostasis: thymus regeneration and peripheral T cell restoration in mice with a reduced fraction of competent precursors. J Exp Med. (2001) 194:591–9. doi: 10.1084/jem.194.5.591

29. Nelson BH. IL-2, regulatory T cells, and tolerance. J Immunol. (2004) 172:3983–8. doi: 10.4049/jimmunol.172.7.3983

30. Waldmann TA. The interleukin-2 receptor. J Biol Chem. (1991) 266:2681–4.

31. Wang X, Rickert M, Garcia KC. Structure of the quaternary complex of interleukin-2 with its alpha, beta, and gammac receptors. Science. (2005) 310:1159–63. doi: 10.1126/science.1117893

32. Kennedy-Nasser AA, Ku S, Castillo-Caro P, Hazrat Y, Wu MF, Liu H, et al. Ultra low-dose IL-2 for GVHD prophylaxis after allogeneic hematopoietic stem cell transplantation mediates expansion of regulatory T cells without diminishing antiviral and antileukemic activity. Clin Cancer Res. (2014) 20:2215–25. doi: 10.1158/1078-0432.CCR-13-3205

33. Yu A, Snowhite I, Vendrame F, Rosenzwajg M, Klatzmann D, Pugliese A, et al. Selective IL-2 responsiveness of regulatory T cells through multiple intrinsic mechanisms supports the use of low-dose IL-2 therapy in type 1 diabetes. Diabetes. (2015) 64:2172–83. doi: 10.2337/db14-1322

34. Tang Q, Adams JY, Penaranda C, Melli K, Piaggio E, Sgouroudis E, et al. Central role of defective interleukin-2 production in the triggering of islet autoimmune destruction. Immunity. (2008) 28:687–97. doi: 10.1016/j.immuni.2008.03.016

35. McDermott DF, Ghebremichael MS, Signoretti S, Margolin KA, Clark J, Sosman JA, et al. The high-dose aldesleukin (HD IL-2) “SELECT” trial in patients with metastatic renal cell carcinoma (mRCC). J Clin Oncol. (2010) 28:4514–4514. doi: 10.1200/jco.2010.28.15_suppl.4514

36. EMD Serono, National Cancer Institute, Memorial Sloan Kettering Cancer Center. Interleukin-2 Combined With Monoclonal Antibody Therapy in Treating Patients With Kidney, Bladder, or Lung Cancer That Has Not Responded to Previous Treatment. (2000). Available online at: https://ClinicalTrials.gov/show/NCT00016237 (accessed October 23, 2013).

37. Charych DH, Hoch U, Langowski JL, Lee SR, Addepalli MK, Kirk PB, et al. NKTR-214, an engineered cytokine with biased IL2 receptor binding, increased tumor exposure, and marked efficacy in mouse tumor models. Clin Cancer Res. (2016) 22:680–90. doi: 10.1158/1078-0432.CCR-15-1631

38. Wrangle JM, Patterson A, Johnson CB, Neitzke DJ, Mehrotra S, Denlinger CE, et al. IL-2 and beyond in cancer immunotherapy. J Interferon Cytokine Res. (2018) 38:45–68. doi: 10.1089/jir.2017.0101

39. Silva DA, Yu S, Ulge UY, Spangler JB, Jude KM, Labao-Almeida C, et al. De novo design of potent and selective mimics of IL-2 and IL-15. Nature. (2019) 565:186–91. doi: 10.1038/s41586-018-0830-7

40. Rosenzwajg M, Lorenzon R, Cacoub P, Pham HP, Pitoiset F, El Soufi K, et al. Immunological and clinical effects of low-dose interleukin-2 across 11 autoimmune diseases in a single, open clinical trial. Ann Rheum Dis. (2019) 78:209–17. doi: 10.1136/annrheumdis-2018-214229

41. University Hospital, Bordeaux. Evaluating the Interest of Interleukine-2 for Patients With Active Warm Hemolytic Anemia Resistant to Conventional Treatment. (2017). Available online at: https://ClinicalTrials.gov/show/NCT02389231 (accessed May 17, 2017).

42. He J, Zhang R, Shao M, Zhao X, Miao M, Chen J, et al. Efficacy and safety of low-dose IL-2 in the treatment of systemic lupus erythematosus: a randomised, double-blind, placebo-controlled trial. Ann Rheum Dis. (2020) 79:141–9. doi: 10.1136/annrheumdis-2019-215396

43. Long SA, Buckner JH, Greenbaum CJ. IL-2 therapy in type 1 diabetes: “Trials” and tribulations. Clin Immunol. (2013) 149:324–31. doi: 10.1016/j.clim.2013.02.005

44. Tahvildari M, Dana R. Low-Dose IL-2 therapy in transplantation, autoimmunity, and inflammatory diseases. J Immunol. (2019) 203:2749–55. doi: 10.4049/jimmunol.1900733

45. Peterson LB, Bell CJM, Howlett SK, Pekalski ML, Brady K, Hinton H, et al. A long-lived IL-2 mutein that selectively activates and expands regulatory T cells as a therapy for autoimmune disease. J Autoimmun. (2018) 95:1–14. doi: 10.1016/j.jaut.2018.10.017

46. Tchao N, Gorski KS, Yuraszeck T, Sohn SJ, Ishida K, Wong H, et al. Amg 592 is an investigational IL-2 mutein that induces highly selective expansion of regulatory T cells. Blood. (2017) 130(Suppl. 1):696. doi: 10.1182/blood.V130.Suppl_1.696.696

47. Khoryati L, Pham MN, Sherve M, Kumari S, Cook K, Pearson J, et al. Regulatory T cell expansion by a highly CD25-dependent IL-2 mutein arrests ongoing autoimmunity. bioRxiv. (2019) 862789. [Preprint]. doi: 10.1101/862789

48. Bi L, Sarkar R, Naas T, Lawler AM, Pain J, Shumaker SL, et al. Further characterization of factor VIII-deficient mice created by gene targeting: RNA and protein studies. Blood. (1996) 88:3446–50.

49. Thornton AM, Shevach EM. Helios: still behind the clouds. Immunology. (2019) 158:161–70. doi: 10.1111/imm.13115

50. Edinger M, Hoffmann P, Ermann J, Drago K, Fathman CG, Strober S, et al. CD4+CD25+ regulatory T cells preserve graft-versus-tumor activity while inhibiting graft-versus-host disease after bone marrow transplantation. Nat Med. (2003) 9:1144–50. doi: 10.1038/nm915

51. Shevach EM. Biological functions of regulatory T cells. Adv. Immunol. (2011) 112:137–76. doi: 10.1016/B978-0-12-387827-4.00004-8

52. Lian EC, Villar MJ, Noy LI, Ruiz-Dayao Z. Acquired factor VIII inhibitor treated with cyclophosphamide, vincristine, and prednisone. Am J Hematol. (2002) 69:294–5. doi: 10.1002/ajh.10070

53. Mathias M, Khair K, Hann I, Liesner R. Rituximab in the treatment of alloimmune factor VIII and IX antibodies in two children with severe haemophilia. Br J Haematol. (2004) 125:366–8. doi: 10.1111/j.1365-2141.2004.04916.x

54. Sperr WR, Lechner K, Pabinger I. Rituximab for the treatment of acquired antibodies to factor VIII. Haematologica. (2007) 92:66–71. doi: 10.3324/haematol.10553

55. Thornton AM, Korty PE, Tran DQ, Wohlfert EA, Murray PE, Belkaid Y, et al. Expression of Helios, an Ikaros transcription factor family member, differentiates thymic-derived from peripherally induced Foxp3+ T regulatory cells. J Immunol. (2010) 184:3433–41. doi: 10.4049/jimmunol.0904028

56. Akimova T, Beier UH, Wang L, Levine MH, Hancock WW. Helios expression is a marker of T cell activation and proliferation. PLoS One. (2011) 6:e24226. doi: 10.1371/journal.pone.0024226

57. Collins P, Baudo F, Knoebl P, Levesque H, Nemes L, Pellegrini F, et al. Immunosuppression for acquired hemophilia A: results from the European Acquired Haemophilia Registry (EACH2). Blood. (2012) 120:47–55. doi: 10.1182/blood-2012-02-409185

58. Trotta E, Bessette PH, Silveria SL, Ely LK, Jude KM, Le DT, et al. A human anti-IL-2 antibody that potentiates regulatory T cells by a structure-based mechanism. Nat Med. (2018) 24:1005–14. doi: 10.1038/s41591-018-0070-2

59. Arenas-Ramirez N, Zou C, Popp S, Zingg D, Brannetti B, Wirth E, et al. Improved cancer immunotherapy by a CD25-mimobody conferring selectivity to human interleukin-2. Sci Transl Med. (2016) 8:367ra166. doi: 10.1126/scitranslmed.aag3187

60. Jonuleit H, Schmitt E, Kakirman H, Stassen M, Knop J, Enk AH. Infectious tolerance: human CD25(+) regulatory T cells convey suppressor activity to conventional CD4(+) T helper cells. J Exp Med. (2002) 196:255–60. doi: 10.1084/jem.20020394

61. Stassen M, Schmitt E, Jonuleit H. Human CD(4+)CD(25+) regulatory T cells and infectious tolerance. Transplantation. (2004) 77:S23–5. doi: 10.1097/00007890-200401151-00009

62. Afzali B, Lombardi G, Lechler RI, Lord GM. The role of T helper 17 (Th17) and regulatory T cells (Treg) in human organ transplantation and autoimmune disease. Clin Exp Immunol. (2007) 148:32–46. doi: 10.1111/j.1365-2249.2007.03356.x

63. Walsh PT, Taylor DK, Turka LA. Tregs and transplantation tolerance. J Clin Invest. (2004) 114:1398–403. doi: 10.1172/JCI23238

64. Dejaco C, Duftner C, Grubeck-Loebenstein B, Schirmer M. Imbalance of regulatory T cells in human autoimmune diseases. Immunology. (2006) 117:289–300. doi: 10.1111/j.1365-2567.2005.02317.x

65. Miyara M, Gorochov G, Ehrenstein M, Musset L, Sakaguchi S, Amoura Z. Human FoxP3+ regulatory T cells in systemic autoimmune diseases. Autoimmun Rev. (2011) 10:744–55. doi: 10.1016/j.autrev.2011.05.004

66. Sabatos-Peyton CA, Verhagen J, Wraith DC. Antigen-specific immunotherapy of autoimmune and allergic diseases. Curr Opin Immunol. (2010) 22:609–15. doi: 10.1016/j.coi.2010.08.006

67. Villalba A, Rodriguez-Fernandez S, Ampudia RM, Cano-Sarabia M, Perna-Barrull D, Bertran-Cobo C, et al. Preclinical evaluation of antigen-specific nanotherapy based on phosphatidylserine-liposomes for type 1 diabetes. Artif Cells Nanomed Biotechnol. (2020) 48:77–83. doi: 10.1080/21691401.2019.1699812

68. Wang X, Shin SC, Chiang AF, Khan I, Pan D, Rawlings DJ, et al. Intraosseous delivery of lentiviral vectors targeting factor VIII expression in platelets corrects murine hemophilia A. Mol Ther. (2015) 23:617–26. doi: 10.1038/mt.2015.20

69. Staber JM, Pollpeter MJ, Anderson CG, Burrascano M, Cooney AL, Sinn PL, et al. Long-term correction of hemophilia A mice following lentiviral mediated delivery of an optimized canine factor VIII gene. Gene Ther. (2017) 24:742–8. doi: 10.1038/gt.2017.67


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

Copyright © 2020 Chen, Cai, Li, Khoryati, Gavin and Miao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 28 April 2020
doi: 10.3389/fimmu.2020.00618





[image: image]

Translational Potential of Immune Tolerance Induction by AAV Liver-Directed Factor VIII Gene Therapy for Hemophilia A

Benjamin J. Samelson-Jones1,2,3 and Valder R. Arruda1,2,3*

1The Children’s Hospital of Philadelphia, Philadelphia, PA, United States

2Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

3Raymond G. Perelman Center for Cellular and Molecular Therapeutics, Philadelphia, PA, United States

Edited by:
Sébastien Lacroix-Desmazes, Institut National de la Santé et de la Recherche Médicale (INSERM), France

Reviewed by:
Sandra Le Quellec, Hospices Civils de Lyon, France
Ronzitti Giuseppe, Genethon, France

*Correspondence: Valder R. Arruda, arruda@email.chop.edu

Specialty section: This article was submitted to Immunological Tolerance and Regulation, a section of the journal Frontiers in Immunology

Received: 13 December 2019
Accepted: 18 March 2020
Published: 28 April 2020

Citation: Samelson-Jones BJ and Arruda VR (2020) Translational Potential of Immune Tolerance Induction by AAV Liver-Directed Factor VIII Gene Therapy for Hemophilia A. Front. Immunol. 11:618. doi: 10.3389/fimmu.2020.00618

Hemophilia A (HA) is an X-linked bleeding disorder due to deficiencies in coagulation factor VIII (FVIII). The major complication of current protein-based therapies is the development of neutralizing anti-FVIII antibodies, termed inhibitors, that block the hemostatic effect of therapeutic FVIII. Inhibitors develop in about 20–30% of people with severe HA, but the risk is dependent on the interaction between environmental and genetic factors, including the underlying F8 gene mutation. Recently, multiple clinical trials evaluating adeno-associated viral (AAV) vector liver-directed gene therapy for HA have reported promising results of therapeutically relevant to curative FVIII levels. The inclusion criteria for most trials prevented enrollment of subjects with a history of inhibitors. However, preclinical data from small and large animal models of HA with inhibitors suggests that liver-directed gene therapy can in fact eradicate pre-existing anti-FVIII antibodies, induce immune tolerance, and provide long-term therapeutic FVIII expression to prevent bleeding. Herein, we review the accumulating evidence that continuous uninterrupted expression of FVIII and other transgenes after liver-directed AAV gene therapy can bias the immune system toward immune tolerance induction, discuss the current understanding of the immunological mechanisms of this process, and outline questions that will need to be addressed to translate this strategy to clinical trials.
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INTRODUCTION

Hemophilia A (HA) is an X-linked bleeding disorder due to inherited deficiency in coagulation factor VIII (FVIII) activity (1, 2). Until recently, treatment in the developed world involved the intravenous administration of FVIII concentrates to treat or prevent bleeding. Recently, a FVIII-mimetic that is delivered subcutaneously, emicizumab, has been approved as prophylactic treatment for HA to prevent bleeding (3–6). Emicizumab is the first approved non-factor therapy for HA, but several others are in clinical development (7, 8). Other novel treatments for HA in clinical studies include several gene therapy approaches (9–11).

The major complication of treatment with FVIII concentrates is the development of neutralizing anti-FVIII antibodies, termed inhibitors, which substantially increase the mortality and morbidity of HA (12–19). Inhibitors are clinically quantified in Bethesda Units (BU), where 1 BU neutralizes 50% of normal FVIII activity. High-titer inhibitors greater than 5 BU generally prevent administered FVIII from having a therapeutic effect (20). On a research basis, anti-FVIII antibodies can also be quantified by immunosorbent assays that measure both non-neutralizing and neutralizing antibodies. Clinically, decreased FVIII recovery (expected peak level after FVIII protein administration) and half-life are also used as markers for non-neutralizing antibodies and evidence of an anti-FVIII immune response even in the absence of measurable Bethesda titers. Bypassing agents, which circumvent the inhibitor to provide hemostasis, are required to treat or prevent bleeding in high-titer inhibitor patients (21, 22). Due to their mechanism of action, emicizumab and other non-factor therapies are also effective in the presence of high-titer inhibitors, though they are currently only studied to prevent bleeding (5).

Inhibitors develop in about 20–30% of patients with severe hemophilia A (<1% normal FVIII activity) and in about 10% in patients with non-severe hemophilia A (1–40% normal FVIII activity) (23, 24). The risk of inhibitor development for the former is highest during their initial FVIII exposure days (25), while it is relatively constant for the latter (23). Both genetic and environmental factors influence the risk of inhibitor development (25–29). A major genetic determinant of inhibitor risk is the underlying hemophilia-causing FVIII-gene (F8) mutation (28). Patients with F8 mutations resulting in the expression of some FVIII cross-reactive material (CRM), such as missense or small in-frame deletions or insertions, are less likely to develop inhibitors while CRM-negative patients with large F8 deletions are more likely to develop inhibitors (28). Environmental factors include the manufacturing process and type of factor product, timing of first factor exposure, factor dosage, and clinical situations that result in immunological “danger signals” (24–26, 29).

Treatment of HA patients with inhibitors includes the prevention and treatment of bleeds (20, 30) and, historically, eradication of the inhibitor via the immune tolerance induction (ITI) regimens (30–33). ITI is the frequent regular infusion of FVIII concentrates over extended period-of-time (often years) with a goal of sufficiently decreasing the inhibitor to allow for the use of therapeutic FVIII, as nothing provides as effective hemostasis as FVIII in the absence of an inhibitor (20). The frequency and the dose of FVIII in ITI remain debatable, but the dosing regimens of daily or every-other-day from the International ITI Study (33) are often used (20, 30). However, ITI is only successful in about 60% of patients (32, 33). The underlying mechanism is likely to be peripheral immune tolerance induction where the activity of anti-FVIII immune cells is suppressed through tolerogenic interactions in the periphery, rather than central immune tolerance where the anti-FVIII immune cells are eliminated prior to leaving either the thymus or bone marrow.

The recent advent of emicizumab, which provides significantly improved bleeding prophylaxis compared to other bypassing agents (5, 6), has raised the question of whether inhibitor eradication remains necessary in the management of inhibitor patients (34, 35). Though the clinical consensus to this question is still forming, many experts continue to recommend ITI for new inhibitors (36) given the ongoing concerns about thrombotic complications in inhibitor patients on emicizumab receiving high cumulative doses of the bypassing agent activated Prothrombin Complex Concentrates for break-through bleeding (5, 37, 38). Long-term follow up is needed to define the “real world” safety and efficacy of indefinite emicizumab compared standard ITI.

The limited success rate of current ITI approaches has driven the pre-clinical investigations of several novel ITI strategies (39), including gene therapy approaches (40). Multiple adeno-associated viral (AAV) vector gene therapies for HA without inhibitors are in clinical development, as summarized in Table 1 (9–11). These drugs all direct the therapeutic FVIII-gene to hepatocytes expression. Though the goal of these studies is to achieve durable therapeutically relevant FVIII levels, emerging preclinical data suggest the liver-directed gene therapy can utilize the liver tolerance effect (41) to induce immune tolerance to the transgene-product (40, 42, 43). Here we review the preclinical data supporting the hypothesis that AAV liver-directed gene therapy can induce immune tolerance to FVIII and present the open questions that need to be considered when translating this approach to clinical trials.


TABLE 1. Current FVIII AAV liver-directed gene therapy products for HA in clinical development.
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THE LIVER TOLERANCE EFFECT IN LIVER-DIRECTED GENE THERAPY


The Liver Tolerance Effect

The liver is a tolerogenic organ (41, 42, 44–46). Its specialized immune system limits immune reactivity against the constant flux of digested food-products as well as antigens from commensal microorganisms, while simultaneously safeguarding against gastrointestinal pathogens. From a therapeutic perspective, the liver tolerance effect was first recognized in studies of an outbred porcine liver transplant model where some allografts achieved long-term survival without immunosuppression (47); similar results were subsequently reported in other in vivo transplant models (48, 49). Moreover in animal studies, liver allotransplants also promote the immunological tolerance to other organ allografts from the same donor (47), and tolerance to renal and small bowel transplants is enhanced if the venous blood drainage of the grafts is through the portal system (50). Clinically, immunosuppression can be safely withdrawn in about 20% of liver-transplant patients (51), which is not achievable in other solid organ transplant patients.

The liver tolerance effect is also exploited by hepatotropic pathogens (44–46, 52). The Plasmodium species responsible for malaria initially target the liver after being delivered by an infected mosquito and then mature and replicate sheltered within hepatocytes before being released back into the blood stream. Malaria remains one of the most deadly human pathogens responsible for millions of annual deaths and has resisted effective vaccination strategies to date. Likewise, the protolerogenic environment of the liver likely impedes an effective adaptive anti-viral response in chronic infections by hepatitis B and hepatitis C virus (HCV) (52). Viral hepatitis remains a major source of morbidity and mortality especially in the developing world and in people with hemophilia (53, 54).



The Liver Tolerance Effect in Liver-Directed Gene Therapy for Hemophilia B

The liver tolerance effect can also be exploited therapeutically by liver-directed gene therapy to induce immune tolerance to the transgene product (40, 42, 43). This was first demonstrated in HB mice that were tolerized to human (h) factor IX (FIX) after AAV gene therapy (55), but has subsequently been demonstrated in several other disease models including HA, which is discussed in detail below. In naïve HB mice, administration of liver-directed AAV (55) or lentiviral (LV) (56) vectors encoding hFIX induces immune tolerance that is resistant to subsequent hFIX immunizations. Interestingly, induction of immune tolerance with LV vectors requires the use of genome regulatory elements that prevented transgene expression in immune cells (56), suggesting that the tolerogenic bias of liver-directed gene therapy can be overwhelmed by non-liver transgene expression. In addition to induction of immune tolerance in naïve HB mice, both liver-directed AAV and LV hFIX gene therapy can also eradicate preexisting anti-hFIX antibodies and induce immune tolerance in hFIX-immunized HB mice (57, 58).

Similar outcomes have also been observed in canine models of severe HB. Colonies of naturally occurring HB dogs with distinct F9 mutations provide highly informative models for evaluating immune responses to therapeutic canine (c) FIX. HB dogs with a F9 null mutation are inhibitor-prone and typically develop an inhibitor after a single administration of cFIX concentrate (59), while HB dogs with a F9 missense mutation are non-inhibitor-prone and very rarely develop inhibitors against cFIX, usually only in the context of a pro-inflammatory stimulus (60, 61). The use of cFIX protein, canine plasma, and cFIX encoding vectors allows the immune response to be interrogated in a species-specific manner.

No evidence of an anti-cFIX immune response has been reported after AAV (59, 62–65) or LV (66) liver-directed gene transfer with cFIX in 11 and 3 non-inhibitor-prone HB dogs, respectively, though only 1 dog has been subsequently challenged with canine plasma for bleeding (64). Moreover, AAV liver-directed gene therapy with cFIX successfully tolerized 5 out 6 naïve inhibitor-prone dogs that typically form inhibitors after cFIX protein exposure (59, 67). In this study, the immune tolerance was demonstrated to be maintained despite subsequent cFIX protein exposures in all 4 dogs evaluated, while the 5th animal was not challenged (67, 68). The singe naïve HB dog that developed an inhibitor notably had a hemolytic anemia associated with liver iron-loading and consequentially liver-fibrosis, both of which were seen on liver histology at necropsy (59). The course of this single naïve inhibitor-prone dog that was not tolerized after AAV liver-directed gene therapy with cFIX may be the exception-that-proves-the-rule as his unrelated liver pathology likely disrupted the liver tolerance effect.

Liver-directed AAV gene therapy has also eradicated preexisting anti-cFIX antibodies and induced immune tolerance in an inhibitor-prone HB dog (Wiley) (67). In this study, an inhibitor-prone HB dog was previously exposed to hFIX and developed an anti-hFIX response with cross-reactive neutralization of cFIX activity. AAV liver-directed gene transfer with the hyperactive cFIX variant, Padua (69, 70), resulted in eradication of the anti-cFIX antibodies and disappearance of the anti-hFIX neutralization within 3 months of vector administration, though a minimal residual non-neutralizing anti-hFIX response remained detectable years after vector administration (67). The persistence of non-neutralizing anti-hFIX antibodies suggests that the immune tolerance induced after liver-directed AAV gene therapy is transgene specific. Nonetheless, this dog remained tolerant to cFIX even after exposure to cFIX-WT with over 3 years of ongoing observations (VRA, unpublished data).



Immune Mechanisms of the Liver Tolerance Effect

Several complementary immunological mechanisms underlying the liver tolerance effect have been described [reviewed in detail in (41, 42, 44, 45, 71–73)]. The liver microenvironment contains unique populations of both antigen presenting cells and suppressor and effector T cells (Figure 1). Hepatic antigen presenting cells include conventional types such as dendritic cells, but also unique non-conventional antigen presenting cells that include liver sinusoidal endothelial cells (LSECs), Kupffer cells, stellate cells, and hepatocytes. Presentation of antigens by these specialized hepatic antigen presenting cells typically results in diminished effector T cell activity and/or increased suppressor activity of regulator T cells (Tregs), both of which promote immune tolerance.
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FIGURE 1. Cellular anatomy of the liver sinusoid. Blood enters the liver from the portal vein and hepatic artery, flows through a network of sinusoids schematically represented here, and then exits via the hepatic central vein. The sinusoids are lined by a fenestrated layer of specialized liver sinusoidal endothelial cells (LSECs), which are the endogenous site of most FVIII secretion. The LSECs shield the hepatocytes from direct sinusoidal blood flow by creating the Space of Disse, which contains the stellate cells. Dendritic cells, Kupffer cells, T cells, natural killer (NK) cells, and natural killer T (NKT) cells are abundantly present in the sinusoidal lumen. Hepatic antigen presenting cells include dendritic cells, Kupffer cells, LSECs, stellate cells, and hepatocytes. The hepatocyte microvilli can interact with luminal T cells.


Interactions between these hepatic antigen presenting cells and effector T cells often results in functional inhibition or cell death of the effector T cell. Low-expression of major histocompatibility complex (MHC) and co-stimulatory molecules on several types of hepatic antigen presenting cells contributes to abortive activation and result in T cell anergy in an antigen-specific manner (42, 73, 74). The absent production of the costimulatory cytokine IL-12 by Kupffer and dendritic cells also contributes to this process. Additionally, hepatic antigen presenting cells actively express a number of molecules that suppress effector T cell activity. Both Kupffer cells and hepatic dendritic cells produce indoleamine 2,3 dioxygenase (IDO) and prostaglandin E2, which inhibit T cell proliferation through distinct pathways (42, 74). Dendritic cells, LSECs and AAV transduced hepatocytes express Fas-L (CD95L), which allows for the direct deletion of effector T cells (42).

The liver microenvironment also promotes Treg activation and proliferation. Abundant Tregs are noted in liver allografts in mouse models and their depletion result in a loss of tolerance (75). Secretion of the suppressor cytokine IL-10 by LSECs, Kupffer cells, and hepatic dendritic cells promote Treg proliferation as well as conversion of effector T cells to Treg (42, 74). The decrease in the inhibitor titer after AAV gene therapy in the HB dog with a pre-existing inhibitor (Wiley) was associated the increasing IL-10 levels (67). Hepatocyte production of transforming growth factor-β similarly promotes Treg proliferation (76).



IMMUNE TOLERANCE INDUCTION AFTER LIVER-DIRECTED GENE THERAPY IN PRECLINICAL HEMOPHILIA A MODELS


Immune Tolerance Induction in Naïve Hemophilia A Animal Models

Immunocompetent HA mice generally develop a xenoprotein immune response against hFVIII or cFVIII after exposures via protein administration or gene therapy (77, 78), and typically not against mouse (m) FVIII (79, 80). As such, preclinical efficacy studies of non-murine FVIII gene therapy have typically utilized immunosuppression or HA mice crossed with an immunodeficient model (81, 82).

However, AAV-liver directed gene therapy with hFVIII has been demonstrated to be able to induce immune tolerance that is resistant to subsequent protein challenges in HA mice (83). The ability of this approach to induce tolerance to hFVIII was dependent on both the HA strain background and the expressed FVIII level (83, 84). Immune tolerance to hFVIII in HA mice increased with higher hFVIII levels after AAV gene therapy, achieved either through codon optimization (83) or higher vector doses (84), though the controls were likely at sub-therapeutic hFVIII levels (<1% normal).

In contrast to the murine model, outbred severe HA dogs predictably develop inhibitors against cFVIII (85–88). These dogs have a cF8 mutation analogous to the human F8 intron-22 inversion, the most common causative severe HA mutation in patients (89, 90). Intriguingly, the risk of inhibitor development in these HA dogs is in part inherited through yet undefined non-cF8 genes as the propensity of inhibitor development is increased in the progeny of certain outside breeders (86, 88). About 30% of these inhibitor-prone HA dogs, either at the colony at Queens University (QU) or University of North Carolina at Chapel Hill (UNC-CH) colony, develop anti-cFVIII inhibitors (86, 91).

None of the 15 non-inhibitor-prone HA dogs that have received cFVIII AAV-liver-directed gene therapy without immunosuppression have made an anti-cFVIII immune response (92–94). At least 6 of these animals were subsequently challenged with recombinant cFVIII protein (25 U/kg weekly for 4 weeks) 1–5 years after vector administration and did not display an anti-FVIII immune response. Recovery of the administered cFVIII protein was similar to that of naïve dogs, which confirmed complete tolerance to cFVIII (94).

However, 2 out of 9 inhibitor-prone HA dogs developed an inhibitor after cFVIII AAV-liver-directed gene therapy (91, 94, 95). A QU-housed HA dog Junior developed an inhibitor 2 weeks after administration of an AAV2 vector via the portal-vein with a peak titer of 9 BU at 4 weeks that became undetectable by week 9 (91). Similarly, an UNC-CH inhibitor-prone HA dog L51 developed an inhibitor within a week of intravenous administration of an AAV8 vector that peaked at 2.5 BU and became undetectable by week 7 (94). Notably, the eradication of L51’s inhibitor was stringently demonstrated to be immune tolerance by the lack of recurrent anti-cFVIII antibodies and expected recovery of challenges of recombinant cFVIII protein (25 U/kg weekly for 4 weeks) (94). Though limited by the small numbers, the experience of Junior and L51 suggest that AAV-liver-directed gene therapy can induce stringent immune tolerance to transgene-FVIII in large outbred models of HA.

However, the liver tolerance effect after liver-directed gene therapy in HA dogs can be disrupted in the setting of hepatotoxicity (96), similar to what was discussed above for HB dog models (59). In an early study using an adenoviral vector (rather than AAV), all 4 QU HA dogs that received liver-directed cFVIII gene therapy developed inhibitors in the setting of an early (0–4 weeks), presumably adenovirus-induced, hepatotoxicity manifested by over a 20-fold increase in liver enzymes (96). Both the increase in liver enzymes and the inhibitor titer appeared to be vector dose dependent with the 2 dogs that received the lower vector dose only developing low titer inhibitors (peak < 2 BU) that disappeared within 4 weeks; there was also no recurrence of the inhibitor after administration of canine FVIII cryoprecipitate (20 U/kg) in these 2 low-dose dogs (96). Though this study was conducted with a vector that is no longer translationally relevant for HA, the observations about the immune response in setting of acute hepatotoxicity may be germane for other gene therapy approaches.

Consistent with this hypothesis that hepatotoxicity can interfere with the pro-tolerogenic effects of liver gene therapy is the subsequent observation that none of the 3 the QU HA dogs that received liver-directed cFVIII gene therapy with a less toxic helper-dependent adenovirus vector concomitantly with steroid immunosuppression developed an anti-cFVIII immune response (97). A fourth dog in this study received cFVIII gene therapy under-the-control of a ubiquitous CMV promoter and did develop a high-titer inhibitor (peak 150 BU 1 week after vector administration) (97). This observation suggests that non-liver expressed cFVIII can potentially interfere with immune tolerance from liver-expressed transgene and is consistent with the observations from HB (56) and Pompe (98, 99) disease models.

The cumulative data from both small and large animal HA models indicates that liver-directed gene therapy, especially with AAV vectors that have minimal hepatoxicity in pre-clinical models, can induce immune tolerance in naïve animals to FVIII. Moreover, if anti-FVIII antibodies develop, the continued transgene expressed FVIII can eradicate the inhibitors and, in a limited number of examples, induce immune tolerance that is resistant to subsequent protein challenges.



Inhibitor Eradication and Immune Tolerance Induction in Hemophilia A Inhibitor Models With Pre-existing Anti-FVIII Immune Response

The likely more challenging and clinically relevant scenario is the eradication of a pre-existing anti-FVIII immune response. We have previously reported on the successful immune tolerance induction in 4 inhibitor-prone HA dogs with pre-existing anti-cFVIII antibodies after AAV liver-directed gene therapy (Table 2) (100). In this study, 3 HA dogs from UNC-CH with peak historical inhibitor titers from 4 to 12 BU received cFVIII AAV8 liver-directed gene therapy. Notably, the anti-FVIII IgG and inhibiter titers in all 3 dogs disappeared by 5 weeks after vector administration (100).


TABLE 2. Summary of inhibitor eradication in hemophilia A dogs following cFVIII AAV liver-directed gene therapy.

[image: Table 2]The fourth inhibitor-prone HA dog (Wembley from QU) with pre-existing anti-cFVIII antibodies treated similarly with cFVIII AAV8. At the time of vector administration, his cFVIII-inhibitor was 4 BU, which was similar to his peak titer. After vector administration, Wembley also had a large anamnestic response with dramatic increases in his anti-cFVIII IgG and inhibiter titer that peaked at 216 BU. However, both these parameters decreased until they became undetectable at about 80 weeks after vector administration (VRA, unpublished observation).

The post-gene therapy cFVIII activity after inhibitor eradications was between 1.5 and 8% of normal in these 4 dogs (100) (and VRA, unpublished observation). The immune tolerance of all 4 of these dogs was maintained despite multiple challenges with recombinant cFVIII protein that displayed typical pharmacokinetics in an ongoing study (100) (and VRA, unpublished observation). Though Wembley was tolerized to cFVIII after cFVIII AAV liver-directed gene therapy, he never fully tolerized to hFVIII, his triggering antigen (VRA, unpublished observation). Similar to the above discussion for the HB dog models (67), Wembley’s course suggests that the immune tolerance of AAV liver-directed gene therapy is transgene specific. To date, cFVIII inhibitors have been eradicated in 6 HA dogs (2 dogs naïve discussed in section “Immune Tolerance Induction in Naïve Hemophilia A Animal Models” and 4 dogs with pre-existing inhibitors discussed in section “Inhibitor Eradication and Immune Tolerance Induction in Hemophilia A Inhibitor Models With Pre-existing Anti-FVIII Immune Response”) by cFVIII AAV liver-directed gene therapy, which also provided stringent immune tolerance and long-term therapeutically relevant cFVIII levels. This limited data suggests that AAV liver-directed gene therapy has translational potential for people with HA and inhibitors.



TRANSLATIONAL AND CLINICAL CONSIDERATIONS


Overview of Current Clinical Development of Liver-Directed Gene Therapy for Hemophilia A

It is an exciting time for gene therapy for HA with multiple liver-directed AAV-based products in clinical trials reporting therapeutically relevant to curative levels of FVIII (Table 1) (9–11). These current products are the result of decades of experimentation developing the necessary technologies and protocols to achieve these end points (101–104). These AAV drugs differ in their vector serotype, FVIII transgene, and manufacturing process. A variety of naturally occurring and bioengineered vector serotypes are being tested (105). Because the full-length FVIII gene exceeds the ∼4.7 kb packaging capacity of AAV vectors, all current approaches rely on B-domain deleted FVIII variants, either the standard FVIII-SQ (106) as is used in B-domain deleted protein products (e.g., Xyntha and Pfizer) or an engineered B-domain deleted variant (FVIII-V3) that is associated with increased FVIII expression (107). All transgenes have been codon-optimized, though likely by distinct algorithms.

To date, all trials stringently limit subjects at risk for inhibitor development by including only subjects with no history of inhibitors and more than 150 FVIII exposures, as inhibitors rarely develop after 50 exposure days in severe HA (25). However, a current study (NCT03734588) enrolling subjects meeting these inclusion criteria is described as a dose-finding Part 1 of a planned two part clinical development strategy focused on inhibitor patients.

No major sustained safety concerns have been reported in these studies, though several immunological obstacles to the AAV vector capsid continue to limit efficacy and widespread enrollment (108, 109). The long-term durability also remains an open question with trials reporting therapeutically relevant FVIII levels out to 3 years after vector administration, albeit with declining levels (110). Nonetheless, the success of these studies raises the question whether these drugs or similar products could be harnessed to induce immune tolerance in HA inhibitor patients by exploiting the liver tolerance effects (41, 42, 44–46).

There are several obstacles that need to be address to define the role of AAV liver gene therapy for HA complicated by the presence of inhibitors to FVIII. The experience with preclinical HA inhibitor models, especially the canine data, support the potential translation of AAV liver-directed gene therapy for people with HA and inhibitors. However, therapeutic translation of this approach will require several yet unresolved issues to be considered and specific preclinical studies designed to address unanswered questions (Table 3). Preclinical studies using the immunocompetent HA dog models that naturally develop inhibitors when exposed to cFIII in a species-specific manner will likely be the most informative.


TABLE 3. Translational considerations of AAV liver gene therapy for immune tolerance induction.
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Hepatotoxicity and Immunosuppression

Foremost, is the potential detrimental role of hepatotoxicity in successful immune tolerance induction. As discussed above, preclinical studies suggest that the tolerogenic bias of liver-directed gene therapy can be disrupted in the setting of hepatotoxicity. The hepatotoxicity in these disparate canine studies was secondary to either the specific vector employed (96) or underlying liver disease in the dog model studied (59). There are several liver pathologies that occur in HA patients receiving AAV liver-directed gene therapy that may impact the liver tolerance effect.

Though rates of viral iatrogenic infections including HCV have thankfully plummeted with improved blood donor screening, highly effective virucidal procedures, and the use of recombinant FVIII products, about a third of young men with severe HA have a history of HCV infection, while the rate in older men exceeds 90% (53). Historically, about 20–30% of HCV infected patients eventually developed end-stage liver disease, though the recent approval of highly effective oral anti-viral regimens will likely radically reverse this trajectory (54). Asymptomatic liver damage from chronic HCV infection theoretically could impair the liver-tolerance effect after AAV liver-directed gene therapy. Current AAV liver-directed gene therapy clinical trials exclude patients with active HCV or clinical evidence of liver disease. Moreover, there were no appreciable differences in the clinical course of 3 out of 9 published HA subjects that received AAV5-FVIII (valoctocogene roxaparvovec, BMN 270) that had a history of resolved HCV infection (111); similarly, there has been no appreciable difference in the clinical course of HB subjects with a history of HCV receiving AAV FIX gene therapy (112–114). Other liver diseases that occur in the HA population such as non-alcoholic fatty liver disease pose the same theoretical risk of potentially disrupting the liver tolerance effect. Preclinical studies may help inform on this concern, but stringent liver disease exclusion criteria will probably be advisable in initial clinical studies with inhibitor patients.

To date, some subjects in all AAV liver-directed gene therapy trials for HA or HB have demonstrated hepatotoxicity after vector administration as evidenced by asymptomatic elevated liver enzymes [reviewed in (7, 104)]. At least 2 distinct mechanisms likely contribute to these observations. In products utilizing an AAV2, AAV8, or similar serotype vectors manufactured in mammalian cells, a well described anti-AAV capsid cellular immune response can target transduced hepatocytes leading to loss of transgene expression, which can often, though not always, be controlled with immunosuppression with steroids (108, 109, 112–116). In products utilizing AAV5 vectors manufactured in insect cells, elevated liver enzymes have also been reported, but do not appear to be associated with loss of transgene or evidence of cellular immunity (104, 111, 117); the etiology of this latter hepatotoxicity is still being investigated. Studies of both these hepatotoxicities have been hampered by lack of preclinical models that fully recapitulate the clinical observations (118–122). The potential adverse role either of these hepatotoxicities could have on inducing immune tolerance after AAV liver-directed gene therapy is unknown. However, as both hepatoxicities appear to be vector-dose dependent, avoiding them by using the lowest effective vector dose is likely sensible. The potential immunological consequence of lowering the transgene FVIII level is discussed below in section “FVIII Level and Variant Transgenes.”

The use of immunosuppression in AAV liver-directed gene therapy for HA and inhibitors will require specific preclinical studies. In HA dogs with pre-existing inhibitors, there is an early increase in CD25 + FOXP3 + CD4 + cells, assumed to be Treg cells, within the first few days after cFVIII AAV liver-directed gene therapy that is associated with the decline in anti-cFVIII antibodies that is not observed in HA dogs without inhibitors receiving similar therapy (40, 100). However, intense immunosuppression with the anti-CD25 antibody daclizumab around vector delivery increases the anti-hFIX immune response in non-human primates (NHP) receiving hFIX AAV liver-directed gene therapy and is associated with a decrease in Treg cells (123). The rationale of this study was that daclizimab could potentially decrease effector T cell activity to limit the anti-AAV capsid immune response; however, daclizumab also depleted Treg cells leading to an unanticipated increase immunity against the transgene hFIX.

These findings are not restricted to anti-CD25 antibodies. More recently we uncovered that rabbit antitymoglobulin (ATG) may also be detrimental if administered around vector delivery (BSJ and VRA, unpublished data, manuscript in preparation). Combined, this limited data does suggest that there is an early critical time-period around vector administration where Treg cell expansion may be important for immune tolerance induction. As such, immunosuppression around the time of AAV vector delivery needs to be thoughtfully considered. Reassuringly, steroids promote antigen-specific immune tolerance HA mice against concomitantly administered hFVIII protein, likely through Treg-dependent mechanisms (124). However, more intense immunosuppression therapy needs to be stringently tested in large animal models to avoid unanticipated increased immunogenicity. Ongoing mechanistic studies evaluating cFVIII AAV gene therapy in HA dogs with pre-existing inhibitors may better inform on this issue.

There is also a concern about the potential for liver toxicity due to ectopic expression of FVIII in hepatocytes after gene therapy due to specific features of FVIII secretion (125–128). However, though 2 studies in HA mice did find evidence of the unfolded protein response (UPR) after AAV liver-directed gene therapy, there was no correlation between FVIII inhibitor formation and UPR markers (126, 127). Ectopic expression of human FVIII in mouse megakaryocytes is also associated with megakaryocyte apoptosis (129). However, the theoretical concern of UPR-induced hepatotoxicity further supports the initial use of the lowest effective vector dose.



Non-liver Transgene Expression

Preclinical data in HA (97) and other disease models (56, 98, 99) highlight that non-liver expression of the transgene can disrupt the pro-tolerogenic effects of liver expression. Most preclinical and clinical studies for AAV liver-directed gene therapy have utilized liver-specific promoters based on the seminal work by Dr. Kathy Ponder (130); the prototypical expression cassette contains sequences from the truncated apolipoprotein E (ApoE) hepatic control region (HCR) and the alpha-1-anti-trypsin (A1AT) promoter. Though this construct mostly limits non-liver transgene expression, we are not aware of studies that have rigorously quantified the non-liver transgene expression in a preclinical model. The non-liver expression of a particular AAV product is a function of both the transduction efficiency of the vector to other tissues and the promoter efficiency in these tissues. Recent work using a new, highly sensitive experimental system demonstrated much broader AAV transduction as well as low level and/or transient transgene expression than previously appreciated (131). This study highlights the importance of preclinical studies in immune competent animal models with preexisting inhibitors to FVIII to specifically evaluate the efficacy of immune tolerance induction of a particular vector before moving into clinical studies.



FVIII Level and Variant Transgenes

Studies in both HA (83, 84) and HB (55) mice have concluded that increasing transgene levels after AAV liver-directed gene therapy promote immune tolerance. In non-severe HA patients, increasing FVIII levels are associated with decreased bleeding frequency (132). However, as discussed above, these potential benefits should be weighed against complications that also likely increase with increasing vector dose that potentially could interfere with the liver tolerance effect, including AAV-associated hepatotoxicity and UPR in transduced hepatocytes.

By definition, antigen expression is required for immune tolerance induction. In the randomized International-ITI trial, higher and more frequent FVIII dosing was associated with a more rapid immune tolerance induction, but the lower and less frequent dose demonstrated similar overall success rate (33). The sustained cFVIII levels of the 6 HA dogs described above that had inhibitor eradication and immune tolerance induction with cFVIII AAV liver gene therapy ranged from 0.5 to 8% of normal (91, 94, 100). This canine data suggest that transgene FVIII levels in the low-mild range is sufficient for immune tolerance induction.

The use of variant FVIII transgene also needs to be carefully considered. Studies in HA and HB dogs suggest that the immune tolerance after AAV liver-directed gene therapy is transgene specific; gene therapy with cFVIII or cFIX transgenes resulted in immune tolerance toward the canine orthologs, while the anti-hFVIII or anti-FIX response persisted (67, 100). However, in this HB dog study, the transgene was the single-amino acid substituted hyperactive variant cFVIII-Padua (R338L) (69, 70) and the animal was also fully tolerized to wild-type (WT) cFIX as evidenced by the lack of neutralizing or non-neutralizing anti-cFIX-WT antibodies despite protein challenges with cFIX-WT (67) (and VRA, unpublished observation). This suggests that though the immune tolerance is transgene specific, there can be cross-tolerance between highly similar transgenes, though the degree of similarity required is undefined. The degree of similarity between variant FVIII transgenes (69) and available protein FVIII products, therefore, should be considered when designing gene therapy products for inhibitor patients.

The concern is that if the inhibitor patient tolerized only to a variant-FVIII transgene that was immunological distinct from available FVIII protein products, these FVIII protein products could be ineffective if needed for breakthrough bleeding or surgery. This would likely be salient for novel FVIII variants with multiple modifications outside the FVIII B-domain, which are likely more immunogenic than modifications restricted to the B-domain; all current FVIII transgenes in Table 1 differ only in their B-domain replacement linker (69). If a patient is tolerized to a B-domain deleted FVIII transgene after gene therapy, the clinical decision making about using alternative FVIII protein products such as extended-half-life products would be similar to switching products after ITI with FVIII protein. Preclinical studies in inhibitor dogs using the canine orthologs of FVIII variants could evaluate this scenario for specific FVIII variants, as we did for the FIX-Padua (67, 133, 134).



Non-factor Replacement for Hemostatic Prophylaxis and AAV Gene Therapy

Emicizumab and other non-factor therapies offer the potential for better and more convenient hemostatic prophylaxis for HA patients with inhibitors (3–6), including those undergoing ITI (135). Though the experience with emicizumab and FVIII protein ITI is currently limited (135), we would anticipate that a combination of a non-factor therapy hemostatic prophylaxis and AAV FVIII gene therapy ITI would be similarly attractive. This approach would have the advantage of limiting bleeds and thus exposure to non-transgene expressed FVIII or bypassing agents. Furthermore, the use of emicizumab would allow for both inhibitor titer and transgene FVIII levels to be closely monitored.



CONCLUSION

Several AAV liver-directed gene therapy products for HA are moving through the clinical development pipeline (Table 1). To date, most clinical trials have mitigated the risk of inhibitor development by selecting only those subjects with heavy exposures to FVIII protein. Preclinical studies in a limited number of HA dogs (91, 94, 100) and other preclinical disease models (40, 42, 43) support the concept that AAV liver-directed gene therapy can harness the unique pro-tolerogenic properties of the liver, termed the liver tolerance effect (41), to induce peripheral immune tolerance to transgene FVIII. The potential advantages of our proposed AAV-mediated approach compared to standard ITI are summarized in Table 4. The ideal AAV FVIII vector for gene therapy ITI could be dosed low enough to avoid hepatotoxicities while still providing long-term hemostatic FVIII levels that, at a minimum, compare favorably to the hemostatic effect of emicizumab. Any planned immunosuppression must be evaluated in an immunocompetent animal model to determine if the specific regimen would negatively interfere with the immune tolerance induction to FVIII. This therapy would have dual benefits of eradicating the anti-FVIII antibodies while also providing continuous therapeutically relevant FVIII.


TABLE 4. Comparison of AAV-liver gene therapy versus protein-based FVIII for immune tolerance induction (ITI).
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Objectives: In hemophilia A the presence of non-neutralizing antibodies (NNAs) against Factor VIII (FVIII) may predict the development of neutralizing antibodies (inhibitors) and accelerate the clearance of administrated FVIII concentrates. This systematic review aimed to assess: (1) the prevalence and incidence of NNAs in patients with congenital hemophilia without inhibitors and (2) the association between NNAs and patient and treatment characteristics.

Methods: We conducted a search in MEDLINE, Embase, Web of Science and the Cochrane database. We included cross-sectional and longitudinal studies reporting on NNAs in patients with hemophilia A and B, who were inhibitor-negative at the start of the observation period. Data were extracted on: hemophilia type and severity, patient and treatment characteristics, NNA prevalence and incidence, NNA assays and inhibitor development. Two independent reviewers performed study selection, data extraction and risk of bias assessment, using adapted criteria of the Joanna Briggs Institute. Studies were classified as high-quality when ≥5/9 criteria were met. NNA assays were classified as high-quality when both quality criteria were met: (1) use of positive controls and (2) competition with FVIII to establish FVIII-specificity. We reported NNA prevalence and incidence for each study. The pooled NNA prevalence was assessed for well-designed studies in previously treated patients, employing high-quality NNA assays.

Results: We included data from 2,723 inhibitor-negative patients with hemophilia A, derived from 28 studies. Most studies were cross-sectional (19/28) and none reported on NNAs in hemophilia B. Study design was of high quality in 16/28 studies and the NNA assay quality was high in 9/28 studies. Various NNA assays were used, predominantly ELISA (18/28) with different cut-off values. We found a large variety in NNA prevalence (Range, 0–100%). The pooled NNA prevalence in high-quality studies was 25% (95% CI, 16–38%). The incidence of new NNA development was reported in one study (0.01 NNA per person-exposure day).

Conclusion: This systematic review identified studies that were heterogeneous in study design, patient population and NNA assay type, with NNA prevalence ranging from 0 to 100% in inhibitor-negative patients with hemophilia A. The pooled NNA prevalence was 25% in high-quality studies including only previously treated patients and performing high-quality NNA assays.

Keywords: hemophilia, FVIII, FIX, non-neutralizing antibodies, anti-drug antibodies, ADA assay, inhibitors


INTRODUCTION

The development of neutralizing antibodies (inhibitors) against Factor VIII (FVIII) or Factor IX (FIX) is a major complication of the treatment of hemophilia patients with clotting factor concentrates. Inhibitors impair the pro-coagulant effect of FVIII or FIX concentrates, rendering replacement therapy ineffective and increasing the susceptibility to major bleeding episodes (1). It is estimated that about 30% of patients with severe and 13% of patients with non-severe hemophilia A develop an inhibitor during the treatment course (2–4). Inhibitor prevalence in hemophilia B has been reported to be 1.5–3% overall and 9–23% in severe patients (5, 6). Therefore, inhibitor development is associated with considerable morbidity and mortality (2, 7, 8).

Previous studies report that non-neutralizing antibodies (NNAs) against FVIII may also be detected in a considerable number of patients with hemophilia A, as well as in healthy individuals (9–14). NNAs are usually of the immunoglobulin G (IgG) isotype, frequently directed toward the heavy-chain and especially the B-domain of FVIII (9, 10, 15). NNAs of the IgM and IgA isotype have also been reported in recent studies (9, 10, 16).

The significance of NNAs is not well-understood. It has been suggested that these antibodies are a predictor for future inhibitor development (17, 18). Furthermore, NNAs may also increase the clearance of administrated FVIII concentrate from the circulation, thereby reducing the plasma concentration of FVIII and limiting effective hemostasis to control bleeding (15, 19). In a study among 42 patients with severe and moderate hemophilia A, the presence of high-titer FVIII-specific NNAs was associated with reduced FVIII half-life in comparison to patients without NNAs (median 7.8 h, IQR 6.6–9.2 vs. 10.4 h, IQR 8.9–13.8) (20).

Whereas, the prevalence of inhibitors is well-known, this is less precisely defined for NNAs. In contrast with inhibitors that are measured by standardized assays (Bethesda or Nijmegen-modified Bethesda assay), there is no standardized assay to detect NNAs (21, 22). Consequently, a variety of laboratory methods are used (10, 13, 23). In addition to other differences in study design and patient populations, this contributes to the widely varying reports of NNA prevalence.

In this systematic review we aimed: (1) to obtain more precise estimates of the prevalence and incidence of NNAs in patients with congenital hemophilia without inhibitors and (2) to assess the association between the presence of NNAs and patient and treatment characteristics.



MATERIALS AND METHODS

This systematic review is reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) (www.prisma-statement.org) (24). The inclusion criteria and the methodological quality criteria were specified and documented in a protocol in advance.


Study Eligibility Criteria


Studies

Cross-sectional or longitudinal studies reporting the prevalence or incidence of NNAs in congenital hemophilia, published as an article or letter in a peer-reviewed journal, were eligible for inclusion, without restriction on publication date or language. Studies not clearly reporting the method employed to measure NNAs and studies including fewer than 10 patients, were excluded.



Patients

Eligible for inclusion were patients with congenital hemophilia A or B who were inhibitor-negative at the start of the study observation period, regardless of previous clotting factor treatment. Patients that received previous treatment with clotting factor concentrate, were defined as previously treated patients, regardless of the cumulative number of exposure days. Patients that had not yet received any previous treatment with clotting factor concentrate at study entry, were defined as previously untreated patients. Absence of an inhibitor needed to be confirmed with a Bethesda assay, according to the cut-off value used by the investigators of the original studies.



Endpoints

The primary endpoints were the prevalence and incidence of NNAs. The secondary endpoints were the prevalence and incidence of NNAs, stratified by immunoglobulin (Ig) isotype and IgG subclass. The presence of NNAs was defined as having a positive antibody titer according to the NNA assay (Anti-Drug Antibody assay) and the cut-off value used by the original publication, in patients who were inhibitor-negative based on a Bethesda assay (25).




Search

Studies were identified by searching the following electronic databases: MEDLINE, Embase, Web of Science and the Cochrane database. The reference lists of the retrieved publications were searched to identify additional relevant publications. We used the following search terms to search all databases: hemophilia A, factor VIII, factor 8, hemophilia B, factor 9, factor IX, non-neutralizing, antibodies, neutralizing. The full search is listed in Supplementary Data 1. The search was designed and supervised by an experienced librarian. The first search was conducted on July 12, 2018. An update of the search in MEDLINE was run on September 11, 2019.



Study Selection

Two of the authors (AA and MB) screened the titles and abstracts independently to select relevant articles. The full-text of selected articles were reviewed to assess their eligibility for inclusion. In case of any doubt for eligibility or disagreement between the reviewers, this was discussed with a methodological expert (SG).



Data Collection Process

We excluded duplicate studies by checking the authors' names, authors' affiliations and catchment areas. When studies included overlapping patient cohorts, assessed during the same time period, we included the study containing the highest number of patients. Studies that included 2 or more cohorts were included, when data extraction was possible for each cohort.



Data Items

The following data were extracted from each included study: study characteristics (i.e., year of publication, study period, study design), population characteristics (i.e., number of inhibitor-negative patients, hemophilia type, hemophilia severity), patient characteristics (i.e., treatment history, inhibitor development), laboratory characteristics (type of NNA and inhibitor assay and cut-off values for positivity) and the prevalence and incidence of NNAs (overall and for each Ig class and IgG subclass).



Quality Assessment

Critical appraisal of studies was assessed by two reviewers independently (AA and MB). The Joanna Briggs Institute (JBI) checklist for prevalence studies was adapted and used to assess the methodological quality of each included study (Supplementary Data 2) (26). Using the formula provided by the JBI guideline, a sample size of ≥139 was considered adequate. Studies were classified as high-quality when at least 5 of the 9 criteria of the adapted JBI checklist were met.

In compliance with the most recent regulatory guideline, we defined two criteria to assess the quality of the various laboratory methods used to detect NNAs: (1) the use of positive controls as an internal standard and (2) the measurement of FVIII-specificity by means of a competition assay (27). NNA assays were classified as high-quality, when they met both of the quality criteria. The quality assessment of NNA assays, was included into the JBI checklist (Supplementary Data 2, question 6).



Data Synthesis

The patient and treatment characteristics were described using median and interquartile range (IQR) or range (R) for continues variables and count and percentage for categorical variables. Exact 95% Confidence Intervals (95% CI) of the reported prevalence and incidence rates were calculated by means of the Wilson method, using an online tool for the analysis of epidemiologic data (http://epitools.ausvet.com.au).

For cross-sectional studies, in inhibitor-negative patients, the prevalence of NNAs was determined by calculating the proportion of the number of NNA-positive patients of the total number of patients. For longitudinal studies, the prevalence was calculated using the patient numbers at the end of follow-up.

Depending on the way it was reported in the original study, we reported the incidence of NNAs as the cumulative incidence (the proportion of cases in a given time-period) or as the incidence rate (the rate of new cases per person-exposure day). The association between NNA status and subsequent inhibitor development was assessed by calculating the incidence rate ratio of inhibitor formation in NNA-positive patients, compared to NNA-negative patients for each study.



Meta-Analysis of NNA Prevalence

We pooled the prevalence of NNAs in the studies including only previously treated patients and employing high-quality NNA assays. In advance, we hypothesized that NNA incidence and prevalence differs between previously treated patients and previously untreated patients. Therefore, in order to provide a meaningful estimate of NNA prevalence, we pooled the data of studies including only previously treated patients.

Because conventional methods for meta-analysis can be biased when the outcome NNA prevalence is rare and when continuity corrections are used, we applied the Binomial-Normal model for the meta-analysis of NNA prevalence (28, 29). We explored heterogeneity by estimating the between-study variance (τ2) and by visually assessing the extent to which the 95% CIs of the individual studies overlapped. The meta-analysis was performed in R (version 3.6.1), using the metafor package (28, 30).

In these same studies, we also investigated whether NNA prevalence differed according to severity of disease and inhibitor history. When appropriate, meta-regression analysis was performed.



Data Evaluation


Small Study Data Trends

To evaluate whether small study data trends were present, all studies were sorted in a forest plot, according to sample size and asymmetry of the forest plots was visually assessed (31).





RESULTS

Study Selection

The flow chart of the study selection process is presented in Figure 1. Using the above search strategy, we identified a total of 2,047 unique articles. After title and abstract screening, 73 articles were identified as being potentially relevant. After full text reading and application of the inclusion criteria, 28 studies were eligible for inclusion. The reasons for exclusion after full-text screening were: small sample size (n = 4), duplicate publication of results (n = 2), unclear methods or insufficient data (n = 7), or not meeting the inclusion criteria (n = 32). Supplementary Table 1 summarizes the studies that appeared to meet eligibility criteria but on further inspection did not.


[image: Figure 1]
FIGURE 1. Flow chart of study selection. WOS, Web of Science.




Study and Patient Characteristics

The study and patient characteristics are summarized in Table 1. Studies were all published in English, between 1994 and 2019. Seventeen studies were (partly) conducted in Europe and the majority had a cross-sectional design (19/28). The studies included a total of 3,208 patients with congenital hemophilia A, including 2,723 inhibitor-negative patients. In 14 studies, data on inhibitor history were available, involving 1,583 inhibitor-negative patients, of whom 118 had had an inhibitor in the past. The majority of patients were adult previously treated patients, with severe hemophilia A. In eight of the 11 studies that included information on FVIII product-type, recombinant FVIII (rFVIII) was the most used product. There were no studies with information on NNA prevalence or incidence in patients with hemophilia B. Nor did the cohorts of excluded articles provide information on patients with hemophilia B.


Table 1. Study and patient characteristics.
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NNA and Inhibitor Assay Characteristics

The characteristics of the NNA and inhibitor assays are provided in Table 2, including the results of the quality assessment of the NNA assays. An ELISA was used in 18 of 28 studies. Other studies employed fluorescence based assay (FLI, n = 4), multiplexed assay (X-MAP, n = 2), immunoprecipitation (IP, n = 2), and flow cytometry (FC, n = 1). In one study, the NNA assay was not reported (14). Finally, in one study FC and ELISA were compared. As the focus of this study was on the FC NNA detection method, the ELISA assay was not further described (47). A wide range of cut-off values for NNA-positivity was used, generally (12/28 studies) based on healthy controls (+2SD, +3SD). Four studies quantified the FVIII-binding affinity of detected NNAs, measured by ELISA (n = 3) or IP (n = 1) (17, 20, 46).


Table 2. NNA assay and inhibitor assay characteristics.

[image: Table 2]

In nine studies both quality criteria for the NNA assay were met, including ELISA (n = 6), IP (n = 2), and FC (n = 1) assays (9, 10, 17, 20, 23, 33, 34, 46, 47). In the other studies, one (n = 10) or both (n = 9) quality criteria were not met. In most of these studies, FVIII-specificity had not been evaluated.



Methodological Quality of Studies

The methodological quality assessment is summarized in Table 3. The methodological quality was high in 16/28 studies, as these studies met at least five quality criteria of the adapted JBI check list. None of the 28 included studies met all the quality criteria. Most frequently, this was because the mode of sampling was not described (n = 16) or the sample size was smaller than 139 (n = 21). Furthermore, in 27 studies, the sample coverage and response rate were unclear.


Table 3. JBI quality assessment.
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Prevalence of NNAs in All Studies

Overall, the prevalence of NNAs in inhibitor-negative patients ranged from 0 to 100%, with a straight unweighted average prevalence of 25% (95% CI, 4–46) (Table 4). In the nine studies with a high-quality NNA assay, the NNA prevalence ranged from 7.8 to 40% (Figure 2). Two of these studies involved previously untreated patients and NNAs were measured with ELISA and IP. Six studies were performed in previously treated patients and NNAs were detected with ELISA (n = 4), IP (n = 1), or FC (n = 1). One study included both previously treated and previously untreated patients and used ELISA to detect NNAs.


Table 4. Prevalence of NNA positive patients.
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FIGURE 2. Forest plot of NNA prevalence in all studies. The NNA assay types are illustrated on the left side of the figure. The colors of the boxes represent the quality of the NNA assays: green (high-quality), orange (intermediate-quality), and red (low-quality). N, number of inhibitor-negative patients; CI, confidence interval; ELISA, enzyme-linked immunosorbent assay; FLI, Fluorescence based assay; IP, immunoprecipitation; X-MAP, multiplexed assay; FC, Flow cytometry; NR, name of assay not reported.


Table 5 summarizes the results of studies in which prevalence of FVIII-specific IgG subclasses or of FVIII-specific IgA or IgM isotypes were reported. In the six studies with IgG subclasses, IgG1 was the most prevalent with the prevalence ranging up to 40% (95% CI, 19.8–64.3%). NNAs of the IgG4 subclass were the least prevalent (range: 0–6.2%).


Table 5. Prevalence of FVIII-specific Ig isotypes and IgG subclasses.
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Pooled Prevalence of NNAs in High-Quality Studies

Four high-quality studies that only included previously treated patients, were included in the meta-analysis of NNA prevalence (Figure 3) (9, 23, 34, 47). The NNA prevalence in these four studies ranged from 13 to 35%. The pooled NNA prevalence was 25% (95% CI 16–38%). The high-quality studies of Hofbauer et al. were not included in the meta-analysis, due to probable overlap in patient cohorts with the study of Whelan et al. (9, 10, 20). The latter study was included, as it included the largest number of patients.


[image: Figure 3]
FIGURE 3. Meta-analysis of NNA prevalence in high-quality studies including previously treated patients.




Determinants for NNA Presence

In the four high-quality studies, the majority of patients (199/215) had severe hemophilia A. In two studies reporting on inhibitor history, 27 of 178 patients had had an inhibitor in the past (9, 34). NNA prevalence was higher i.e., 24% (95% CI, 18–31%) in patients with a negative inhibitor history vs. 33% (95% CI, 19–52%) in patients with a positive inhibitor history, who had all been successfully treated with ITI.



Incidence of NNAs

Only one study reported on the incidence of NNAs (17). In this study, 15 previously untreated patients were followed during the first 50 exposure days to treatment with rFVIII. Six of the 15 patients developed NNAs, all of IgG1 subclass with low apparent affinity, detected on at least 2 time points (NNA incidence rate: 0.01 per person-exposure day). In one of the six patients, the low-affinity IgG1 NNA was later accompanied by non-neutralizing high-affinity IgG1 NNA. The other 5 patients did not develop high-affinity NNAs and switching to other IgG subclasses was not observed.



Association Between NNA-Status and Future Inhibitor Development

One study evaluated the incidence of inhibitor development in patients who were NNA-positive and NNA-negative at baseline before any FVIII treatment (18). In this study, 237 previously untreated patients were followed for 50 exposure days to FVIII or 3 years, whichever came first. Patients with NNAs at baseline had an 83% higher risk of inhibitor development than patients without NNAs (hazard ratio, 1.83; 95% CI 0.84–3.99). The cumulative incidence of inhibitor development was 45.4% (95% CI, 19.5–71.3%) in NNA-positive patients and 34.0% (95% CI, 27.1–40.9%) in NNA-negative patients.



Data Evaluation


Small Study Data Trends

To explore the potential presence of small study data trends, the forest plot was arranged by study sample size. Asymmetry in the forest plot could be identified, due to relatively high NNA prevalences in studies with small sample sizes (Supplementary Figure 1).





DISCUSSION

Summary of Results

In this systematic review, we summarized the data of 2,723 inhibitor-negative patients with hemophilia A from 28 studies to estimate the prevalence and incidence of NNAs. We found a large variety in reported NNA prevalences, ranging from 0 to 100%. In the subset of high-quality studies that included previously treated patients, the pooled NNA prevalence was 25% (95% CI, 16–38%). IgG1 was the most prevalent NNA isotype. The incidence of NNAs in inhibitor-negative patients was only given in one paper.



Strengths and Limitations

This study is, to our knowledge, the first comprehensive systematic overview of NNA prevalence and incidence available to date. The strengths of our study were the systematic search of the literature and the extensive quality assessment of included studies, appraising the quality of both the study methodology and the NNA assay. Studies that used high-quality NNA assays and involved only previously treated patients were subsequently included in a meta-analysis, in order to provide a more reliable estimate of NNA prevalence in this subset of patients.

However, our study had several limitations. A limited number of studies reporting on the NNA prevalence was identified, including a significant number with methodological weaknesses. NNA measurement has not yet been frequently included in clinical and translational studies, because knowledge on the clinical significance of NNAs is still limited. Another limitation was the significant study heterogeneity regarding study and patient characteristics and type and quality of NNA assays. Consequently, we could only include four high-quality studies on previously treated patients in the meta-analysis, limiting the precision of the pooled estimate. Furthermore, various studies used different methods to determine cut-off values of NNA positivity. Depending on the cut-off definition, this may have led to misclassification of NNA status and over- or underestimation of the NNA prevalence. Also, the majority of studies were conducted in patients with severe hemophilia A, which limits the generalizability of the results to patients with moderate or mild hemophilia. Therefore, further research among patients with non-severe hemophilia is needed.

Our systematic review yielded only limited insight on the NNA incidence, as only one study reported on this. Furthermore, no studies on NNA occurrence in hemophilia B were identified.



NNA Assays and Cut-Off Values

When evaluating only studies that used a high-quality NNA assay, there was more consistency in NNA prevalence. In studies that reported more extreme NNA prevalences, the quality assessment of the NNA assay was intermediate or low. The prevalence of 0% (95% IC, 0–11%) reported by one study was probably caused by the fact that this study used different cut-off values for each Ig isotype, as NNAs of IgG and IgM isotype were indeed detected in 2 and 3 patients, respectively (16). The very high prevalence of NNAs (100%, 95% CI 82.4–100%) reported by another study may have resulted from lack of evaluating FVIII-specificity, since competition with FVIII was not performed as part of the assay (43).

Use of the validated ELISA-based assay may be considered in clinical practice, because this assay meets all quality criteria and also because costs and processing time are acceptable (9).



Determinants for NNA Presence

Several patient- and treatment related determinants for anti-FVIII inhibitor development have been described in the literature, including hemophilia severity, mutation type, and FVIII treatment (product type and intensity) (2–4, 48, 58, 59). Based on recent reports, we hypothesize that the FVIII immune response is a continuum between non-neutralizing antibodies and neutralizing antibodies and therefore the determinants of both may be similar (10, 18).

We were not able to analyze the association between hemophilia severity and the presence of NNAs due to the low number of moderate and mild patients included in the four high-quality studies. A recent study in 210 patients did not demonstrate an association between disease severity and the presence of NNAs (15).

In patients with a negative inhibitor history NNA prevalence was 24 vs. 33% in patients with a positive inhibitor history successfully treated with ITI. As there were only 2 studies that reported on inhibitor history, including a relatively low number of patients, many other study or patient characteristics might explain this observed difference in NNA prevalence (9, 33). Therefore, meta-regression analysis was not performed (60).

It is not known whether the preexisting NNAs persist after inhibitor eradication, or whether ITI itself induces new NNA formation. In one study, it has been suggested that ITI changes the subclass distribution of NNAs. In high-titer inhibitor patients undergoing ITI, a rise in the contribution of anti-FVIII IgG4 was demonstrated, independent of changes in inhibitor titer (61). Further study is needed to evaluate the association between NNA characteristics and ITI outcome and to determine if NNA presence after ITI is associated with inhibitor recurrence.



NNAs in Healthy Subjects

In this systematic review, 9 studies also reported on NNA prevalence in healthy subjects (n = 2,010, NNA prevalence IQR 1.14–17%). Data are summarized in Supplementary Table 2.

The clinical significance of low-affinity NNAs in healthy individuals is incompletely understood. Previous reports indicate that low-affinity self-reactive antibodies may have a role in regulating the immune hemostasis (62, 63). In line with this, FVIII-specific NNAs in healthy individuals are hypothesized to be involved in the maintenance of peripheral immune tolerance toward FVIII (9, 10).



Clinical Implications

Many questions remain regarding the epitope specificity, FVIII binding affinity and clinical significance of NNAs. Previous studies in patients with hemophilia as well as healthy subjects have found NNAs mostly directed against epitopes on A1, A3, and B domains of the FVIII molecule (11, 64, 65). Furthermore, Lebreton et al. demonstrated a clear immune-dominance of the complete heavy chain (A1, A2, and B-domains) in the epitope profile of NNAs, independent of hemophilia severity (15). The exact NNA epitopes remain, however, elusive and need to be characterized in future studies.

The possible effect of infused FVIII on pharmacokinetic parameters remains to be fully elucidated. Dazzi et al. demonstrated an increase in clearance rates of infused FVIII concentrate in three of 22 NNA-positive patients with negative Bethesda assays (12). This finding was supported by Hofbauer et al. who reported that high-titer NNAs modulate FVIII half-life, independent of VWF antigen level and age (20). The NNA presence was not associated with a reduced FVIII in vivo recovery in these inhibitor-negative patients, which is in line with two previous reports (20, 66, 67). If further studies confirm the effect of NNAs on FVIII half-life, the screening for NNAs may be considered to guide pharmacokinetic measurements.

It has been hypothesized that NNAs could serve as biomarkers for future inhibitor development. The presence of NNAs at baseline was recently demonstrated to confer an increased risk of inhibitor development (hazard ratio, 1.83; 95% CI 0.84–3.99) (18). This observation is supported by the presence of high-affinity IgG1 and IgG4 NNAs, that could be detected in an inhibitor-positive patient, in samples taken 1.5 years before the inhibitor appeared (10). It has been postulated that the affinity of NNAs could provide information on the underlying regulatory pathways involved in their generation. Hence, high-affinity NNAs of the IgG or IgA isotype are thought to be produced by long-lived plasma cells, originating from follicular differentiation pathways in germinal centers (68, 69). In line with this, Hofbauer and colleagues have suggested that NNA affinity is of more importance than NNA titers when considering the risk for inhibitor development, because even low titers of high-affinity IgG4 might indicate an evolving inhibitor (10). Adequately powered clinical studies and strict NNA monitoring are required to investigate whether high-affinity NNAs might provide an opportunity to predict and eventually prevent inhibitor development.




CONCLUSION

We found a wide range of NNA prevalences in patients with hemophilia A, which resulted from considerable heterogeneity in study design with regard to disease-specific patient characteristics and type of assays used to detect NNAs. The pooled NNA prevalence was 25% in high-quality studies that included only previously treated patients and performed high-quality NNA assays. As NNA incidence was only reported in one study, more longitudinally designed studies are needed to better assess the incidence of NNAs and to further elucidate the clinical significance of these antibodies.
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In humans, maternal IgGs are transferred to the fetus from the second trimester of pregnancy onwards. The transplacental delivery of maternal IgG is mediated by its binding to the neonatal Fc receptor (FcRn) after endocytosis by the syncytiotrophoblast. IgGs present in the maternal milk are also transferred to the newborn through the digestive epithelium upon binding to the FcRn. Importantly, the binding of IgGs to the FcRn is also responsible for the recycling of circulating IgGs that confers them with a long half-life. Maternally delivered IgG provides passive immunity to the newborn, for instance by conferring protective anti-flu or anti-pertussis toxin IgGs. It may, however, lead to the development of autoimmune manifestations when pathological autoantibodies from the mother cross the placenta and reach the circulation of the fetus. In recent years, strategies that exploit the transplacental delivery of antigen/IgG complexes or of Fc-fused proteins have been validated in mouse models of human diseases to impose antigen-specific tolerance, particularly in the case of Fc-fused factor VIII (FVIII) domains in hemophilia A mice or pre-pro-insulin (PPI) in the case of preclinical models of type 1 diabetes (T1D). The present review summarizes the mechanisms underlying the FcRn-mediated transcytosis of IgGs, the physiopathological relevance of this phenomenon, and the repercussion for drug delivery and shaping of the immune system during its ontogeny.
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INTRODUCTION

The existence of a passive transfer of immunity from the mother to the young was documented by P. Ehrlich more than a century ago and more than 50 years ago by Brambell et al. (1); it was a few years before the demonstration that passive transfer of immunity is mediated by maternal IgGs. The maternal and fetal circulations are separated by cellular barriers differently organized depending on the species [hemomonochorial in the human (2) and hemotrichorial in the mouse]. In 1964, Brambell et al. hypothesized that the transplacental delivery of maternal IgGs involves a receptor expressed by placental cells (3). A few years later, a receptor responsible for the trans-epithelial transport of IgGs across the newborn rat intestine was identified (4, 5). The surface and intracellular expression of the Fc receptor by the placenta (6) or yolk sac cells (7) and intestinal cells (3, 7–10) and its colocalization with IgGs (4, 6) suggested its involvement in the transfer of maternal IgGs. It led to the isolation from human placenta of this “IgG transporter” and its identification as the neonatal Fc receptor (FcRn) (11, 12).

In addition to the transplacental delivery of maternal IgGs, the FcRn is involved in a plethora of functions including the transfer of IgGs present in maternal milk to the newborn through the digestive epithelium, control of IgG and albumin catabolism, uptake of immune complexes by a variety of cells leading, in the case of antigen presenting cells, to the presentation of the endocytosed antigen to T lymphocytes. In the recent years, strategies that exploit the transplacental delivery of antigen/IgG complexes or of Fc-fused proteins have been validated in mouse models of human diseases to trigger antigen-specific immune tolerance. The present review summarizes the mechanisms underlying the FcRn-mediated transcytosis of IgGs, the physio-pathological relevance of this phenomenon and the potential for in utero drug delivery and manipulation of the immune system.



STRUCTURE AND EXPRESSION OF FcRn

FcRn was first isolated from rat intestinal epithelial cells (4, 13, 14), rodent yolk sac (7), and finally from human syncytiotrophoblast cells (15, 16). FcRn is a heterodimeric molecule constituted of a 14 kDa light chain and a 45–50 kDa heavy chain (14). The heavy chain includes 3 extracellular domains (α1, α2, and α3), a transmembrane domain, that allows anchoring to cell membranes, and a short cytoplasmic domain (17) (Figure 1). The α1 and α2 domains are formed of 8 antiparallel ß-sheets overhung by 2 α-helices (18–20). The structural homology of the FcRn with the major histocompatibility complex class I (MHC-I) was confirmed by the homology between the coding sequences of the extracellular domains and transmembrane region of FcRn and MHC-I, and by crystallography (7, 9, 16, 18, 21). The heavy chain and light chain-encoding genes are highly conserved across mammalian species (22–24). Thus, human FCGRT (Fc fragment of IgG receptor and transporter) gene and mouse ortholog (Fcgrt) encoding FcRn present a strong sequence homology with 69 and 65% identity at the nucleotide and amino-acid levels, respectively, and low allelic polymorphism (22–24). The FCGRT and Fcgrt genes are located outside the HLA/H2 genes complex, on the 19q13 locus in human and on chromosome 7 in mice, respectively. The absence of the ß-microglobulin chain hampers the conformation and functionality of the FcRn (25) which was used advantageously in ß2 m−/− mice to demonstrate the implication of FcRn in IgG transmission (26). Moreover, more evidence came later with the development of FcRn heavy chain KO mice (27).


[image: Figure 1]
FIGURE 1. Interaction between the FcRn and IgG. The FcRn is composed of a heavy chain with three extracellular domains (α1, α2, α3, dark blue) and of the β-2 microglobulin light chain (β2 m, light blue). At acidic pH, salt bridges are formed upon interactions between the histidine residues His310, His435, and His436 of the CH2 and CH3 domains of the IgG and glutamate residues Glu117 and Glu132 of the α2 domain of the heavy chain of FcRn, and the isoleucine residue Ile1 of the β 2 m. The IgG is depicted in orange.


During fetal life in rodents, FcRn is expressed by cells of the yolk sac (7, 22), and, to a greater extent, by epithelial cells in the jejunum and duodenum (8) where it is maintained until the time of weaning (3 weeks after birth) and mediates the transfer of IgGs contained in the colostrum or maternal milk. After weaning, FcRn expression in the digestive epithelium is highly reduced (13, 14, 28, 29). FcRn expression has also been detected in rodent skin, spleen, liver, and muscle vascular endothelial cells (30–33). Conversely, in humans, FcRn expression by intestinal epithelial cells persists during adult life (10, 34). The heavy and light chains of human FcRn are synthesized by syncytiotrophoblast cells (6, 16, 35, 36) and by arterial or vascular endothelial cells of the placenta (37, 38). Human FcRn is detected in different tissues including the liver, kidneys, lungs, heart, pancreas and mammary glands (15, 39, 40); it is expressed by hematopoietic cells (dendritic cells, monocytes, macrophages, and neutrophils, B lymphocytes) but not by T lymphocytes and natural killer (NK) cells (41–43). Differences in FcRn expression between humans and mice are explained by differences in the promoters controlling FCGRT expression (24, 44).



MECHANISMS OF FcRn-MEDIATED IgG TRANSPORT

The dependency on pH of the interaction between IgG and the FcRn was described in different experimental settings. IgGs in maternal milk bind to intestinal FcRn at pH 6-6.5 and are released at pH 7.4 (45). The same was found for IgG binding to placental membranes (13, 46–49). While the increased binding observed at acidic pH was initially thought to rely on conformational changes in FcRn (50), it was later found that acidification allows protonation of histidine residues in the heavy chain of FcRn, thus stabilizing the FcRn molecule by fostering electrostatic interactions (17, 19). Furthermore, the CH2 and CH3 domains of the IgG heavy chain also contain three histidine residues, that are highly conserved between species (51, 52). At pH <6, His310, His435, and His436 in the mouse IgG1 are protonated. This allows the formation of saline bridges with glutamate 117 and 132 and an aspartate residue inside an anionic pocket of the α2 domain of the FcRn (17, 19, 21, 47, 50) as well as the Ile1 of the ß2 m (53) (Figure 1). Of note, alanine substitutions of the Ile253, His310 and His435 abrogate the binding of human IgG1 to the FcRn at acidic pH (54). Increase in pH above 6 leads to the loss of CH2-CH3/FcRn interaction because of the deprotonation of the histidine residues. Crystallographic investigations show that two FcRn molecules bind a single IgG through each of the Fc fragments (18). FcRn binding demonstrates a strong specificity for the IgG isotype. In humans, IgA, IgM, IgD, and IgE are not or only poorly transported through the placenta (43–47). The binding of the different IgG subclasses to FcRn also depends on variations in amino-acid sequences in the CH2 and CH3 domains leading to different affinities for FcRn (55). Indeed, human IgG1 and IgG4 are the most transferred IgG subclasses, while IgG3 which possesses an arginine rather than a histidine at position 435, presents a reduced transplacental delivery and a three-fold lower half-life than the other IgG subtypes (55–60). Interestingly, the binding affinity for the FcRn of an IgG of a given subclass is also influenced by the nature of its complementarity determining regions (CDR) and antigen-binding fragments (Fab) (61–63). Likewise, the glycosylation profile of a given IgG subclass has an impact on IgG transfer and transplacental delivery of maternal IgG by modifying the affinity for the FcRn (64–66).

The interspecies specificity of the binding of IgGs to FcRn has revealed the extreme selectivity of human FcRn for human IgGs. This explains the poor half-life in the human circulation of the first therapeutic IgGs of mouse origin. In stark contrast, the murine FcRn reacts with a high affinity to murine, human, and bovine IgGs. In particular, the affinity of the murine FcRn for human IgGs is much higher than that of the human FcRn (67, 68). Such an interspecies binding disparity was also demonstrated in the case of albumin, another FcRn ligand (69). The human FcRn has a greater affinity for murine albumin than for the human molecule. Conversely, the mouse FcRn binds murine albumin with a high affinity and also binds human albumin (70, 71). Such considerations are very important for the preclinical validation of therapeutic monoclonal antibodies and molecules that exploit the Fc- or albumin-fusion technologies and, for example, justify the use of human Fcγ1 fragments in the design of chimeric molecules.

The transcytosis of maternal IgG starts with the non-specific fluid phase internalization by intestinal or placenta epithelial or endothelial cells (5, 37, 72). Following their internalization, IgGs accumulate in Rab5+EEA+ early endosomes where they bind to FcRn upon pH acidification (73). The IgG/FcRn complexes are released in the intercellular space by partial or complete fusion of recycling endosomes with the plasma membrane (74, 75). Once at neutral pH, deprotonation of the histidines allows the dissociation of IgG from the FcRn (8) (Figure 2A).


[image: Figure 2]
FIGURE 2. Transplacental delivery of maternal IgG and its therapeutic implications. (A) In the human, the transplacental delivery of maternal IgG starts during the second trimester of pregnancy. IgG cross the cytotrophoblast and syncytiotrophoblast cell layers to reach the fetal circulation. IgG transfer involves non-specific fluid phase internalization. IgG then colocalize with the FcRn in early endosomes where the acidic environment promotes FcRn/IgG interactions. Mature sorting endosomes transport FcRn/IgG complexes away from lysosomes, rescuing them from lysosomal degradation. IgG is released from FcRn into fetal blood by the partial or complete fusion of the endosome with the plasma membrane. After the dissociation of the IgG/FcRn complexes, FcRn returns to its original position. The transplacental delivery of Fcγ-fused proteins (B) such as FVIII-Fc or PPI-Fc, or of immune complexes (C) was validated for therapy in preclinical models in order to shape the fetal immune system. For simplicity, immune complexes are depicted as single IgG bound to two antigens.


The FcRn-dependent recycling pathway was also widely studied. As for IgGs transcytosis, IgG recycling begins with internalization by vascular endothelial cells and macrophages. IgGs accumulate in Rab5+EEA+ early endosomes where they colocalize with the FcRn. The binding of IgGs to the FcRn rescues them from the lysosomal degradation pathway. The matured Rab4+Rab11a+ sorting endosomes transport the complex away from lysosomes. In contrast, recombinant IgGs with a mutated His435, that do not bind FcRn, are routed to the lysosomes and are degraded (76–78).



FUNCTIONS OF FcRn


Role of The FcRn in IgG Transcytosis

As explained above, the FcRn was first identified for its role in the transfer of maternal IgGs to the baby during fetal life through the placenta and during breast-feeding through the digestive epithelium. During pregnancy in humans, maternal IgGs are detected in the umbilical cord from 8–10 weeks of gestation (GW8-10) (79). The concentration of maternal IgGs in the fetal circulation remains low until the second part of the second trimester (80) to reach 10% of maternal IgGs at GW22. It then increases to 50% at GW30 and exceeds the concentration in maternal blood at the end of the gestation (GW37-40) (81–84). It was proposed that the increased transfer at the end of gestation is due to the expansion of the exchange surface which grows from 5 m2 at GW28 to 11–12 m2 at the term (85). In humans, the majority of maternal IgGs are transferred across the placenta. In mice, a low but significant IgG transmission is detected at embryonic day 15 (E15) (86) that peaks at E17 (87). The majority of IgG is delivered after birth by ingestion of maternal milk. Antibodies in the colostrum and more generally in the maternal milk cross the intestinal barrier to reach the fetal circulation (46, 88). The rodent intestine is permeable to maternal IgGs until 20 days after birth (86–88).

The trans-epithelial and transplacental delivery of maternal IgGs plays an essential role for the protection of the newborn by providing passive immunity against a large array of pathogens. Passive immunity was observed in the 19th century during the measles epidemic, where babies from mothers who had survived were protected. The transfer of passive immunity was however first described by Paul Ehrlich in 1892, when he noticed that babies were protected against toxins only if the mothers were themselves resistant. Nowadays, vaccines against influenza, pertussis, diphtheria, meningococcus, measles, pneumonia and hepatitis are currently administrated to pregnant women to foster the development of protective IgGs that are then transferred to the fetus (89–95). The efficiency and duration of the transferred passive immunity however depends on the antigenic specificity of the IgG (91, 92, 96, 97).



Role of The FcRn in The Recycling of Circulating IgG

Most plasma proteins and immunoglobulins have a short half-life (1-2 days) in the circulation. In contrast, IgGs present a half-life of 23 days in humans (98) and 7 days in mice (99). In the 60's, Brambell et al. proposed that IgG catabolism is regulated by the same receptor involved in IgG transfer: the FcRn (3, 100). This was formally demonstrated in models of ß-2-microglobulin deficient mice (26, 101–103) as well as in FcRn-deficient mice (94, 95) where IgG half-life was systematically reduced. Conversely, it was restored to normal in transgenic mice expressing the human FcRn (104). As described in the case of IgG transplacental or trans-epithelial delivery, IgG recycling involves fluid phase internalization by vascular endothelial cells and macrophages (31, 76, 105, 106) and binding by the IgG CH2 and CH3 domains to the FcRn in early endosomes (54, 98, 107, 108). The binding to the FcRn protects IgGs from lysosomal degradation and fosters their recycling to the circulation (37, 73, 77, 78). The FcRn-dependent recycling pathway of IgG is saturable and unbound IgGs accumulate in the lysosomes where they are degraded (76, 77, 103).



Role of The FcRn in Antigen Capture and Presentation

The FcRn is expressed by a large variety of immune cells (109). Because of its structure homology with MHC class I molecules, FcRn was initially proposed to present endocytosed antigens. It was however demonstrated that the peptide-binding groove is occluded in the FcRn molecule (21). The FcRn is nevertheless indirectly implicated in antigen uptake and presentation (109). For instance, the expression of the FcRn on neutrophils was associated with the phagocytosis of IgG1-opsonized bacteria (42). Because the FcRn does not bind IgGs at neutral pH, it was proposed that immune complexes are captured and endocytosed by other FcR receptors. FcRn binding occurs in a second step once the pH acidifies; it allows sorting of the immune complexes to loading compartments and promotes antigen presentation as well as cross-presentation (109–111). The FcRn also transports IgGs from the intestinal basolateral side to the intestinal lumen where they form immune complexes with their cognate antigens. The immune complexes are then transported through the epithelium of the lamina propria where they are internalized by antigen presenting cells (i.e., dendritic cells) and presented to T cells (112–114).



Role of The FcRn in The Recycling of Circulating Albumin

Albumin is the most abundant protein in plasma. It is involved in the transport of endogenous and exogenous molecules as well as in the maintenance of osmotic pressure (115). It is produced in high quantities and rapidly secreted by the liver (116) and is found in secretions such as tears, saliva, sweat and maternal milk. Albumin is characterized by an extended half-life in blood: it persists for 19 or 2-3 days in the human and mouse circulation, respectively (69, 117, 118). Such a long half-life is also mediated by binding to the FcRn. IgG and albumin bind FcRn at non-overlapping sites, without cooperation or competition. The interaction between albumin and FcRn is hydrophobic, depends on acidic pH and presents a 1:1 stoichiometry (119).




PHYSIOLOGICAL RELEVANCE OF THE TRANSFER OF MATERNAL IgG

The following chapter summarizes the timing of the development of the fetal immune system in humans and mice. Notably, the establishment of the adaptive immune system and the generation of T and B lymphocytes expressing rearranged T-cell and B-cell receptors, respectively, at their surface is concomitant to the transplacental delivery of maternal IgGs, thus creating a time window when maternal IgGs, that represent the last step of the expression of the maternal immune system, have the opportunity to impact the developing adaptive immune repertoires of the fetus.


Ontogeny of The Human Immune System During Fetal Life

The development of the immune system starts after 2-3 weeks of fetal development with the initiation of hematopoiesis and generation of pluripotent and self-renewing hematopoietic stem cells (HSC) (Figure 3A) (120). In all mammals, hematopoiesis first occurs in the mesoderm of the yolk sac, and the extraembryonic mesenchymal tissue (121). Cells of the innate immune system are the first to emerge. Erythroid and granulo-macrophage multipotent progenitors, which give rise to megakaryocytes and myeloid cells, are detected from the gestational week (GW) 3 to 4. Dendritic cell-like cells are found in the yolk sac and the mesenchyme at GW4-6. From GW4, these progenitors are released in the circulation and reach the fetal liver, which becomes the major hematopoietic site until birth, when the bone marrow takes over (121). With respect to secondary lymphoid organs, the different subunits of the spleen form during GW13-28, and the red and white pulps are visible at the end of the second trimester (122). The development of lymph nodes occurs at the same period. The involvement of the spleen and lymph nodes (LN) in hematopoiesis, together with that of the fetal liver, ceases at birth (123). Between GW8-10, granulocytes, NK cells and lymphocyte precursors are detected in the fetal circulation (124). The GW12-19 fetal blood already contains high levels of erythroid, monocytic and granulocytic progenitors. Neutrophils are the last type of innate immune cells to be produced (GW31).
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FIGURE 3. Fetal development of the immune system. The time-dependent ontogeny of the human (A) and mouse (B) immune systems is summarized for innate immune cells (dark blue), adaptive T (green) and B cells (red) and colonization of the lymph nodes and bone marrow (light blue). HSC, hematopoietic stem cells; NK, natural killer cells; TcR, T-cell receptor; LN, lymph nodes; BcR, B-cell receptor; AGM, aorta-gonad-mesonephros; GW, gestational weeks in the human; E, embryonic days in mice.


CD7+CD45+ pro-thymocytes with an intracytoplasmic CD3+ are detected in fetal liver from GW7. CD3 is not expressed at the surface of thymocytes until GW10 when the cells become less proliferative (125). T-cell receptor (TcR) rearrangement starts from GW6-9.5 and is first detected in the fetal liver before the thymus takes over (126). The colonization of the thymus by HSC starts at GW8 and the thymus organogenesis is complete at GW20 (127). Mature CD4 and CD8 single-positive T lymphocytes leave the thymus for the periphery and reach the spleen and LN from GW14 onwards (123).

Pro-B cells, which are characterized by the expression of CD24 and the absence of expression of IgM, are detected in the fetal liver at GW8. Pre-B cells, that emerge from the pro-B cell pool, express the immunoglobulin μ chain in the cytoplasm from GW8 onwards, and at the cell surface at GW10-12 (128). B-cell receptor (BcR) expression is necessary for B cell proliferation and migration to the periphery (129). IgD surface expression is detectable from GW13 and surface IgM levels are maximal around GW7-18. Immature B cells are released in the circulation and reach the LN at GW14-17 and the spleen at GW16-23 where they become mature B cells (123). Pre-B cell quantities decrease from GW13-23 in the fetal omentum (130). Despite the early burst of Ig production during fetal life, newborns have low quantities of IgM, IgA and IgE. The neonatal immune system responds to antigens mainly by producing IgM with low affinities (131). At birth, the majority of innate and adaptive cells are immature (132) but the immune system is functional and complete. The exposure to external antigens after birth promotes the adaptation and expansion of the immune system (133, 134).



Ontogeny of The Mouse Immune System During Fetal Life

The development of the immune system in rodents involves, as in humans, the differentiation of pluripotent HSCs into myeloid or lymphoid lineage progenitors (135). In mice, hematopoiesis starts at embryonic day (E) 6.5 (Figure 3B). The first type of HSC, the erythro-myeloid, and lymphoid progenitor cells are formed in the yolk sac at E7.25 (136) and macrophages and monocytes appear at E9 (137). At E10, HSCs are detected in the aorta-gonad-mesonephros (AGM) (138). Fetal circulation is established at E8.5, allowing HSCs to leave the AGM and to reach the fetal liver and the placenta, the two main reservoirs of HSCs at mid-gestation (E11.5) (139). The development of LN starts between E7 and E13 depending on their localization (140). LN are rapidly colonized by T cells and the first LN follicles are formed 1 week after birth (141). At E13, HSC and lineage-restricted progenitors reach the fetal spleen (123). The lymphatic network is established at E15.5 (142). Formation of the bone marrow is one of the last stages of mice development (E17). At E17.5, HSCs and lineage-specific progenitors leave the liver to colonize the bone marrow (143) where they remain until adulthood. Bone marrow HSCs form the first reserve of stem cells for post-natal life. After E18, the bone marrow assumes the maintenance of the HSC pool and the development of hematopoietic cells.

Neutrophils are detected in the circulation for the first time at E14 at very low numbers (<2%) and reach 20% at E18 (144). Neutrophils and monocytes are, at the fetal and newborn stages, the first line of defense against infection. At E13–15.5, hematopoiesis switches from the liver to the thymus for T cells and the spleen for B cells. The thymus anlage is detected from E9-10 (123) and its colonization by lymphoid progenitor cells occurs between E10.5 and E13 (145). T-cell progenitors are first synthesized from lymphocyte progenitors at E12.5. Thymocytes first express the TcR and then undergo positive and negative selection, to eliminate auto-reactive clones. In the late gestational period (E14-21), simple positive CD4 or CD8 T cells are produced. The bone marrow is the main organ where B-cell lymphopoiesis takes place (146). The rearrangement of the genes encoding the B-cell receptor initiates by E13 and IgM+ B cells are detected at E17 (147).



Shaping of Adaptive Immune Repertoires by Maternal IgG

Transplacentally delivered maternal IgGs are important for the protection of newborns from bacterial or viral infections. Importantly, the transfer of maternal antigen-specific IgGs influences antigen-specific immune responses later in the life by altering both the repertoires of T and B lymphocytes in the progeny. Seminal work by Faure et al. demonstrated that the transfer of κ light chain-specific maternal IgGs alters the repertoires of κ light chain-specific T cells and confers a transient state of tolerance toward peptides derived from the constant region of the κ light chain (148). This was demonstrated by following κ light chain constant region (Cκ)-specific CD4+ T cells in κ light chain knock-out (κ−/−) mice born to κ+/− mothers. Hence, the transfer of maternal IgGs from mothers bearing a κ light chain to κ light chain-deficient fetuses altered in an antigen-dependent manner the repertoires of T lymphocytes (148).

In the B cell compartment, early idiotypic manipulations via maternal immunization with antigens or monoclonal IgGs, or after treatment of newborns with anti-idiotypic IgGs, were shown to induce profound states of tolerance toward the particular idiotype (149, 150). In such systems, the suppression of antibody responses was always reversible. Its recovery was associated with the expression of the same (151) or different idiotypic repertoires (152–154). For instance, the transfer of maternal anti-idiotypic IgGs directed against anti-phosphorylcholine (PC) antibodies skewed the repertoires of PC-specific B lymphocytes after immunization of the offspring with PC later in life (155).

Another example of the importance of normal IgGs in shaping immune repertoires is provided by studies on intravenous immunoglobulins for therapeutic use (IVIG). Exploration of the mechanisms of action of IVIG led to identification of various F(ab')2-dependent mechanisms. Through anti-idiotypic interaction, IVIG neutralizes pathogenic autoantibodies and shapes the repertoire of auto-IgG-producing B-cell clones (156). IVIG reciprocally regulates pathogenic Th1/Th17 cells and immune-protective regulatory T cells by F(ab')2-dependent process (157, 158). While both F(ab')2- and Fc-dependent regulation of dendritic cells and macrophages by IVIG have been reported (159–162), F(ab')2 fragments of IVIG regulate the functions and repertoires of granulocytes like eosinophils, basophils and neutrophils (163, 164). In line with these functions, auto-antibodies to diverse self-molecules have been identified and isolated from IVIG including HLA class I, CD40, adhesion molecules, CD4, CD5, Siglecs, IgE, and Fas/CD95 (156).




PATHOLOGICAL IMPLICATIONS OF THE TRANSPLACENTAL DELIVERY OF MATERNAL IgG

The transfer of maternal IgGs to the fetus may have pathological repercussions when the mothers present with autoimmune disorders caused by self-reactive IgG. In such situations, the FcRn plays a dual role, increasing disease severity in the mothers by controlling the concentration of circulating pathogenic IgGs, and mediating the transmission of pathogenic IgGs to the fetus thereby inducing disease manifestations. A typical example is the transfer of the Sjögren's syndrome upon transplacental delivery of maternal autoantibodies directed to the nuclear proteins Ro/SSA and La/SSB (165). The Sjögren's syndrome affects ~1/10,000 adults with a majority of women (90%) (166, 167). Anti-SSA/Ro and SSB/La IgG target the Ro/La ribonucleoprotein complex constituted by two Ro protein isoforms (52 kDa and 60 kDa) and the La protein (48 kDa). Ro52 is involved in the regulation of proliferation and cell death (168) and in the regulation of interferon regulator factor-mediated immune responses (169, 170), while Ro60 is implicated in the control of RNA integrity (171). The translocation of these antigens at the surface of salivary gland cells allows their targeting by autoantibodies, leading to dysfunction of the exocrine glands, lymphocytic infiltrates in the salivary gland and parotid gland enlargement (172, 173).

In ~2% of babies from Sjögren's syndrome-affected mothers (174), the transfer of maternal anti-SSA/Ro and SSB/La is responsible for the development of neonatal lupus erythematosus (NLE) leading to the development of rashes, liver damage, neuropsychiatric impairment (175) or congenital heart block (CHB). CHB presents with a mortality rate of 18% and requires implantation of a pacemaker in 70% of the cases (176, 177). Mothers who give birth to CHB-affected children possess anti-Ro/anti-LA IgG and may be either asymptomatic or present with systemic lupus erythematosus, Sjögren's syndrome or undifferentiated autoimmune diseases (178, 179). In the case of anti-SSA/Ro and SSB/La IgG-mediated CHB, the autoantibodies either target the autoantigen that has translocated on the cell surface of apoptotic cardiomyocyte (180, 181) and/or cross-react with L-type calcium channels (LTCCs) present on the cardiomyocyte surface (182). The interaction between autoantibodies and autoantigens leads to immune complex deposition, inflammation, disruption of calcium homeostasis and calcification, heart fibrosis and signal conduction blockade in the atrioventricular node (183, 184).

The hemolytic disease of the fetus and newborn (HDFN) is another example of the contribution of maternal IgGs to the development of fetal pathologies (185). The maternal IgGs are directed against Rhesus (Rh) antigens (RhD, RhC, RhE, K, M, …) expressed by fetal erythroid cells, and are either self-reactive or have developed against fetal antigens during a previous pregnancy. The ensuing destruction of red blood cells induces anemia which in the worst cases results in perinatal mortality and morbidity (186, 187). The prevalence of HDFN caused by anti-Rh antibodies others than anti-RhD is 1 in 500 pregnancies (185).

IgG specific for platelet membrane glycoproteins may also be transferred from the mothers to fetuses. Thus, anti-platelet autoreactive IgGs develop in 1/500 pregnancy leading to a disease called autoimmune thrombocytopenia (188). Autoimmune thrombocytopenia is characterized by a reduced quantity of platelets and the development of mucocutaneous bleeding. Alternatively, 1 in 2,000 mothers develops alloantibodies directed against paternally derived platelet antigens. Transplacentally delivered maternal anti-platelet autoimmune or alloimmune IgGs target fetal platelets causing the development of fetal thrombocytopenia which, in 1 or 20% of the cases, respectively, is severe and causes intracranial hemorrhages (189, 190).

More anecdotical, the presence of autoreactive IgGs against neuronal and glial proteins or of IgGs induced by maternal infections has been associated with autism spectrum disorders (191), although available epidemiologic data are too scarce to confirm any association.

In the mice, the FcRn-mediated transfer of maternal IgE in the form of IgE/IgG anti-IgE complexes has been associated with the development of allergic disease (192, 193).



THERAPEUTIC VALUE OF FcRn-MEDIATED DELIVERY


Increasing the Half-Life of Biological Therapeutics

The capacity of the FcRn to extend the pharmacokinetics of therapeutic molecules has been exploited in several instances. To this end, therapeutic molecules are fused with the Fc fragment of human IgG, human albumin or an albumin-binding domain. The first Fc-fused molecule accepted by the FDA was a chimera between the TNF receptor and the human Fcγ and is used for the treatment of rheumatoid arthritis (194). Nowadays, several Fc-fused molecules are approved for clinical use, including drugs for the treatment of immune thrombocytopenic purpura (195), asthma, psoriasis, etc. [reviewed in Rath et al. (196)]. Notably, the Fc fusion technology has been used in the field of hemophilia. The Fc fusion of coagulation factor XI and of pro-coagulant factor VIII (FVIII), that have short intrinsic half-lives, was shown to increase the half-life of the molecules in the patients, thus, allowing the reduction of injection frequency (68, 197). More recently, modifications of the CH2 and CH3 domains of the human Fcγ by mutagenesis have allowed an increase in the affinity for the FcRn and thus further extend the pharmacokinetic of Fc-fused products (198–200). Of note, targeting albumin (201–204) or using albumin-fusion technology is also used in the case of coagulation factor IX for the treatment of hemophilia B (205), as well as for biotherapeutics for the treatment of diabetes (201, 206), cancer (202, 204) or rheumatoid arthritis (207).



Saturation of The IgG Recycling Pathway

As explained earlier, the FcRn-dependent recycling pathway is saturable. This property has been exploited as a strategy to eliminate endogenous pathogenic IgGs. Historically the recycling pathway was saturated with IVIG injected in large amounts. IVIG compete with endogenous IgGs for the binding to the FcRn, thus promoting their routing to the lysosomal degradation pathway and lowering their levels in the circulation (208, 209). Nevertheless, owing to the cumbersome procedures as well as cost and possible side effects associated with IVIG treatment, alternative therapies are being developed. Novel molecules, referred to as “antibodies that enhance IgG degradation” or “Abdegs” (210), that bind to the FcRn with a higher affinity than IgG and in a pH-independent manner, have recently been generated. Moreover, FcRn-blocking monoclonal antibodies, such as Rozanolixizumab (211), SYNT001 (212), M281 (213) and Efgartigimod (214) are currently in phase 2 or 3 clinical trials (NCT04200456, NCT03075878, NCT04119050, NCT04225156). These molecules hold promise for the treatment of IgG-mediated diseases such as systemic lupus erythematosus, myasthenia gravis or immune thrombocytopenic purpura (210, 215).



Shaping of The Immune System in The Offspring

The capacity of maternal IgGs to cross the placenta during pregnancy or the epithelial barrier during breastfeeding in an active FcRn-dependent manner can be exploited to educate the immune system of the offspring and confer protection in several human pathologies such as asthma, type-1 diabetes (T1D), hemophilia A (Figures 2B,C). Allergic asthma is one of the most represented allergic diseases with, according to the WHO, 235 million people affected (216). Allergic diseases have an increased prevalence, particularly in developed countries owing to changes in lifestyle (217) and environmental exposure during early life (218). Asthma develops following the polarization of CD4+ T cells toward a Th2 subtype, upon activation by usually innocuous inhaled or ingested allergens. The secretion of IL-4 by Th2 cells induces the differentiation of B cells into plasma cells, which secrete allergen-specific IgE. IgE-allergen immune complexes then interact with mast cells through the FcεR, leading to degranulation and release of vasoactive amines (219). Asthma is characterized by a chronic inflammation of the lungs and mucus accumulation, causing respiratory difficulties (220, 221). During pregnancy, allergens inhaled or ingested by the mother shape the immune system of the fetus (222). Indeed, allergens contained in mothers' diets were proposed to cross the placenta and to be present in maternal milk (223). As described in the case of passive protection conferred by maternal IgG against infectious, breastfeeding protects children against the development of asthma. Such a protection implicates the transmission of the antigen in the form of IgG immune complexes, in a FcRn-dependent manner leading to the induction of active immune tolerance (224, 225). Importantly, for tolerance to be induced, mothers have to be exposed to allergens during the breastfeeding period (226–228). In the mouse, breastfeeding by mothers sensitized to ovalbumin (OVA), used as a model allergen, promotes a higher induction of tolerance in the progeny than breastfeeding by non-sensitized mothers. Transmission of the allergen from the mothers to the offspring induces OVA-specific regulatory T cells (Tregs), which proliferate and suppress Th2 responses in an allergen-specific manner (229, 230). Depletion of allergen-specific Tregs abolished protection in the pups. Importantly, the induction of OVA-specific Tregs was dependent on the transfer to babies through the FcRn of allergen-IgG immune complexes contained in the breast milk, as shown by the fact that FcRn-deficient mice breastfed by exposed mothers were not protected from the development of asthma (229). Interestingly, the protection against allergens conferred by breastfeeding is sustained beyond the elimination of maternal IgG from the offspring circulation (229). Recent studies show that following FcRn-mediated delivery of OVA-IgG immune complexes, the allergens are internalized by neonatal conventional DC (cDC) (230). While antigen-IgG immune complexes may first be transferred through the placenta, transfer of the allergen through maternal milk may be necessary to get optimal protection. Whether the preventive administration to human of allergen-containing IgG immune complexes may reduce the incidence of asthma in individuals at risk remains to be established.

Education of the fetus' or newborn's immune system by antigens delivered by maternal IgGs may occur spontaneously as explained above. The intentional transplacental delivery of disease-relevant antigens exploiting the FcRn as a Trojan horse from the mothers' circulation to the fetus' was recently validated in two experimental models of human diseases: T1D and alloimmunization to therapeutic FVIII in hemophilia A. Hemophilia A is a rare X-linked hemorrhagic disorder characterized by the lack of functional pro-coagulant FVIII. Bleedings are treated or prevented by the intravenous administration of therapeutic FVIII. The main complication in FVIII replacement therapy is the development of a specific IgG-mediated neutralizing anti-FVIII immune response (231). Several interventional strategies have been attempted in FVIII-deficient mice, an animal model of severe hemophilia A, in order to induce FVIII-specific immune tolerance (232). Among these, we demonstrated that the injection to pregnant FVIII-KO mice of the immunodominant A2 and C2 domains of FVIII fused to mouse Fcγ1 allows the transplacental delivery of A2Fc and C2Fc. The A2Fc and C2Fc were captured by SIRPα+ migratory conventional DCs (cDCs) and reached the fetal thymus where they induced antigen-specific natural Tregs. The immune response to exogenous FVIII was drastically reduced following replacement therapy in offspring from A2Fc/C2Fc treated mothers as compared to offspring from control mothers (233).

T1D is a multifactorial autoimmune disease characterized by the destruction of the insulin-producing ß cells of the pancreas. The incidence of T1D is increasing with an estimate of 420 million individuals affected world-wide (234). Destruction of ß cells by autoreactive T cells causes a deficiency in insulin leading to glucose metabolism impairment. People with T1D may develop blindness, heart attack, kidney failure, … Insulin is one of many self-antigens targeted by pathogenic T cells in T1D (235). Using G9Cα−/−.NOD mice that express a transgenic TcR derived from the insulin-reactive G9C8 CD8 T-cell clone and using NOD mice, a model of spontaneous T1D development, Culina et al. were able to delay the onset and reduce the incidence of T1D in offspring from mothers injected with a preproinsulin (PPI)-Fcγ1 fusion protein (236). As shown in the case of FVIII-Fc fusion proteins, PPI-Fc injected during pregnancy was delivered through the syncytiotrophoblast to the fetuses and was captured by SIRPα+ migratory cDCs. Unexpectedly, the presence of the antigen led to an increase in the recruitment of CD8+ T cells at the periphery, the cells were however less cytotoxic. The low affinity of the TcR from G9C8 CD8+ T cells for its target peptide allowed the induction of specific Tregs.

The capacity of FcRn to transfer maternal IgGs to the baby's circulation has also been exploited with the mere objective of correcting congenital deficiencies in essential enzymatic activities, referred to as lysosomal storage diseases. Lysosomal storage diseases represent a large panel of pathologies characterized by deficiencies in lysosomal enzymes that cause the accumulation of non-digested proteins in the lysosomes of various organs. The affected individuals develop variable morbidities ranging from severe physical impairment to death. Mucopolysaccharidoses (MPS) are members of lysosomal storage diseases and are caused by deficiencies in enzymes involved in the degradation of glycosaminoglycans in the lysosomes. In particular, MPS VII is caused by a deficiency in B-glucuronidase enzyme (GUS) (237). MPS are currently treated by intravenous administration of the lacking enzymes (238–240). Enzyme replacement therapy (ERT) is however hampered by the rapid clearance of the therapeutic enzymes, and by the fact that large amounts of enzymes are required to achieve a modest clearance of the non-digested lysosomal proteins (241). Importantly, ERT is also complicated by the development of neutralizing antibodies. In 2008, Grubb et al. injected pregnant MPS mice with a Fc-fused GUS enzyme. The GUS-Fc chimeric protein was transplacentally delivered to the fetuses in a FcRn-dependent manner (242, 243). After reaching the fetal circulation, the GUS-Fc distributed to brain, liver, spleen, heart, kidneys, lungs and eyes where it was as active as the native enzyme and resolved protein accumulation. Whether the strategy was able to induce tolerance to GUS-Fc was not reported, however.




CONCLUSIONS

The combination of a better understanding of the mechanisms underlying the transplacental delivery of maternal IgGs with the advent of the Fc-fusion technology is opening a novel therapeutic field. Indeed, taking advantage of the FcRn-dependent materno-fetal interface should lead in the near future to new therapies to confer immune tolerance to antigenic targets of pathogenic immune responses. Despite the promise hold by this strategy, several challenges remain. While Fc-mediated transfer of antigen induces long-lasting (i.e., tested until 7-8 weeks of age) immune tolerance in preclinical mouse models, there is no data as yet to suggest that the same is true in primates, and it is adventurous to anticipate the long-term effects on the immune system of the offspring, notably in organisms with longer life expectancies. In addition, questions related to the dose of Fc-fused antigens to be injected to the pregnant mothers and optimal time-window for administration remain to be addressed.

Another aspect relates to the identification of the patients who will benefit from such preventive treatments. For instance, in the case of hemophilia A, 5–30% of the patients develop neutralizing anti-FVIII IgGs (244). Several risk factors have been identified as increasing the probability for a patient to develop allo-antibodies to therapeutic FVIII (i.e., disease severity, polymorphisms in immune genes, ability to control inflammatory and immune responses) (244). Yet, it is nowadays impossible to discriminate with certainty patients who will develop neutralizing anti-FVIII IgGs from those who will not. Among patients with the highest risk, the odds would be to treat three patients to prevent the pathogenic immune response that should develop in one of them. The situation is obviously less favorable in the case of diseases, the onset of which is more complicated to predict than alloimmunization to therapeutic FVIII in hemophilia A, such as T1D, or for which the target antigen is not known.
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Fusion proteins, which consist of factor VIII or factor IX and the transmucosal carrier cholera toxin subunit B, expressed in chloroplasts and bioencapsulated within plant cells, initiate tolerogenic immune responses in the intestine when administered orally. This approach induces regulatory T cells (Treg), which suppress inhibitory antibody formation directed at hemophilia proteins induced by intravenous replacement therapy in hemophilia A and B mice. Further analyses of Treg CD4+ lymphocyte sub-populations in hemophilia B mice reveal a marked increase in the frequency of CD4+CD25−FoxP3−LAP+ T cells (but not of CD4+CD25+FoxP3+ T cells) in the lamina propria of the small but not large intestine. The adoptive transfer of very small numbers of CD4+CD25−LAP+ Treg isolated from the spleen of tolerized mice was superior in suppression of antibodies directed against FIX when compared to CD4+CD25+ T cells. Thus, tolerance induction by oral delivery of antigens bioencapsulated in plant cells occurs via the unique immune system of the small intestine, and suppression of antibody formation is primarily carried out by induced latency-associated peptide (LAP) expressing Treg that likely migrate to the spleen. Tolerogenic antigen presentation in the small intestine requires partial enzymatic degradation of plant cell wall by commensal bacteria in order to release the antigen. Microbiome analysis of hemophilia B mice showed marked differences between small and large intestine. Remarkably, bacterial species known to produce a broad spectrum of enzymes involved in degradation of plant cell wall components were found in the small intestine, in particular in the duodenum. These were highly distinct from populations of cell wall degrading bacteria found in the large intestine. Therefore, FIX antigen presentation and Treg induction by the immune system of the small intestine relies on activity of a distinct microbiome that can potentially be augmented to further enhance this approach.

Keywords: hemophilia, oral tolerance, transgenic plant, regulatory T (Treg) cell, factor IX


INTRODUCTION

The incidence of hemophilia is ~1 in 5,000 male births worldwide. Mutations in either the serine protease factor IX (FIX) or its co-factor, factor VIII (FVIII) that reduce coagulation activity to <1% of normal typically result in severe disease, which is characterized by frequent and potentially life-threatening bleeds. Deficiency of FVIII is referred to as hemophilia A, while FIX deficiency is called hemophilia B. Bleeding can be prevented by frequent intravenous injections of recombinant or plasma-derived factor product (2–3 times per week). However, 20–30% of severe hemophilia A patients develop neutralizing antibodies that inhibit coagulation activity and are therefore referred to as “inhibitors.”

Antibody formation directed at the newly-introduced proteins represents a serious complication in protein replacement therapy for the X-linked bleeding disorder hemophilia (1–5). One partial remedy is ITI (“immune tolerance induction,” consisting of daily high-dose intravenous infusion of FVIII), which however may take months to years and can cost >$1M (1). Incidence of inhibitor formation against FIX is lower in treatment of hemophilia B (estimated ~5% of patients). However, up to 50% of patients with FIX inhibitors experience anaphylactic reactions and/or nephrotic syndrome upon further exposure to FIX (4).

Bypassing agents are available to restore hemostasis, but these are very expensive and have to be more carefully dosed to avoid thrombosis. More recently, a bispecific antibody has been developed that mimics FVIII and promotes coagulation in hemophilia A patients even in the presence of an inhibitor (6, 7). No such therapy is available for hemophilia B, although progress has been made in development of an RNAi therapy that down-regulates expression of the anti-coagulant protein anti-thrombin III, thereby promoting coagulation in hemophilia A or B patients (8). However, none of these bypassing therapies completely restore hemostasis nor do they induce tolerance.

Hence, we and others have been developing diverse novel protocols aimed at reversal of inhibitor formation by immune tolerance induction (ITI), which have primarily been tested in hemophilic mice in which either the F8 or F9 gene had been deleted (9–14). These studies employ a range of strategies, including lymphocyte-based therapies and administration of small molecule/protein/antibody drugs, which modulate distinct immune responses (5). However, methodologies that allow for a prediction of inhibitor formation by individual patients need to be improved and a better understanding of risk factors will be requisite.

We are currently evaluating an alternative approach, which employs introduction of the coagulation factor antigen through a tolerogenic route without the use of immune suppressive drugs or genetic engineering. To this end, we have developed a plant cell-based oral tolerance approach (15–21). FVIII and FIX antigens have been expressed in chloroplast transgenic (transplastomic) crop plants for high levels of antigen production in green leaves. Initially developed in tobacco, this platform has now been optimized in the edible crop plant lettuce, thereby moving closer to clinical application (16, 18, 20, 22). While early studies expressed the native human genes, subsequence studies employed codon optimization to increase antigen expression 10–50-fold in chloroplasts (18). Plants can be grown under soil-free conditions, and leaves harvested and freeze-dried and ultimately converted to a dry powder. This cost-effective production system does not require extraction and purification of the antigen. In fact, antigens are stable in lyophilized plant cells for 2–3 years when stored at ambient temperature (16, 20, 23). Commercial scale production in cGMP hydroponic facility has been demonstrated for several human blood proteins (16, 20, 24). Most importantly, methods have been developed to remove antibiotic resistance genes from chloroplast genomes of edible plant cells producing enzymes or biopharmaceuticals (20, 24, 25). Plant cell wall protects antigens from acid and enzymes in the stomach because they do not cleave Beta1–4, 1–6 linkages in plant cell wall polymers (17, 26). However, commensal bacteria release plant cell wall degrading enzymes thereby releasing antigens in the gut lumen (17, 24). Moreover, antigens are expressed as fusion proteins between the coagulation factor and a transmucosal carrier. N-terminal fusion of CTB (cholera toxin B subunit, an FDA approved antigen), results in pentamer formation and, upon release in the intestine, binding to GM receptor on gut epithelial cells and transmucosal delivery to the immune system (13, 19, 27–29). A furin cleavage site has been engineered between CTB and the antigen so the antigen is released, while CTB is retained in cells that have taken up the fusion protein (30). A major advantage of targeted delivery is efficacy at low antigen doses (18, 20, 21).

Repeated oral delivery of plant cells expressing CTB-fused antigen has been effective in suppression of inhibitor formation against FVIII in hemophilia A mice and against FIX in hemophilia B mice and dogs that were subsequently treated with intravenous FVIII or FIX therapy (18–21). Moreover, IgE formation and thus anaphylaxis against FIX was prevented in hemophilia B mice and dogs (13, 16, 20, 21). Studies in hemophilia B mice revealed a complex mechanism of tolerance induction that involves changes in subsets of dendritic cell (DCs) and regulatory T cell (Treg) populations (13, 15, 19). Here, we demonstrate induction of CD4+CD25−FoxP3−LAP+ Treg (“LAP+ Treg”) in the small but not large intestine of hemophilia B mice and further support their role in suppressing antibody formation.



MATERIALS AND METHODS


Animal Experiments and Adoptive T Cell Transfer

Hemophilia B mice with targeted F9 gene deletion on C3H/HeJ background were as published (20, 21, 31). Male mice 6–8 weeks of age were used for the experiments and housed under special pathogen-free conditions. For oral tolerance induction, freeze-dried powder of lettuce (Lactuca sativa) cv. Simpson Elite with CTB-FIX transgene integrated into chloroplast genome (homoplasmic transplastomic plants) were prepared as published (16, 20). The transgene expresses cholera toxin B subunit (CTB) fused to the N terminus of the mature form of human coagulation factor IX (FIX). Plant material (containing 5 μg CTB-FIX antigen per dose suspended in 200 μl of sterile PBS) was orally delivered via gavage twice per week for 2 months using a 20-G bulb-tipped gastric gavage needle. For intravenous challenge with human FIX antigen, mice were administrated 1 IU FIX (Benefix, Pfizer, New York, NY) into the tail vein once per week for 2 months, starting 4 weeks after initiation of the oral tolerance regimen. Control groups received only intravenous FIX but no gavages. Subsequently, splenocyte preparations were pooled for each experimental group (n = 10 per group), and CD4+ T cells were isolated by magnetic sorting using the CD4+ T cell isolation kits from Miltenyi Biotech (Auburn, CA). Isolated CD4+ T cells were stained with anti-mouse CD4-eflour 450 (clone RM4–5, eBioscience, San Diego, CA), LAP-APC (clone TW7–16B4, BioLegend, San Diego, CA) and CD25-PE (clone PC61, BD Biosciences, San Jose, CA) antibodies. Flow sorting was employed to purify CD4+CD25+ T cells and CD4+CD25−LAP+ T cells using FACS Aria II cell-sorter (BD Biosciences, San Jose, CA). Post-sort analysis of cells confirmed more than 95% purity. Purified live cells (as determined by trypan blue staining) were adoptively transferred into naive strain-matched mice via tail vein injection (300,000 cells/mouse). After 24 h, recipient mice were immunized by subcutaneous injection of 1 IU FIX formulated in Sigma Adjuvant System. Blood samples were collected 3 weeks later, and plasma levels of FIX-specific immunoglobulins were measured by ELISA. Statistical analysis was performed using unpaired student t-test.



Isolation of Gut Lymphocytes

Mice were tolerized as explained above, and small intestinal (ileum and distal jejunum) and large intestinal (colon) tissues were harvested, homogenized, and treated with RBC lysis buffer (Sigma, St. Louis, MO). Intestine was placed in and flushed with ice-cold PBS. Attached tissues such as fat tissue or Peyer's patches were removed, and the intestine cut longitudinally. Tissue was further cut into small pieces (<0.5 cm) and washed multiple times with ice-cold PBS. For pre-digestion, tissue was transferred into 50 ml tube, containing 20 ml pre-digestion solution (pre-heated to 37°C): 1 × HBSS (w/o Ca2+, or Mg2+, or phenol red), 10 mM HEPES, 5 mM EDTA, 1 mM DTT, and 5% FCS (fetal calf serum). Tissue was then incubated for 20 min at 37°C while slowly rotating horizontally. After brief vortex (10 s), tissue was passed through a 100-μm cell strainer (without application of pressure). Incubation and cell straining were repeated once. All flow throughs were collected and subsequently combined to isolate intraepithelial lymphocytes (IELs), while the cells retained by the strainer were combined to isolate lamina propria lymphocytes (LPLs).

For LPLs isolation, cells were placed into pre-warmed buffer of the following composition: 1 × HBSS (w/o Ca2+, or Mg2+, or phenol red), 10 mM HEPES, 0.5 mg/ml collagenase D, 0.5 mg/ml DNase, and 5% FCS. Incubation was again performed at 37°C with horizontal tube rotation, this time for 30 min. Cells were passed through 100-μm cell strainer, followed by addition of excess FACS buffer. Cells were collected by centrifugation for 10 min at 300 g, followed by resuspension in FACS buffer and storage on ice. Finally, LPL or IEL fractions were each purified by Percoll gradient centrifugation (40:80%, 20 min, 1,000 g, room temperature). Cells were recovered, washed in FACS buffer, and ultimately resuspended in FACS buffer for fluorescent antibody staining and flow cytometry.



Flow Cytometry

Analysis by flow cytometry was performed as published (13). Surface staining with antibodies was performed at 4°C for 30 min in PBS, followed by addition of viability dye eFluor 506 (or APC-Cy7) at 4°C for 30 min in PBS. Fixation and Foxp3 Alexa Fluor 647 stain was performed with the transcriptional factor staining buffer set from eBiosciences (San Diego, CA). Isotype control, single positive, and unstained cells served as controls. Flow cytometry was performed using the LSR II system (BD Bioscience, San Jose, CA), and data were analyzed with FlowJo (BD Life Sciences, Franklin Lake, NJ) or FCSExpress software (De Novo Software, Los Angeles, CA). Antibodies against murine antigens were obtained from eBiosciences and included anti-CD4 (eFluor450 conjugated), -CD25 (PE), -LAP (PerCP-eFluor710), and -FoxP3 (Alexa Fluor 647).



Microbiome Analysis

Gut content from duodenum, jejunum, and ileum segments of small intestine as well as large intestine were collected, and DNA was extracted using QIAamp PowerFecal Pro DNA Kit from Qiagen (Hilden, Germany) according to the manufacturer's protocols. To assess the microbial diversity of duodenum, jejunum/ileum and large intestine, the QIAseq 16S/ITS libraries were developed for nine variable regions of 16S rRNA (six amplicons covering v1v2, v2v3, v3v4, v4v5, v5v7, and v7v9 regions) and eukaryote ITS (internal transcribed spacer) using QIAseq 16S/ITS screening panel from the extracted DNA. Sequencing libraries were labeled with different multiplex indexing barcodes (Table 1) for each sample. The indexed libraries were quantified and paired-end (2 × 251 bp) MiSeq sequencing was performed at the Center for Medical Genomics at Indiana University School of Medicine, using reagents from Qiagen. Raw sequencing reads were demultiplexed into separate FASTQ files for each sample with reads from each variable region. Sequence quality of the demultiplexed FASTQ files were assessed using FASTQC tool and imported into QIIME2 environment. Sequencing data were analyzed using QIIME2 2019.10 pipeline to obtain the microbial diversity and abundance in the duodenum, jejunum, and large intestine regions (32). The reads from all the samples were separated based on amplified variable regions (v1v2, v2v3, v3v4, v4v5, v5v7, v7v9, and ITS) using a QIIME2 cutadapt plugin. QIIME2 with DADA2 denoising method was used for quality control and to identify amplicon sequence variants (ASVs) based on amplified variable regions. The parameters “–p-trunc-len” and “–p-trim-left” in QIIME2 DADA2 denoise-paired plugin were altered based on read quality distribution. The QIIME2 Naïve Bayes classifiers were built from SILVA 132 99% OTUs specifically for primer sets used for amplification of variable regions (33). Then the QIIME2 q2-feature-classifier plugin was used for taxonomic assignments of ASVs using the default settings. For ITS-based classification of eukaryotic species, QIIME2 classifier based on UNITE database was used (34), however as we found a small number of taxa only from Protista, the eukaryotic analysis was not advanced to the next level. The identified taxonomy tables were filtered for rare and unclassified ASVs. The taxonomic composition based on each variable region was compared and viewed using QIIME2 taxa barplot plugin at each taxonomic level from kingdom down to species. Alpha diversity analysis was performed using QIIME2 q2-diversity plugin. The enzyme producing potentials of microbes in duodenum, jejunum, and large intestine regions were identified using PICRUSt2 v2.2 algorithm based on the sequences and abundance profiles of the ASVs identified with QIIME2 (35). Predicted microbial enzymes were mapped to microbes at various taxonomic levels. The abundance of enzymes involved in the plant cell wall degradation were compared among duodenum, jejunum, and large intestine regions using STAMP 2.1.3 software (36). Because different amplicon regions show different microbial compositions and consequently different potentials for producing the enzymes of interest, the highest abundance of each enzyme in any amplicon region was used for plotting the enzyme box plots across all three regions.


Table 1. Samples used for microbiome analysis and its barcodes.
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RESULTS


LAP+CD25− but Not CD4+CD25+ T Splenocytes Suppress Anti-FIX Formation After Adoptive Transfer of Low Cell Numbers

During oral tolerance induction, total CD4+CD25+FoxP3+ Treg frequencies do not significantly change in various organs examined, which is in contrast to the increase in frequencies of LAP+ Treg. Nonetheless, we found suppression of antibody formation against FIX to be equally potent as with CD4+CD25−LAP+ following adoptive transfer (while non-CD4+ cells or CD4+CD25−LAP− failed to suppress) (13). In these studies, we had transferred 1 × 106 cells of either subset from tolerized to recipient mice. Here, we transferred more limited cell numbers (300,000 per recipient mouse) from hemophilia B mice that had been orally tolerized to FIX to naive mice of the same strain (Figure 1A). Recipient mice were challenged with FIX in adjuvant, followed by measurement of antibody titers 3 weeks later. Antibody titers were similar for mice that received CD4+CD25+ T cells isolated from the spleens of orally tolerized or untreated control mice (n = 5/experimental recipient group, Figure 1B). In contrast, CD4+CD25−LAP+ T cells from orally tolerized animals suppressed antibody formation, with titers significantly lower as compared to after CD4+CD25+ T cells transfer (Figure 1B). Therefore, LAP+ Treg are the main source of systemic suppression of antibody formation. These cells are induced by antigen administration on mucosal interphases, and hence we were unable to obtain sufficient numbers of CD4+CD25−LAP+ T cells in unfed control mice as illustrated in Figure 1A.


[image: Figure 1]
FIGURE 1. Suppression of antibody formation against FIX after adoptive transfer of Treg. (A) Experimental outline of oral tolerance with bioencapsulated CTB-FIX/intravenous treatment with FIX, T cell isolation, adoptive transfer, and immunization. Donor hemophilia B mice had been treated in this manner or were naïve control mice. Flow cytometry plots show results from purification of splenic CD4+CD25+ T cells and CD4+CD25−LAP+ T cells by flow sorting. (B) FIX-specific IgG titers in mice that received either CD4+CD25+ T cells or CD4+CD25−LAP+ T cells after immunization with FIX. Results are average ±SD (n = 5/group). * indicates P < 0.05.




LAP+ Treg Are Expanded in the Lamina Propria of the Small but Not the Large Intestine

Next, we examined the relative frequencies of FoxP3+ and LAP+ Treg in the immune system lining the small and large intestines in hemophilia B mice upon completion of our oral tolerance regimen (Figure 2 and Supplementary Figure S1). Consistent with our prior findings (13, 19), no increases in total frequencies of FoxP3+ Treg were found in intraepithelial lymphocytes (IEL) or lamina propria lymphocytes (LPL) of either organ (Figure 3A). Compared to untreated mice, frequencies of LAP+ Treg also did not change in the large intestine (n = 5 per group). However, LAP+ Treg frequencies were significantly increased (by 4-fold, Figure 3B) among LPLs of the small intestine (a more modest 2-fold, non-significant increase was seen in IPLs of the small intestine, Figure 3B). Therefore, our results further support the prevailing model that oral tolerance induction primarily occurs in the immune system of the small intestine.


[image: Figure 2]
FIGURE 2. Analysis of Treg subsets in intraepithelial lymphocyte (IEL) and lamina propria lymphocyte (LPL) populations of small and large intestine of hemophilia B mice using flow cytometry. (A) Time course of oral tolerance regimen with CTB-FIX expressing plant cells and treatment by intravenous injection of recombinant FIX protein. (B) Gating scheme and examples of flow cytometry results. Examples of small intestine (“small”) and large intestine (“large”) results are shown for CD4+CD25+FoxP3+ T cells and CD4+CD25−LAP+ T cells. Control mice had not received any treatment.
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FIGURE 3. Frequencies of (A) CD4+CD25+FoxP3+ T cells and (B) CD4+CD25−LAP+ T cells among IEL and LPL populations of small and large intestines of orally tolerized and naïve control hemophilia B mice. Results are average ±SD (n = 5/group).




Microbiome Analysis Reveals Presence of Bacteria in Duodenum That Are Capable of Producing Plant Cell Wall Degrading Enzymes

To study the microbiome of the hemophilia B mice, intestinal contents of four C3H/HeJ F9−/− mice of the same colony used in the oral tolerance experiments were collected for DNA extraction. Contents of duodenum and jejunum/ileum portions of the small intestine were collected separately, in addition to contents from the large intestine (colon). All the nine variable regions of the 16S ribosomal RNA gene covered by six amplicons were analyzed by next-generation sequencing (NGS). Consistent with findings by others (37), the microbiomes of the duodenum and jejunum/ileum portion of the small intestine were dominated by bacteria of the Lactobacillales order (Figure 4, Supplementary Figures S2A–E, and Table 1). The microbiome of the large intestine was distinct from the small intestine with more alpha diversity (Supplementary Figures S3A,B), and consisted predominantly of bacteria of the Bacteroidales, Clostridiales, Campylobacterales, and Deferribacterales orders. Although both locations contain considerable populations of Firmicutes, these are predominantly Lactobacillales in the small intestine and Clostridiales in the large intestine. Also, bacteria from phylum, Bacteriodetes are significantly higher in the large intestine compared to the small intestine.


[image: Figure 4]
FIGURE 4. Relative frequencies of bacterial orders in duodenum, jejunum/ileum, and small intestine of hemophilia B mice (n = 4) as determined by bioinformatic analysis of NGS data. The example shown here is for data obtained from amplification of variable region v3v4.


Next, we mined the data for frequencies of species that are known to produce enzymes involved in degradation of plant cell wall components such as cellulose, xylan, mannan, and pectin, or in degradation of lipids or generation of glucose (Table 2 and Supplementary Figure S4). As expected, the large intestine provided higher frequencies of bacteria producing β-N-acetylhexosaminidase [EC 3.2.1.52], cellulase (β-1,4-endoglucanase) [EC 3.2.1.4], amino-acid N-acetyltransferase [EC 2.3.1.1], β-glucosidase [EC 3.2.1.21], mannan endo-1,4-β-mannosidase [EC 3.2.1.78], and pectinesterase [EC 3.1.1.11] (Figures 5D–G,I–K) compared to duodenum and jejunum/ileum because of its higher microbial diversity. Producers of endo-1,4-β-xylanase [EC 3.2.1.8] were only detected in the large intestine (Figure 5K). The jejunum/ileum section only contained higher levels of bacteria producing 6-phospho-β-glucosidase [EC 3.2.1.86], while producers of carboxylesterase [EC 3.1.1.1] were similarly abundant as for large intestine (Figure 5C). Especially, the duodenum population was dominated by producers of 6-phospho-β-glucosidase [EC 3.2.1.86] and higher levels of triacylglycerol lipase [EC 3.1.1.3] than other locations (Figures 5A,C). Interestingly, there was also strong evidence for cellulase, β-N-acetylhexosaminidase, amino-acid N-acetyltransferase, β-glucosidase, xylan 1,4-β-xylosidase, and pectinesterase producers in the small intestine region (Figures 5B,D–H,J). Although differences between duodenum and ileum/jenunum did not reach statistical significance, the duodenum of the hemophilia B mice trended to show higher frequencies of bacteria producing enzymes for breakdown of multiple cell wall components (Figures 5A,C,E,H,J and Supplementary Table S1). Comparison of the relative contribution of different families of bacteria to the production of these particular enzymes in different segments of the gut revealed that these populations are highly distinct between the duodenum, jejunum/ileum, and the large intestine (Figures 6A–H). For example, carboxylesterase [EC 3.1.1.1] producers are dominated by Defferibacteracea in the large intestine and Lactobacillaceae in the jejunum/ileum, while three different families (Burkholderiaceae, Lactobacillaceae, and Staphylococcaceae) contribute similarly in the duodenum (Figure 6A). Another example is the high contribution of Flavobacteriaceae to cellulase production in the duodenum, while lacking contribution of Clostridiales that is seen in the colon (Figure 5H). The exception was 6-phospho-β-glucosidase [EC 3.2.1.86], which appears to be predominantly produced by Lactobacillaceae in all segments (Figure 6I).


Table 2. Plant cell wall degrading bacterial enzymes produced by species identified in microbiome of hemophilia B mice.
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FIGURE 5. Species relative frequencies of bacteria producing the following enzymes in duodenum, jejunum/ileum, and large intestine of hemophilia B mice as predicted by PICRUSt2 on different 16S rRNA variable region taxonomic profiles. Results are shown for six variable regions analyzed by NGS (Statistical method t-test was used, asterisks represent significance level of a pairwise t-test with P-values i.e., ‘****' ≤ 1e-04, ‘***' ≤ 0.001, ‘**' ≤ 0.01, ‘*' ≤ 0.05, ns > 0.05 (not significant). (A) Triacylglycerol lipase. (B) Carboxylesterase. (C) 6-phospho-β-glucosidase. (D) β-N-acetylhexosaminidase. (E) Cellulase (β-1,4-endoglucan hydrolase). (F) Amino-acid N-acetyltransferase. (G) β-glucosidase. (H) Xylan 1,4-β-xylosidase. (I) Mannan endo-1,4-β-mannosidase. (J) Pectinesterase. (K) Endo-1,4-β-xylanase.
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FIGURE 6. Relative abundance of bacterial orders producing enzymes that degrade plant cell wall components were identified in the duodenum, jejunum, and large intestine of hemophilia B mice. Results are shown as highest abundance of each enzyme from the tested amplicon regions in duodenum, jejunum/ileum, and large intestine of the hemophilia B mice. (A) Carboxylesterase. (B) Triacylglycerol lipase. (C) Amino-acid N-acetyltransferase. (D) Pectinesterase. (E) β-glucosidase. (F) Xylan 1,4-β-xylosidase. (G) β-N-acetylhexosaminidase. (H) Cellulase (β-1,4-endoglucan hydrolase). (I) 6-phospho-β-glucosidase.





DISCUSSION

In our prior studies, up-take of FIX antigen by epithelial cells and DCs (including CD103+ DCs, which are critical for Treg induction) was observed in all portions of the small intestine (13). Although the immune system of the colon contains large numbers of CD4+CD25+FoxP3+ Treg (“FoxP3+ Treg”; in part to prevent inflammatory responses to the large bacterial population), oral tolerance induction is believed to be a function of the small intestine's immune system (38–41). Among the various subsets of Treg, our protocol most robustly induces CD4+CD25−LAP+ Treg, whose frequencies are substantially increased in Peyer's patches and mesenteric lymph nodes (MLNs), while still showing significant increases in spleens (13, 19), which is further supported by our new data. Additionally, we now demonstrate that plant cell-based oral tolerance induces LAP+ Treg in the mucosal immune system of the small intestine only, thus further supporting its crucial role in this approach. Detection of LAP (latency-associated peptide of TGF-β) on the surface of T cells reflects high expression of TGF-β, a cytokine that is expressed by CD103+ DCs and that is required for induction of FoxP3+ Treg and LAP+ Treg (42–44). The latter suppress in a TGF-β dependent manner and may serve as a biomarker for oral tolerance induction (18).

Antigen-specific Treg induction in the small intestine requires antigen release from the plant cells. Bioencapsulated antigens are protected from acid hydrolysis and digestive enzymes in the stomach through the β-1,4 and β-1,6 linkages of plant cell wall components that mammalian enzymes cannot hydrolyze. Therefore, enzymatic activities provided by the microbiome of the small intestine are critical to release FVIII or FIX antigens for delivery to the immune system and Treg induction. The microbiome of the small intestine is distinct from that of the large intestine and dominated by Firmicutes that are of the order Lactobacillales. This finding is consistent with the greater frequency of producers of 6-phospho-β-glucosidase as compared to the large intestine, highlighting the role of the small intestine in nutrient absorption. The large intestine has overall greater microbial diversity but also contains a large proportion of Firmicutes. These are however mostly Clostridiales, which are known to induce FoxP3+ Treg in the colon (45). Less is known about the role of the small intestine's microbiome in Treg induction, a function that is critical for oral tolerance.

In order to begin to define the role of the small intestine's microbiome in Treg induction in plant cell-based oral tolerance, we reasoned that we needed to first address the question of antigen release. Plant cell wall degrading microbes are mostly studied for the colon, addressing end digestion rather than nutrient absorption and oral immune tolerance, which are functions of the small intestine. Here, we find that the microbiome of the small intestine, while not as capable as the large intestine, does provide diversity of enzyme producers that degrade various components of the plant cell wall and greater levels of triacylglycerol lipase and 6-phospho-β-glucosidase producers. Within the small intestine, the duodenum tended to have a greater capacity and diversity of such enzyme producers compared to the jejunum/ileum. It should also be noted that not all enzymes required for complete cell wall degradation are needed for antigen release which merely relies on sufficient disruption of the cell wall integrity. The duodenum likely functions as an initial place for breakdown of plant cells, so that antigens can be released for tolerance induction. The jejunum/ileum location contains Peyer's patches and has important functions in antigen uptake and processing (39, 41).

Interestingly, composition of the bacterial population that produces the diverse cell wall producing enzymes is highly distinct between the duodenum and the large intestine. This feature could potentially be exploited to design probiotics for duodenum-specific delivery of enzyme producers. For example, with the exception of 6-phospho-β-glucosidase, the enzymatic activities that we investigated here are provided by bacteria that do not belong to the order of Lactobacillales, which are by far the most abundant order in the small intestine. Instead, the enzymatic activities are contributed by other types of bacteria that are present but infrequent in the small intestine, such as Burkholderiales or Flavobacteriales. Therefore, Daniell et al. have recently generated plants expressing cell wall degrading enzymes (24, 25). Importantly, oral delivery of pectinase, endoglucanase, exoglucanase, and mannanase before feeding plants cells expressing therapeutic proteins almost doubled drug levels in plasma (46). This method would provide more precise dosing of the required enzymatic activity than a probiotic approach.

While not further investigated here, we previously also found evidence for induction of Tr1 (type 1 regulatory T) cells in the lamina propria of orally tolerized mice (13). These cells are known to produce large amounts of IL-10. FoxP3+ Treg on mucosal interphases and LAP+ Treg also produce IL-10, and our oral tolerance protocol was unsuccessful in hemophilia B mice deficient in IL-10 (13). Even though our studies on other tolerance induction protocols showed that IL-10 is not generally required for Treg induction or their ability to suppress antibody formation, IL-10 is critical for plant cell-based oral tolerance induction (13, 47, 48). Moreover, we found that IL-10 and TGF-β is mainly expressed by LAP+ Treg upon antigen re-stimulation of splenocytes from orally tolerized mice. Although our previous adoptive transfer studies do not entirely rule out that contamination with small numbers of LAP+ Treg contributed to suppression by CD4+CD25+ T cells, the bulk of the literature on oral tolerance to food antigens supports our interpretation that FoxP3+ Treg contribute to oral tolerance induction to FVIII and FIX in our studies (38, 40, 49). It has been proposed that FoxP3+ Treg induced in the MLN by CD103+ DCs (following antigen uptake in the LP and migration to the MLN) subsequently migrate to the LP, where additional stimulation with antigen results in their further expansion (49). Through expression of IL-10 and other molecules, FoxP3+ Treg and Tr1 cells may help shape a local environment that supports induction of LAP+ Treg, which are most robustly induced and thus constitute the main type of Treg that suppresses systemic antibody/inhibitor formation against FVIII or FIX in plant-based oral tolerance. Certain species of Clostridium and Bacteriodes have been shown to induce IL-10 producing FoxP3+ Treg, e.g., via certain polysaccharides (50). Such effects have not yet been documented for other subsets of Treg such as LAP+ Treg or Tr1 cells. Clostridium species are controlling FoxP3+ Treg and Th17 differentiation and expansion, e.g., through production of short chain fatty acids (SCFAs) (50–52), and elimination of FoxP3+ Treg can lead to increased populations of Firmicutes (53). Similar to FoxP3+ Treg and Th17 cells, induction of LAP+ Treg depends on TGF-β, and LAP+ Treg are major contributors of IL-10 production in our plant cell-based induced immune regulation of responses against FVIII or FIX (13). One would therefore expect similar effects of the microbiome on LAP+ Treg induction. However, the findings summarized above are based on observations on the colonic microbiome and colonic Treg, while LAP+ Treg are induced in the mucosa of the small intestine. Analogous mechanisms in the small intestine that may impact oral tolerance remain to be discovered.

In conclusion, suppression of antibody formation by oral tolerance by administration of CTB-FIX bioencapsulated in plant cells is primarily performed by LAP+ Treg, which are expanded in the immune system of the small but not the large intestine. Therefore, optimal release of antigen from the plant cells in the small intestine and delivery to the associated immune system is key for success of this strategy. Bacteria capable of providing the required enzymatic activities are present in the small intestine (in particular in the duodenum). The composition of this population is distinct from that of the large intestine, and their augmentation may further enhance plant cell-based oral tolerance induction.
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Anti-factor VIII (fVIII) alloantibodies, which can develop in patients with hemophilia A, limit the therapeutic options and increase morbidity and mortality of these patients. However, the factors that influence anti-fVIII antibody development remain incompletely understood. Recent studies suggest that Fc gamma receptors (FcγRs) may facilitate recognition and uptake of fVIII by recently developed or pre-existing naturally occurring anti-fVIII antibodies, providing a mechanism whereby the immune system may recognize fVIII following infusion. However, the role of FcγRs in anti-fVIII antibody formation remains unknown. In order to define the influence of FcγRs on the development of anti-fVIII antibodies, fVIII was injected into WT or FcγR knockout recipients, followed by evaluation of anti-fVIII antibodies. Anti-fVIII antibodies were readily observed following fVIII injection into FcγR knockouts, with similar anti-fVIII antibody levels occurring in FcγR knockouts as detected in WT mice injected in parallel. As antibodies can also fix complement, providing a potential mechanism whereby anti-fVIII antibodies may influence anti-fVIII antibody formation independent of FcγRs, fVIII was also injected into complement component 3 (C3) knockout recipients in parallel. Similar to FcγR knockouts, C3 knockout recipients developed a robust response to fVIII, which was likewise similar to that observed in WT recipients. As FcγRs or C3 may compensate for each other in recipients only deficient in FcγRs or C3 alone, we generated mice deficient in both FcγRs and C3 to test for potential antibody effector redundancy in anti-fVIII antibody formation. Infusion of fVIII into FcγRs and C3 (FcγR × C3) double knockouts likewise induced anti-fVIII antibodies. However, unlike individual knockouts, anti-fVIII antibodies in FcγRs × C3 knockouts were initially lower than WT recipients, although anti-fVIII antibodies increased to WT levels following additional fVIII exposure. In contrast, infusion of RBCs expressing distinct alloantigens into FcγRs, C3 or FcγR × C3 knockout recipients either failed to change anti-RBC levels when compared to WT recipients or actually increased antibody responses, depending on the target antigen. Taken together, these results suggest FcγRs and C3 can differentially impact antibody formation following exposure to distinct alloantigens and that FcγRs and C3 work in concert to facilitate early anti-fVIII antibody formation.

Keywords: hemophilia, inhibitors, Fc gamma receptors, complement component 3, alloimmunization, humoral immunity


INTRODUCTION

Undetectable levels of circulating factor VIII (fVIII) in most patients with severe hemophilia A not only results in impaired coagulation, but also fails to induce immunological tolerance to fVIII during neonatal and early life (1, 2). As a result, therapeutic exposure to exogenous fVIII can induce the formation of inhibitory anti-fVIII antibodies (inhibitors), which render fVIII therapy ineffective (3–9). This, in turn, makes bleeding difficult to control and prevent, resulting in increased morbidity and mortality, increased cost of care and decreased quality of life (5, 8). fVIII inhibitors occur in ~20–30% of patients with severe hemophilia A and 5% of patients with mild/moderate hemophilia A, and represent one of the most significant complications in the management of patients with hemophilia A (3–12).

One of the most common approaches to inhibitor eradication is immune tolerance therapy (ITT). However, while ITT is successful in 60–70% of cases, this treatment continues to suffer from the significant time and expense required for implementation (8, 13–16). In addition, while the relatively new chimeric antibody, emicizumab, can provide effective prophylaxis to reduce bleeding risk in patients with inhibitors, it does not treat acute bleeding events (17–19). As such, patients with inhibitors continue to be difficult to manage during acute bleeding episodes (e.g., trauma, surgery, etc.).

Despite the negative consequences of inhibitor formation, no prophylactic therapy is currently available to prevent inhibitor development. This in part reflects a fundamental lack of understanding regarding the key immune regulators that govern inhibitor formation. Recent studies suggest that several key initiating immune cells, including marginal zone macrophages (MZM) and marginal zone (MZ) B cells, may be responsible for initiating inhibitor development (20, 21). However, while these and other cells may influence inhibitor formation (22–29), current paradigms in immunology suggest that a “danger signal” must be present to appropriately activate immune cells and therefore drive adaptive immune responses toward foreign antigens (30–37). As fVIII is an otherwise innocuous antigen, the innate immune stimuli responsible for triggering fVIII immune responses has remained unknown (38–40). Given the challenges associated with optimally managing hemophilia A patients with inhibitors (5, 8), a greater understanding of key factors that influence inhibitor development is needed.

Previous studies suggest that early antibody formation or pre-existing naturally occurring anti-fVIII antibodies may engage fVIII (41–43), thereby facilitating additional anti-fVIII antibodies following subsequent exposure. As antibody ligation of dendritic cells, macrophages and other immune cells can lead to immune cell activation (44), anti-fVIII antibodies could provide the innate immune signaling events required for activation of the adaptive immune system, while also enhancing the detection and uptake of fVIII by key immune populations responsible for orchestrating a productive immune response (45). Consistent with this, incubation of anti-fVIII antibodies with fVIII can enhance fVIII uptake in vitro, while injection of antibody-fVIII complexes in vivo can enhance de novo anti-fVIII antibody formation (41–43). Taken together, these results suggest that antibody engagement and trafficking of fVIII to appropriate immune cells may enhance anti-fVIII antibody formation.

While several studies suggest that antibody engagement can enhance anti-fVIII antibody development, whether anti-fVIII antibodies that develop in response to fVIII likewise regulate an ongoing fVIII immune response remains unknown. Enhancement of de novo inhibitor development by existing anti-fVIII antibodies is thought to occur primarily through Fcγ receptor (FcγR) engagement of antibody-fVIII complexes (41, 42, 45), resulting in the endocytosis, activation and presentation of fVIII to key components of the immune system. In this way, antibody engagement of fVIII may enhance fVIII removal, while also targeting fVIII to appropriate immune populations capable of facilitating an overall fVIII immune response. However, while interactions between affinity matured anti-fVIII antibodies and fVIII appear to enhance fVIII immunogenicity, the actual role of FcγRs on the developing anti-fVIII immune response remains unknown.



MATERIALS AND METHODS


Mice and Materials

Female C57BL/6 (B6) recipients were purchased from the National Cancer Institute (Frederick, MD) or Charles River (Wilmington, MA) and used as wild-type (WT) controls for each experiment. C3 knockout (B6;129S4-C3tm1Crr/J) and FcγR knockout (B6;129P2-Fcer1gtm1Rav/J) mice were purchased from Jackson Laboratories (Bar Harbor, ME) and Taconic Biosciences (Renesselaer, NY), respectively. Recipients deficient in C3 and Fcγ receptors (FcγR x C3 knockouts) were generated as outlined previously (46). Transgenic KEL and HOD donors were maintained as outlined previously (47, 48). fVIII knockout mice (hemophilia A mice, TKO) on a C57BL/6 background were used for complement depletion experiments; these mice possess a deletion of the entire F8 coding sequence (40). A combination of male and female mice, all aged 8 to 12-weeks-old were used. All animals were housed and bred in cages at the Emory University Department of Animal Resources facilities, and all experiments were performed under animal protocols approved by the Institutional Animal Care and Use Committee of Emory University. Full-length recombinant human fVIII (rfVIII) was generously donated by Hemophilia of Georgia and Christopher Tormey, Yale University. Native cobra venom factor (nCVF) from Naja naja kaouthia was used for complement depletion studies (Quidel Corporation, Athens, OH).



fVIII Immunization Regimen

B6, FcγR knockout, C3 knockout, FcγR x C3 knockout and hemophilia A mice received human full-length rfVIII in a 100-μL total volume of sterile saline via retro-orbital injection. fVIII was administered according to previously described dosing and administration schedules (21, 40). Briefly, mice received weekly doses of 2 μg fVIII for 2–4 weeks. In B6 or FcγR x C3 knockout mice receiving a “boost” dose, a 4 μg fVIII dose was given 1 week after the 4th dose as outlined previously (21, 40). Hemophilia A mice were administered fVIII 6 h after receiving 7.5 U nCVF via intra-peritoneal injection.



Plasma Analysis for Anti-fVIII Antibodies

To examine anti-fVIII antibody formation in B6, FcγR knockout, C3 knockout, FcγR × C3 knockout or hemophilia A mice, blood was collected from the orbital venous plexus with heparinized capillary tubes into 3.8% sodium citrate at 1:10 dilution 7 days after the last injection of fVIII for all specified time points. Samples were then microcentrifuged at 3,200 rpm for 15 min, with resulting plasma collected and frozen until further analysis. To measure anti-fVIII IgG titers, an enzyme-linked immunosorbent assay (ELISA) was performed, as previously described (21, 39, 49).



Characterization of Mice: C3 Levels and Fcγ Receptors

To examine C3 protein levels in serum from B6, FcγR knockout, C3 knockout, FcγR x C3 knockout or hemophilia A mice, an ELISA was performed using a mouse C3 ELISA Kit from Abcam (Cambridge, MA). To verify the presence or absence of Fcγ receptors in B6, C3 knockout, FcγR knockout and FcγR x C3 knockout mice, peripheral blood was collected via tail vein into ACD, followed by red blood cell lysis with Ammonium-Chloride-Potassium Lysing Buffer (ThermoFisher). Lymphocytes were then stained with V500 anti-CD45R/B220, PerCP Cy5.5 anti-CD11b, PE anti-CD11c and allophycocyanin anti-CD16 (BioLegend, San Diego, CA) diluted in fluorescence-activated cell sorting (FACS) buffer (PBS + 2% BSA) for 30 min at 4°C. The mean fluorescent intensity of FcγRI (CD16) present on CD11b positive peripheral blood leukocytes in each mouse was determined using an LSR-II flow cytometer (BD Biosciences) and analyzed using FlowJo software version 10.4.2.



Red Blood Cell (RBC) Isolation and Staining

HOD or KEL RBCs were collected into a 50 mL conical tube containing 1:8 ACD as outlined previously (47, 48, 50, 51). For incompatible transfusion experiments, HOD or KEL RBCs were labeled with Molecular Probes Cell Tracker CM-DiI, (1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate). Control B6 blood was labeled with another lipophilic dye, DiO (3,3'-dihexadecyloxacarbocyanine perchlorate), as previously described (47, 52). DiI and DiO labeling was confirmed individually by flow cytometry prior to mixing and transfusion. DiI KEL RBCs or DiI HOD RBCs were mixed with DiO B6 RBCs equally. Each mouse was transfused with 50 μL DiI KEL RBCs or DiI HOD RBCs (1:1 with DiO B6 RBCs) resuspended in 300 μL PBS into the lateral tail vein. For alloimmunization experiments, HOD or KEL RBCs were similarly collected and 50 μL of unlabeled packed HOD or KEL RBCs were transfused into each recipient (47, 48, 50, 51).



Peripheral Blood Staining

Following transfusion, peripheral blood was collected by retro-orbital bleeding of each mouse into ACD and washed 3x in FACS buffer. Peripheral blood was then stained for the HOD or KEL antigen using anti-KEL or anti-HOD antibodies, respectively, in FACS buffer as outlined previously (47, 48, 50, 51). Stained RBCs were then washed 3x in FACS buffer, followed by incubation with a secondary antibody, anti-mouse IgG APC (Jackson Immunoresearch) in FACS buffer, for 20 min at room temperature. Stained RBCs were then washed 3x in FACS buffer and diluted to a final volume of 100 μL in FACS buffer. Complement was detected through biotinylated antibodies against mouse C3 (Cedarlane) followed by streptavidin APC (BD). 50 μL of each set of stained RBCs in FACS buffer was added to 400 μL of FACS buffer and the level of complement was measured by a FACSCalibur flow cytometer (47, 52).



Serum Analysis for Anti-RBC Antibodies

The presence of anti-KEL and anti-HOD antibodies was evaluated through indirect immunofluorescent staining of serum collected from transfused recipients on day 14 after RBC transfusion, as described previously (51–53). Briefly, serum was combined with packed KEL, HOD or B6 RBCs for 15 min at room temperature. After washing with FACS buffer, samples were incubated with APC anti-mouse IgG for 30 min. The amount of antigen specific antibody present in each sample was measured by subtracting the signal obtained following serum incubation with B6 RBCs alone from the signal observed following similar incubation with HOD or KEL RBCs, respectively. Flow cytometric data was acquired using CellQuest Pro and analyzed using FlowJo software version 10.4.2.



Statistical Analysis

Unpaired t-test or one-way analysis of variance (ANOVA) test with a post hoc Tukey's multiple comparisons test were performed to determine significance of results. Prism 8.2 (GraphPad Software, La Jolla, CA) was used to perform all statistical analyses. P-values < 0.05 were considered statistically significant.




RESULTS


Anti-fVIII Antibodies Can Form Independent of FcγRs or C3

Given the possible role of FcγRs in the developing immune response to fVIII, we first sought to define the role of FcγRs by leveraging mice completely deficient in the common γ chain used by all activating FcγRs (FcγRs I, III, and IV), a common approach to examine FcγR function (44). As recent data also demonstrate that C3 can regulate anti-fVIII antibody formation (27), and antibody engagement of antigen can also induce C3 activation (54), we also examined the role of C3 in anti-fVIII antibody formation by using C3 knockout mice, which are genetically deficient in C3, in parallel. To accomplish this, we injected rfVIII (2 μg) weekly into either WT, FcγR knockout or C3 knockout recipients. To examine the potential influence of these immune factors early in the development of anti-fVIII antibodies, plasma was harvested 21 days following initial fVIII injection and evaluated for anti-fVIII antibodies. Unexpectedly, anti-fVIII antibodies readily formed in FcγRs knockout recipients following fVIII exposure (Figure 1A). Similarly, C3 knockouts were also responsive to fVIII infusion (Figure 1A). Indeed, the development of anti-fVIII antibodies between WT, FcγR knockouts and C3 knockouts was not statistically different, with similar antibody responses being observed 21 days post initial fVIII exposure (Figure 1A).


[image: Figure 1]
FIGURE 1. Anti-fVIII antibodies can form independent of Fcγ receptors or C3. (A) WT, C3 knockout or Fcγ receptor knockout recipients received 3 weekly injections of fVIII followed by evalution of anti-fVIII antibody formation by ELISA. (B) Analysis of C3 levels in WT, C3 knockout and FcγR knockout mice. (C) Flow cytometry gating strategy used to examine Fcγ R1 (CD16) expression on the surface of leukocytes. (D) Quantiative analysis of Fcγ receptor levels in WT, C3 knockout or Fcγ receptor knockout recipients. ns = not significant. ****p < 0.0001.


Given the unexpected outcome of anti-fVIII antibody formation observed in FcγRs and C3 knockout recipients, it remained possible that residual FcγRs or C3 may be present in these recipients. To initially test this, we analyzed C3 levels in WT, FcγR knockout and C3 knockout recipients. While C3 was variable, yet present, in WT and FcγR knockout recipients, we failed to detect C3 in C3 knockout recipients (Figure 1B). Similarly, to confirm that FcγRs were absent in FcγR knockout recipients, we examined peripheral blood leukocytes for CD16 expression and found that while leukocytes harvested from WT and C3 knockout mice readily expressed CD16, this FcγR was completely absent in FcγR knockouts (Figures 1C,D). However, given the unexpected outcome of fVIII infusion in these recipients, to firmly establish whether residual FcγR or C3 function may be present, we utilized two incompatible RBC transfusion models shown to be entirely dependent on FcγRs or to result in detectable C3 fixation on the cell surface, respectively (47, 52). To accomplish this, HOD RBCs, which express the HOD antigen (a chimeric fusion protein of HEL, OVA and Duffy) were labeled with a lipophilic dye, DiI, to facilitate detection post-transfusion and mixed with HOD antigen negative RBCs labeled with a fluorescently distinct dye, DiO. While transfusion of HOD RBCs into immunized recipients resulted in robust clearance, no detectable HOD RBC removal was observed following transfusion of HOD RBCs into immunized or non-immunized FcγR knockouts (Figures 2A,B). Antibody binding to HOD RBCs does not fix appreciable complement (47). As a result, we next examined C3 deposition following transfusion of RBCs expressing the KEL antigen using a similar experimental approach. Incompatible KEL RBC transfusion resulted in significant C3 deposition, while similar transfusion into C3 knockout mice failed to result in detectable C3 on the KEL RBC surface (Figures 2C,D). Taken together, these results demonstrate that FcγR and C3 knockouts are deficient in FcγRs and C3 activity, respectively, and that anti-fVIII antibody formation, therefore, does not appear to require FcγRs or C3 in this model system.
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FIGURE 2. Fcγ receptor and C3 knockouts exhibit an impaired ability to mediate RBC clearance or C3 deposition following incompatible RBC transfusion. (A) HOD (HEL, OVA, and Duffy) RBCs labeled with the lipophilic dye, DiI, can be discriminated from WT B6 RBCs labeled with a distinct lipophilic dye, DiO, following transfusion into a WT recipient. (B) HOD RBCs were transfused into non-immunized or anti-HOD (αHOD) immunized WT or Fcγ receptor knockout recipients, followed by evaluation for specific HOD RBC clearance. (C) KEL RBCs labeled with the lipophilic dye, DiI, can be discriminated from WT B6 RBCs labeled with a distinct lipophilic dye, DiO, following transfusion into a WT recipient. (D) KEL RBCs were transfused into non-immunized or anti-KEL (αKEL) immunized WT or C3 knockout recipients, followed by examination for C3 deposition specifically on the KEL RBC surface. ns = not significant. ****p < 0.0001.




Alternative Intravascular Antigens Induce Antibodies Independent of FcγRs or C3

To determine whether the immune response to other intravascular antigens likewise occurs in the absence of FcγRs, as a control, we next examined the outcome of transfusing RBCs expressing the same alloantigens used to define FcγR or C3 activity; like fVIII, these antigens are delivered intravascularly. To examine this, FcγR knockout recipients were transfused with either HOD or KEL RBCs, followed by examination of anti-HOD or anti-KEL antibody formation, respectively. Similar to the development of anti-fVIII antibodies, HOD RBCs and KEL RBCs were able to induce anti-HOD and anti-KEL antibodies irrespective of the presence or absence of FcγRs (Figures 3A,B). As an additional control, HOD or KEL RBCs were likewise transfused into C3 knockout recipients in parallel. Similar to transfusion into FcγR knockout recipients, HOD or KEL RBC transfusion into C3 knockout recipients resulted in robust anti-HOD and anti-KEL antibody formation, with anti-KEL antibodies formation in C3 knockout recipients actually displaying an enhanced response when compared to WT recipients (Figures 3A,B). These results demonstrate that like fVIII, HOD and KEL RBCs appear to possess the ability to induce antibody formation in absence of functional FcγRs or C3.
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FIGURE 3. C3 has a differential impact on anti-RBC antibody formation depending on the target antigen. (A) Flow cross match results obtained following transfusion of HOD RBCs into WT B6, C3 knockout or Fcγ receptor knockout recipients. (B) Flow cross match results obtained following transfusion of KEL RBCs into WT B6, C3 knockout or Fcγ receptor knockout recipients. ns = not significant. * = < 0.04, ** = < 0.009.




Examination of Complement Depletion on Early Anti-fVIII Antibody Formation

As C3 knockout mice have normal levels of mouse fVIII, we next aimed to investigate the role of complement in FVIII-deficient hemophilia A mice. To accomplish this, we depleted complement by administering nCVF to WT or hemophilia A mice. Plasma C3 levels were determined in mice at baseline and 6, 12, and 24 h after nCVF injection, which showed C3 depletion by 6 h that persisted for 24 h (Supplementary Figure 1A). Next, two weekly doses of saline or 7.5 U nCVF were administered to WT or hemophilia A mice followed by rfVIII 6 h later (Supplementary Figure 1B). Plasma C3 levels were obtained 24 h after each nCVF administration to ensure adequate complement depletion was attained (Supplementary Figure 1C). Plasma collected 14 days following initial fVIII injection was analyzed for anti-fVIII antibody formation with ELISA. Similar to C3 knockout mice, B6 or hemophilia A mice that received nCVF prior to fVIII injection produced inhibitors at the same level as control mice (Supplementary Figure 1D).



FcγRs and C3 Influence Early Anti-fVIII Antibody Formation

While the immune responses to fVIII, HOD and KEL in the absence of FcγRs or C3 knockouts suggests that neither FcγRs nor C3 are individually required for antibody formation, whether FcγRs or C3 play a redundant role in the developing immune response to any of these antigens remains unknown. As antibodies can ligate FcγRs independent of complement and C3 activation could occur in FcγR knockouts, it remained possible that FcγRs or C3 may fill an important role in the developing immune response to fVIII when the other antibody effector system is absent. To control for potential redundancy between FcγRs and C3 in the developing immune response toward fVIII, we crossed FcγR and C3 knockouts to generate mice genetically deficient in both FcγRs and C3. To determine whether these double knockouts (FcγRs × C3 KOs) were deficient in FcγRs and C3, we first examined FcγRs on leukocyte surfaces and C3 in serum. Similar to FcγR and C3 knockouts individually, FcγRs × C3 KOs possessed no detectable C3 in their serum, nor could CD16 be detected on the leukocyte surface (Figures 4A,B). Furthermore, similar activity assays of incompatible transfusion employed previously likewise demonstrated that FcγRs × C3 KOs were devoid of functional FcγRs or C3 (Figures 4C,D).
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FIGURE 4. Mice deficient in both Fcγ receptors and C3 exhibit an impaired early antibody response to fVIII, but not to RBC alloantigens. (A) Analysis of C3 levels in WT or C3 X FcγR knockout recipients (DKO). (B) Quantiative analysis of Fcγ receptor levels in WT or C3 X FcγR knockout mice (DKO). (C) HOD (HEL, OVA, and Duffy) RBCs were transfused into non-immunized or anti-HOD (αHOD) immunized WT or C3 X FcγR knockout recipients, followed by evaluation for specific HOD RBC clearance. (D) KEL RBCs were transfused into non-immunized or anti-KEL (αKEL) immunized WT or C3 X FcγR knockout recipients (DKO), followed by examination for C3 deposition specifically on the KEL RBC surface. (E) WT or C3 X FcγR knockout recipients received three weekly injections of fVIII followed by evalution of anti-fVIII antibody formation by ELISA. (F) Flow cross match results obtained following serum incubation with HOD RBCs following transfusion of HOD RBCs into WT or C3 X FcγR knockout (DKO) recipients. (G) Flow cross match results obtained following serum incubation with KEL RBCs following transfusion of KEL RBCs into WT or C3 X FcγR knockout (DKO) recipients. ns = not significant. *p < 0.05, ****p < 0.0001.


Having confirmed that FcγRs × C3 KOs do not possess functional FcγRs and C3, we next sought to determine whether FcγRs and C3 are involved in anti-fVIII antibody formation. To accomplish this, FcγRs × C3 KO recipients were similarly injected with rfVIII, followed by evaluation of anti-fVIII antibody formation 21 days following the first infusion. Unlike the outcomes observed following fVIII injection into either FcγR or C3 KO recipients individually, FcγRs × C3 KO recipients generated an attenuated anti-fVIII antibody response when compared to similarly injected WT recipients (Figure 4E). To determine whether the ability of HOD or KEL RBCs to induce antibodies is also influenced by both FcγR and C3, HOD or KEL RBCs were transfused into FcγRs × C3 KO or WT recipients, followed by evalution of anti-HOD or ant-KEL antibody formation, respectively. Unlike fVIII, HOD RBCs were not only able to induce anti-HOD antibodies in FcγRs × C3 KO recipients, but anti-HOD antibody levels in these recipients were comparable to that observed in WT recipients transfused in parallel (Figure 4F). Similar to KEL RBC transfusion in C3 knockout recipients, KEL RBCs actually induced an increased anti-KEL antibody response in FcγRs × C3 KO recipients when compared to WT transfused in parallel (Figure 4G).



Additional fVIII Injection Boosts Anti-fVIII Antibodies Independent of FcγRs and C3

As FcγRs engage IgG antibodies and IgG antibodies also possess the ability to fix complement, it remains possible that the potential consequences of FcγRs and C3 on anti-fVIII antibody formation are not fully realized until after higher levels of anti-fVIII antibodies develop following initial rounds of fVIII exposure. As a result, we next infused previously anti-fVIII immunized FcγRs × C3 KO recipients with additional fVIII. Similar to the outcome observed following early formation of anti-fVIII antibodies in FcγR × C3 KOs, fVIII exposure at 4 weeks following initial fVIII exposure readily occurred in FcγR × C3 KO recipients (Figure 5A). Importantly, anti-fVIII antibodies were not only present in FcγR × C3 KOs at this time point, but the levels of antibodies failed to differ from WT recipients evaluated in parallel. To determine whether these existing anti-fVIII antibodies may impact a fVIII-induced boost of anti-fVIII antibody formation, we next injected additional fVIII into previously immunized FcγRs × C3 KO recipients and evaluated anti-fVIII antibody levels 2 weeks later. A boost dose of fVIII delivered in this manner resulted in similar levels of anti-fVIII antibody formation in FcγRs × C3 KO recipients as occurred WT mice (Figure 5B). Taken together, these results suggest that neither FcγRs or C3 are required for the formation of additional anti-fVIII antibodies once initial anti-fVIII antibody development occurs.
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FIGURE 5. Increases in anti-fVIII antibody formation following additional fVIII exposure occurs independent of Fcγ receptors and C3. (A) WT or C3 X FcγR knockout recipients (DKO) received an intial three weekly injections of 2 μg fVIII followed by an additional 2 μg fVIII injection and evalution by ELISA of anti-fVIII antibody formation 4 weeks following initial fVIII exposure. (B) WT or C3 X FcγR knockout (DKO) recipients knockout recipients received an intial four weekly injections of 2 μg fVIII followed by an additional 4 μg fVIII injection and evalution of anti-fVIII antibody formation 6 weeks following initial fVIII exposure by ELISA. ns = not significant.





DISCUSSION

Anti-fVIII alloantibodies can develop in patients with hemophilia A following fVIII infusion, and may not only directly limit the therapeutic options for this patient population but can also increase morbidity and mortality (3–9). However, no prophylactic strategy currently exists that can actively prevent inhibitor formation. The inability to prevent inhibitor formation in at-risk patients in part stems from a fundamental lack of understanding regarding key pathways that initiate this process. In order to effectively understand risk factors that may predict the likelihood of inhibitor development and then prevent this process in at-risk patients, key factors that regulate the development of anti-fVIII alloantibodies must be identified.

Recent studies suggest that several early cellular mediators may facilitate the development of anti-fVIII antibody formation following fVIII exposure. Removal of the spleen can significantly attenuate fVIII antibody formation (20), suggesting that key constituents within the spleen may be important in the development of anti-fVIII antibodies. Consistent with this, depletion of marginal zone macrophages (MZM), other macrophage populations that reside in the MZ or marginal zone B cells can inhibit anti-fVIII antibody formation (20, 21). These results suggest that MZ B cells, MZM and perhaps other MZ constituents may work in concert to initiate fVIII inhibitor formation. Previous studies also demonstrate that MZM, in particular, and MZ B cells work in collaboration to trap and then respond to circulating foreign antigen (55–58). Following engagement of antigen by MZM and MZ B cells, MZ B cells possess the capacity to potently activate CD4 T cells (59, 60). In addition, MZ B cells can traffic antigen to B cell follicles (58, 61, 62), where they can actively facilitate CD4 T cell-dependent immune responses by delivering antigenic substrate to the germinal center (GC) reaction (59, 63). fVIII infusion increases T cell responses and enhances T follicular helper (TFH) cell numbers (22, 29), strongly suggesting that MZ B cells, MZM and TFH cells work in concert to drive anti-fVIII antibody formation. Importantly, marginal sinus constituents may not only be responsible for driving anti-fVIII antibody formation, as recent results suggest that these cells may also facilitate antibody formation following exposure to other antigens delivered intravascularly, including RBC transfusion (53).

While previous studies suggest a role for possible early immune cells that may initiate an anti-fVIII immune response, which immune factors drive these and perhaps other cells to generate antibodies in this setting has remained largely unknown. Similar to other alloantigens, fVIII possess no known adjuvant properties, but instead represents an otherwise innocuous antigen. Pre-existing, naturally occurring antibodies have been shown to recognize fVIII, suggesting that antibody engagement of fVIII following initial infusion may facilitate fVIII uptake and presentation to other immune cells, presumably through FcγRs (41, 42, 45). Antibodies that form in direct response to fVIII infusion would be predicted to also facilitate additional anti-fVIII antibody formation in a similar manner. FcγRs are expressed on numerous immune cells thought to participate in anti-fVIII antibody formation, including key macrophages and dendritic cell populations (64–67). Direct interactions between antibodies and fVIII would therefore be predicted to enhance fVIII uptake (64–67), as clear receptors capable of recognizing and facilitating fVIII uptake by antigen presenting cells (APC) remain to be fully defined. The ability of anti-fVIII antibodies to increase fVIII uptake by APCs in vitro, while also enhancing de novo anti-fVIII antibody formation in vivo appears to corroborate this notion and led to the present studies. However, our findings unexpectedly suggest that de novo anti-fVIII antibody development occurs independent of FcγRs. Possible differences between previous studies and the present findings may reflect the impact of affinity matured antibodies engaging fVIII, which may redirect or otherwise influence the ongoing immune response in ways not observed when early anti-fVIII antibodies undergo affinity maturation over time or when naturally occurring antibodies bind fVIII in vivo. Thus, while individual affinity matured anti-fVIII antibodies may influence fVIII uptake and immunogenicity, it is unclear whether polyclonal antibodies that develop in direct response to fVIII exposure similarly influence fVIII antibody formation during an ongoing immune response. However, it is certainly possible that anti-fVIII antibodies may induce immune complex formation that enhances fVIII removal and overall immune recognition completely independent of FcγRs. Future studies will be needed to examine these distinct possibilities.

Recent data suggest that in addition to FcγRs, C3 can regulate anti-fVIII antibody formation. These data are completely consistent with a large body of data demonstrating that C3 is required for, or strongly influences, productive antibody responses against a broad range of antigens (68–73). While C3 and its split products can impact a wide variety of immune cells, C3 engagement of B cells in particular is thought to directly enhance B cell activation and eventual differentiation into antibody secreting cells (72). MZ B cells are defined by high expression of complement receptor 1 (CR1 or CD21) (60), which is thought to sensitize these innate-like B cells to C3 decorated antibody-antigen complexes (69, 74, 75). Given the role of MZ B cells and other marginal zone constituents in the development of anti-fVIII antibodies and recent results demonstrating that complement depletion with cobra venom factor (CVF) can negatively impact fVIII immunization (27), we fully expected an attenuated or even absent response to fVIII following injection into C3 knockout recipients. Indeed, given the apparent bimodal response to fVIII following CVF treatment (27), these previous results were consistent with the possibility that incomplete depletion or recrudescence of C3 following CVF injection may sustain some level of anti-fVIII antibody formation; variable pharmacological responses to CVF between animals could have reflected these differences. However, the development of anti-fVIII antibodies appeared to occur unabated in C3 knockout mice. Confirmatory studies, which included ELISA analysis of C3 antigen levels and in vivo C3 activity assays using a well-defined model ruled out the distinct possibility that residual C3 levels may be present and therefore contribute to the ongoing anti-fVIII immune response in these animals. Administration of nCVF to hemophilia A and WT mice prior to fVIII exposure failed to significantly alter very early anti-fVIII antibody formation compared to controls, although effective complement depletion could certainly impact later anti-fVIII antibody formation in this setting. Taken together, these results suggest that at least in some settings and at certain time points in the evolution of the immune response, C3-independent pathways of anti-fVIII antibody formation may exist.

Differences in C3 removal between distinct methods of CVF-induced depletion vs. genetic deletion, or variances in a number of environmental factors, including microflora or other stimuli, may in part account for differences observed in anti-fVIII antibody formation between prior studies and the present data. CVF has been used for decades to explore complement biology in vivo and therefore represents a valid and commonly used tool to define the role of complement in a variety of settings (76, 77). CVF injection depletes complement by first activating several key elements of the complement cascade (78), which through a consumptive process, ultimately results in complement elimination. In contrast, C3 knockout recipients are deficient in C3 from birth. While CVF can certainly deplete complement, initial CVF-mediated complement activation can result in the rapid release of complement split products, which can be very potent immune modulators (79–83). To avoid anti-CVF antibody interference when using nCVF in the present study, we examined anti-fVIII antibody formation 2 weeks after injection when prior nCVF injections still effectively deplete complement (84). However, using this approach, we unexpectedly failed to observe a difference in anti-fVIII antibody formation at this early time point. These data do not demonstrate that CVF fails to impact anti-fVIII antibody formation, as prior studies examined antibody development at later time points where CVF may influence anti-fVIII antibody formation (27); inherent limitations in our model of CVF injection precluded us from being able to directly test this possibility. While the timing of antibody evaluation is most likely responsible for differences in study outcomes, it is possible that differences in nCVF and humanized CVF could also influence observations. Unlike humanized CVF, the nCVF utilized in the current study leads to the generation of C5a that has been shown to modulate antigen presenting cells (85, 86), which may further affect the immune response to fVIII. Differences in the kinetics and magnitude of complement split product formation following nCVF or humanized CVF injection, such as iC3b and C3d, could also result in distinct outcomes as these complement products have also been shown to influence immune responses (27, 48, 87, 88). Further exploring these possibilities may provide novel approaches to inducing tolerance or at least inhibiting the immune response to fVIII. Another, perhaps more subtle, possibility is the influence of housing conditions on immune responses to otherwise innocuous antigens. Unlike infectious challenge, induction of antibodies to fVIII occurs in the complete absence of known adjuvant and therefore may be more sensitive to subtle differences in environmental conditions, such as the microflora composition. As these types of environmental stimuli have been shown to influence immune responses in other settings (89, 90), such differences may also impact the relative contribution of complement in anti-fVIII antibody formation. Although directly testing this possibility would certainly be challenging, exploring the potential influence of microbiota on the role of complement in regulating early anti-fVIII formation in future studies may provide insight into this possibility.

While it is not known whether robust complement activation or its early consequences influences anti-fVIII antibody formation, recent studies demonstrated that vaccination at the time of fVIII administration can actually diminish anti-fVIII antibody development (91). These results raise the possibility that certain immune activators may induce immune deviation from an optimal baseline state needed to effectively induce antibodies against fVIII following exposure. However, not all immune activators are the same. Recent results suggest that poly I:C, a viral-like mimetic, can significantly enhance anti-fVIII antibody formation, in addition to other antigens delivered intravascularly (21, 51, 92). These results illustrate that a variety of factors, some of which may be environmental in nature, may influence subtle immune outcomes, especially following exposure to otherwise innocuous antigens such as fVIII.

In contrast to the outcome of fVIII injection into individual FcγR knockout or C3 knockout recipients, exposure of recipients deficient in both FcγRs and C3 resulted in an attenuated early immune response to fVIII. The reduced response observed in FcγRs × C3 KOs following fVIII injection suggests that both of these antibody effector systems may play a role in early fVIII immune recognition. Multiple immune cells possess FcγRs and complement receptors, raising the possibility that either C3 or antibody engagement may enhance fVIII uptake and removal (65, 67, 93). As many distinct cell populations can express various FcγRs and complement receptors, how these receptor systems may work in concert to facilitate an early immune response to fVIII remains unknown. One possibility is that FcγRs or complement receptors facilitate fVIII recognition and removal, which may result in the activation of APCs, alter cytokine secretion, enhance migration of neighboring cells, facilitate antigen presentation to cognate T cells or some combination of the above. While in vitro assays can begin to dissect some of the key players that may be involved in such a pathway, recent studies suggest that T cell activation in vitro to innocuous antigens may not recapitulate actual APC-mediated activation in vivo (94). Although several early immune players, such as MZ B cells and MZM, have been identified as key regulators of anti-fVIII antibody formation (20, 21), APC populations and additional downstream regulators responsible for anti-fVIII antibody development in vivo remain incompletely defined. As each APC population can expresss distinct FcγRs or complement receptors (95, 96), the relative engagement of each antibody effector system is possibly dicated by the APC predominately responsible for T cell activation in vivo. As a result, identifying the key cell or cells responsible for these downstream events will greatly facilitate efforts to define how FcγRs or complement influence anti-fVIII antibody formation. Furthermore, while initial anti-fVIII antibody formation appeared to be influenced by FcγRs and C3 effector systems, antibody formation was not absent in FcγRs × C3 KOs, suggesting that a variety of cells and receptors may contribute to early anti-fVIII antibody formation. The combined influence of FcγRs and C3 appears to further support this possibility, suggesting redundant and potentially complementary roles in these antibody effectors and perhaps other systems capable of facilitating early fVIII recognition and response.

In contrast to fVIII, HOD RBCs induced similar anti-HOD antibody levels in FcγRs × C3 KOs, while KEL RBCs actually induced an increased anti-KEL response in FcγRs × C3 KOs when compared to WT recipients. Like the development of inhibitors, alloantibodies against RBC alloantigens can cause significant complications in patients (50, 97–100). However, despite similarities in the clinical challenges these alloantibodies can create, the results of the present study suggest that distinct features of alloantigens may influence the relative impact of the different immune pathways they engage and suggest that each antigen may induce alloantibodies through distinct immune pathways. Despite the unique ways in which FcγRs or C3 can influence immune responses to fVIII, KEL or HOD, there are features of the immune response to these antigens that do appear to bear some similarities. Similar to fVIII, transfused RBCs localize to the marginal sinus and depletion of MZ B cells also prevents antibody responses following RBC transfusion (53). The immune responses to fVIII and RBC alloantigens bear other similarities clinically. While individuals chronically exposed to fVIII or RBC antigens can experience alloantibody formation, not all patients respond, suggesting that additional factors may influence responder status (8, 100). As the disease state and the genetic backgrounds of patients with hemophilia or transfusion-dependent conditions can fundamentally differ, these clinical observations suggest that other factors may influence the likelihood that individuals respond. Previous studies suggest that polymorphisms in FcγRs may influence the likelihood of RBC alloimmunization or vaccination responses (101, 102). Although a similar examination of anti-fVIII antibody formation has yet to be reported, the data presented here suggest that complete absence of FcγRs does not influence antibody formation against fVIII or RBC antigens. However, polymorphisms that enhance antibody interactions with FcγRs, which were not tested in the present model, could influence this process. While less is known regarding the potential impact of C3 in the development of anti-RBC antibodies clinically, these results also suggest that antibody formation in these settings can occur independent of C3. In contrast, C3 appears to attenuate anti-KEL antibody formation, possibly by influencing the involvement of CD4 T cells (48). It should be noted, however, that different levels of C3 activation may influence the likelihood of anti-fVIII antibody formation and that this approach may therefore serve as a useful tool to redirect baseline immune function in such a way as to reduce or even prevent anti-fVIII antibody development.

As with any study, limitations should be considered. It is important to acknowledge that FcγRs knockout, C3 knockout, and FcγRs X C3 KO mice have normal levels of murine fVIII. This stands in stark contrast to prior studies examining the immune response to fVIII using hemophilia A mice and may account for some differences observed between the present and prior studies. While recent studies have likewise examined anti-fVIII immune responses in WT mice (29), as noted, prior studies have primarily examined the potential role of various immune players in the development of anti-fVIII antibodies in mice completely deficient or partially deficient in fVIII (20, 21, 26–28, 43). Similar to the present study, examination of immune response toward RBC antigens has taken an analogous approach, wherein WT mice or mice genetically deficient in particular immune factors are used as recipients of RBC transfusion, but are not genetically deficient in the target antigen, such as KEL or Duffy. These mice instead express the mouse version of the human blood group antigen transgenically expressed on mouse RBCs (50, 103, 104). However, even in this setting, similar to fVIII injection, recipients generate robust immune responses to these antigens, presumably against portions of the antigen not shared by the mouse protein. Recent results demonstrate that fVIII remains immunogenic even after removing its hemostatic activity (39), suggesting that fVIII's role in hemostasis is not required for its ability to serve as an antigenic substrate. fVIII injections can also induce anti-fVIII antibodies in the absence of von Willebrand factor (vWF) (39), suggesting that fVIII does not need to displace endogenous fVIII in WT recipients to induce an immune response. While prior studies have induced anti-fVIII antibodies following injection of human fVIII into mice (20, 21, 26–28, 43), which technically results in xenoantigen exposure, whether a similar immune response occurs following exposure to murine fVIII represents an important outstanding question. However, despite studies suggesting fVIII activity or engagement of vWF may not play a critical role in the development of anti-fVIII antibodies, the potential impact of endogenous fVIII expression on the immune response to exogenous, antigenically distinct fVIII remains unknown and certainly deserves additional examination. Such differences could account for distinct observations following injection of fVIII into WT or hemophilia A mice; exploring the potential influence of endogenous fVIII on the immune response to exogenous fVIII, especially where differences in the potential influence of key immune regulators such as complement may have been observed, certainly deserves additional attention in future studies.

While the use of a hemophilia A model when examining anti-fVIII antibody formation certainly has advantages, coupling hemophilia A mice with commonly employed knockout strategies to define key players in this process can be challenging. Indeed, while knockout approaches represent the most common and robust strategies to study fundamental aspects of immunology in model systems, the significant time required to cross mice to generate double and triple knockout animals is often time and cost prohibitive. In addition, alteration of gene function in murine knockout models may promote the development of compensatory mechanisms, leading to changes in expression of additional genes that may ultimately affect the overall immune response to fVIII. While elucidating any potential secondary effects, and determining which cell population or popluations may be responsible is beyond the scope of the current study, they should be considered when interpreting the results. However, while these challenges in studying anti-fVIII antibody formation remain, examination of anti-fVIII antibody formation in fVIII sufficient mice certainly has inherent limitations as noted above. Despite these limitations, the overall observations presented here could provide important insight and raise fundamental questions regarding antibody formation against fVIII that may be relevant for future studies.

Taken together, the differential ability of fVIII and other RBC antigens to induce immune responses in FcγR, C3, and FcγR × C3 KOs suggests that the immune response to these antigens fundamentally differ from each other and also from more commonly studied antigens often employed to study basic principles of immunology. Not only do these antigens fail to possess known features capable of activating immunity, they also do not appear to be universally influenced by common factors thought to drive or at least facilitate antibody formation following exposure to other antigens. These results, therefore, not only provide unique insight into immune pathways involved in anti-fVIII and anti-RBC antibody formation, but suggest that the immune pathways engaged by these clinically relevant antigens may fundamentally differ from previously studied antigens.
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Supplementary Figure 1. Early anti-fVIII antibody formation occurs independent of C3 depletion in WT and hemophilia A mice. (A) nCVF was administered to WT (B6) and hemophilia A mice followed by evaluation of plasma C3 levels at baseline and 6, 12, and 24 h after nCVF injection. (B) WT or hemophilia A mice underwent two weekly injections of 7.5 U nCVF (red arrows) followed by a 2 μg fVIII injection (black arrows) 6 h later. Plasma was collected (blue arrows) 24 h after nCVF administration for evaluation of C3 levels and 1 week following the second fVIII administration for evaluation of anti-fVIII antibodies. (C) Plasma C3 levels in WT and hemophilia A mice measured 24 h after saline (black) or nCVF (red) administration after the first (CVF #1) and second (CVF #2) weekly CVF injections. (D) Evaluation of anti-fVIII antibody formation in WT and hemophilia A mice 1 week after the second weekly dose of fVIII with saline (black) or nCVF (red). ns = not significant. ****p < 0.0001.
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Formation of pathological anti-FVIII antibodies, or “inhibitors,” is the most serious complication of therapeutic FVIII infusions, affecting up to 1/3 of severe Hemophilia A (HA) patients. Inhibitor formation is a classical T-cell dependent adaptive immune response. As such, it requires help from the innate immune system. However, the roles of innate immune cells and mechanisms of inhibitor development vs. immune tolerance, achieved with or without Immune Tolerance Induction (ITI) therapy, are not well-understood. To address these questions, temporal transcriptomics profiling of FVIII-stimulated peripheral blood mononuclear cells (PBMCs) was carried out for HA subjects with and without a current or historic inhibitor using RNA-Seq. PBMCs were isolated from 40 subjects in the following groups: HA with an inhibitor that resolved either following ITI or spontaneously; HA with a current inhibitor; HA with no inhibitor history and non-HA controls. PBMCs were stimulated with 5 nM FVIII and RNA was isolated 4, 16, 24, and 48 h following stimulation. Time-series differential expression analysis was performed and distinct transcriptional signatures were identified for each group, providing clues as to cellular mechanisms leading to or accompanying their disparate anti-FVIII antibody responses. Subjects with a current inhibitor showed differential expression of 56 genes and a clustering analysis identified three major temporal profiles. Interestingly, gene ontology enrichments featured innate immune modulators, including NLRP3, TLR8, IL32, CLEC10A, and COLEC12. NLRP3 and TLR8 are associated with enhanced secretion of the pro-inflammatory cytokines IL-1β and TNFα, while IL32, which has several isoforms, has been associated with both inflammatory and regulatory immune processes. RNA-Seq results were validated by RT-qPCR, ELISAs, multiplex cytokine analysis, and flow cytometry. The inflammatory status of HA patients suffering from an ongoing inhibitor includes up-regulated innate immune modulators, which may act as ongoing danger signals that influence the responses to, and eventual outcomes of, ITI therapy.

Keywords: hemophilia A, RNAseq analysis, innate and adaptive immune response, factor VIII (FVIII), PBMC (peripheral blood mononuclear cells)


INTRODUCTION

Hemophilia A (HA) is caused by mutations in the gene encoding coagulation factor VIII (FVIII), with disease severity characterized by the resulting delayed plasma clotting time compared to normal human plasma. Severe HA patients have <1% normal FVIII activity, moderately severe HA patients are in the 1–5% normal range, and mild HA is defined as FVIII activity between 5 and 30% normal. HA is corrected by infusions of recombinant or plasma-derived FVIII, usually beginning in infancy or early childhood. Unfortunately, one in 3–4 HA patients develop neutralizing anti-FVIII antibodies, clinically referred to as “inhibitors,” requiring the use of various “bypass” agents to prevent bleeding and to manage ongoing bleeds (1, 2). Bypass therapies include Activated Prothrombin Complex (APCC), which is a concentrate of partially activated clotting factors, or recombinant factor VIIa, neither of which may be as effective as FVIII to achieve hemostasis (3). The recent clinical introduction of the bispecific antibody emicizumab, which mimics FVIII functionality by transiently orienting factor IXa to access its substrate factor X, provides another approach to bypass FVIII therapy (4, 5), and several other novel agents that modify pro- or anti-coagulant pathways are now in preclinical or clinical testing (6). Gene therapy approaches to correct HA are also showing great promise (7), although this is not yet an option for the pediatric population. Despite these advances, achieving and maintaining immune tolerance to FVIII remains a strong priority, even for patients on these alternative therapies, as the vast majority could still greatly benefit from FVIII therapy or supplementation to achieve hemostasis, whether prophylactically, on-demand, or in settings of trauma or surgery (8, 9).

Inhibitor development follows stimulation of CD4+ T cells by FVIII, and follicular CD4+ T cells provide help for B-cell maturation, class switching, and development of IgG-secreting plasma cells and memory B cells (10). In the course of normal fetal and neonatal development, many T cells recognizing self-antigens are deleted or anergized in the thymus, resulting in central tolerance to self. Interestingly, small numbers of FVIII-reactive T cells have been detected in peripheral blood from healthy non-HA subjects (11), indicating that negative selection by thymic medullary epithelial cells is incomplete for FVIII-responsive cells. The mechanisms by which peripheral tolerance to FVIII is achieved and maintained in HA patients remain poorly understood, and it is rather remarkable that even most severe HA patients, who do not circulate FVIII protein and therefore would be expected to respond to multiple epitopes in therapeutic FVIII, do not develop clinically relevant inhibitory antibodies (12, 13). Many inhibitor patients undergo Immune Tolerance Induction (ITI) therapy, consisting of intensive (often daily) FVIII infusions (14). If inhibitor titers do not subside after 2–3 years of ITI, the patient is considered to have “failed” this therapy. The reasons that some patients fail ITI while others become tolerized are also not understood. Memory B and T cells, as well as long-lived plasma cells, are involved in recall responses to FVIII, and regulatory T cells (and possibly regulatory macrophages and other cell types) play roles in promoting tolerance to FVIII (15). Elucidating the mechanisms of cellular responses to FVIII could suggest new therapeutic targets or therapies that could improve success rates in tolerizing patients.

The present study investigates mechanisms of the human immune response to FVIII, analyzing blood samples from subjects in the following categories: (A) HA with a past inhibitor that resolved either following ITI or spontaneously; (B) HA with a current inhibitor; (C) HA with no inhibitor history and (D) non-HA healthy controls. The primary goal of this study was to obtain comprehensive, unbiased, representative profiles of the peripheral blood mononuclear cell (PBMC) transcriptomes of these subjects, and to determine if changes in transcript levels/patterns between the groups correlate with their inhibitor status and suggest mechanisms by which tolerance is maintained or broken. Importantly, the study design included washing and resting of PBMCs in culture before initial isolation of RNA, in order to minimize potential variability due to recent FVIII exposure in vivo. RNA was isolated from non-stimulated PBMCs, and from aliquots of PBMCs assayed at t = 4, 16, 24, and 48 h following addition of 5 nM FVIII to the cultures. The resulting dynamic transcriptional profiles revealed significantly up- and down-regulated RNAs as specific transcriptional programs were activated in response to FVIII, and they also allowed comparisons between the 4 groups of subjects at each time point. Temporal transcriptomic analysis identified distinct signatures for each of the four groups. A subset of the RNA-Seq results was validated by RT-qPCR. In addition, multiplex cytokine screening, ELISAs and flow cytometry, and responses of specific PBMC subsets to FVIII stimulation were evaluated to provide complementary data relating transcriptional phenotypes to the proteome and to specific cell types. The pro-inflammatory phenotype of FVIII-stimulated cells from HA subjects with a current inhibitor included genes encoding innate immune modulators. A distinct set of differentially regulated genes from non-HA healthy control PBMCs could indicate physiologically relevant responses to transient FVIII elevation, e.g., as part an acute phase response. In contrast, responses of PBMCs from tolerized HA patients direct attention to genes that may contribute to maintaining peripheral tolerance to FVIII.



MATERIALS AND METHODS

A complete listing of reagents, sources and catalog/lot/clone numbers is provided in Supplemental Data.


Human Subjects and PBMC/Plasma Isolation

Blood samples from HA subjects were donated under NHLBI grants R01 HL130448 and IAAA-A-HL-007.001, and an investigator-initiated, unrestricted research grant from Grifols, Inc. Several de-identified normal control and HA PBMCs banked from earlier studies, and de-identified normal control samples from the NIH Blood Bank and from StemExpress, Inc. (Rockville, MD), were also utilized. All subjects gave written informed consent consistent with the Principles of Helsinki. PBMCs were obtained within 24 h of phlebotomy into Na+ heparin tubes by Ficoll underlay and frozen in liquid nitrogen (~10 million cells/vial) in 7% dimethylsulfoxide (DMSO) in 100% fetal bovine serum. Plasma samples were isolated from citrate-anticoagulated blood by high-speed centrifugation immediately after phlebotomy and stored at −80°C. This study was approved by Uniformed Services University IRB#1 (MED-83-3918, MED-83-2741 and MED-83-3426). All subjects classified as either “current inhibitor” or “inhibitor history” had 2 or more titers >0.6 BU/mL measured at least 2 weeks apart.

The initial 40 study subjects (Table 1A) were assigned to the following 4 groups: Group A (11 HA subjects) had an inhibitor in the past that resolved either following Immune Tolerance Induction (ITI) therapy or spontaneously. Group B (8 HA subjects) were either undergoing ITI, or still had an inhibitor after at least 2 years of ITI therapy. Group C (13 HA subjects) had no inhibitor or history of an inhibitor. Group D consisted of 8 healthy non-HA control subjects. The RNA samples submitted for RNA-Seq analysis are summarized in Supplemental Table 1. PBMCs from an independent group of subjects as well as aliquots from the original RNA-Seq experiments were used for subsequent validation experiments. The independent subjects were assigned to the following groups (defined as above): Group A (3 subjects); Group B (5 subjects); Group C (3 subjects); Group D (4 subjects) (Table 1B).


Table 1A. Subject demographics and clinical characteristics: initial RNA-Seq experiments.
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Table 1B. Subject clinical characteristics: validation experiments.
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Temporal RNA Transcript Isolation, Sequencing, and Processing

Briefly, commercial human serum was filtered through a 0.22-micron filter (Nalgene) upon arrival and stored in aliquots at −80°C. Fifteen percentage human serum T-cell medium was prepared containing 15% human serum, 1% 200 mM L-glutamine, 1% penicillin-streptomycin in RPMI 1640 medium-HEPES and filter-sterilized. PBMCs were thawed at 37°C and diluted slowly into benzonase-supplemented 15% human T-cell medium: 1.8 uL benzonase (250 U/mL) added to 9 mL T-cell medium. Cells were then centrifuged, washed in 10 mL of 15% T-cell medium, re-suspended in a small volume of the same medium and counted, and then seeded at 1 million cells/1 mL/well in 48-well flat-bottom plates (Corning). Cells were then rested for 16 h at 37°C, 7% CO2, and 300–400 uL medium per well was removed and replaced with fresh medium. Successive stimulations were then carried out by adding 5 uL of rFVIII (Baxter) per well (final concentration 5 nM) at the following time points before harvest: t = −48, −24, −16, and −4 h. At t = −4 h, 5 uL of medium was added to a 5th well as a negative (non-stimulated) control. Immediately before harvesting all cells, 250 uL supernatant was removed from each well and stored at −80°C for future cytokine analysis. Cells from each well were then transferred to Eppendorf tubes, pelleted by centrifugation, re-suspended in 500 uL ice-cold PBS, and pelleted again. Total cellular RNA was isolated from each pellet using an RNeasy Minikit (Qiagen) per the manufacturer's protocol. RNA concentrations were measured using an Implen Nanophotometer and samples frozen at −80°C. RNA integrity was determined subsequently for batches of RNA samples using a Bioanalyzer.

A total of 40 PBMC samples were stimulated with rFVIII, with an unstimulated aliquot of each used as a negative control. One hundred and ninety-eight of the resulting 200 total RNA samples had sufficient yield and good RNA integrity (RIN > 7). Those samples were included in the RNA-Seq library preparation. Briefly, cDNA conversion was performed using an iScript Advanced cDNA synthesis kit (Biorad). Primers for qPCR were designed using Primer-Blast (https://www-ncbi-nlm-nih-gov.lrc1.usuhs.edu/tools/primer-blast/) and synthesized by Integrated DNA Technologies (Coralville, IA, USA) and at the Biomedical Instrumentation Center at Uniformed Services University. RNA integrity was assessed using automated capillary electrophoresis on a Fragment Analyzer [Advanced Analytical Technologies (Ames, IA, USA)]. Total RNA input of 100 ng was used for library preparation using the Stranded mRNA Library Preparation Kit (Illumina, San Diego, CA, USA). Sequencing libraries were quantified by PCR using a KAPA Library Quantification Kit for NGS (Kapa, Wilmington, MA, USA) and assessed for size distribution on a Fragment Analyzer. Sequencing libraries were pooled and sequenced on a HiSeq 3000 (Illumina) using a HiSeq3000 SBS kit (150 cycles) with paired-end reads at 76 bp length. Raw sequencing data were demuxed using bcl2fastq2 conversion software 2.20 and reads were aligned to the human reference genome (hg38) with MapSplice (v2.2.2). Gene-level quantification was performed with HTSeq (v0.9.1) against GENCODE (v28) basic gene annotations. Read alignment statistics and sample quality features were calculated with SAMtools and RSeQC. Sequencing quality was verified by manual inspection of sample-wise characteristics: total reads, mapping percentages, pairing percentages, transcript integrity number (TIN), 5′ to 3′ gene body read coverage slopes, and ribosomal RNA content. Primary data are available as a gene expression matrix (Supplemental Table 5).



Temporal Transcriptomics Analysis

Time-series differential expression analysis was performed with DESeq2 (v1.16.1) on raw gene counts. A likelihood-ratio test (LRT) framework was used to test for temporal changes in gene expression, whereby individual patient effects and time points were modeled in the full experimental design and compared to a reduced model that only considered patient effects. The following filters were used to define significant time series differentially expressed genes (DEGs): genes with an LRT FDR q-value <0.05, an absolute fold change >1.25 (i.e., |log2 (fold-change)| > 0.322) at one or more time points compared to the unstimulated controls, and mean transcripts per million (TPM) ≥1 across samples. Hierarchical clustering of group-wise time-series DEGs and subsequent heatmap visualization were performed with web-based tools developed by the Broad Institute (https://software.broadinstitute.org/GENE-E). Gene Ontology (GO) enrichments for time-series DEGs were calculated against all expressed (mean TPM ≥1.0) group genes as background. GO enrichment analysis was carried out with Metascape (http://metascape.org) (16). DEG temporal transcriptional profiles of estimated log2 fold-changes against unstimulated samples were generated with affinity propagation (17) in Python. A separate analysis indicated that DEG patterns did not correlate with inhibitor titers (Supplemental Data).



Taqman Reverse-Transcriptase (RT)-qPCR Validation Assays

Taqman RT-qPCR assays were carried out as an independent method to quantify the magnitude and direction of transcript abundance changes identified by the RNA-Seq analysis. Specifically, 8 of the 56 DEGs in the Group B (current inhibitor) cohort were quantified using samples from one or more groups of subjects: NLRP3, TLR8, BATF, PMEPA1, COLEC12, CLEC10A, ZEB1, and IL32. Commercial Taqman probe sets (Thermo Fisher Scientific) for these 8 genes, plus actin (ACTB) as a control, were utilized (see Supplemental Data), and RT-qPCR assays were carried out per the manufacturer's instructions. RNA templates consisted of aliquots from the same samples used for the initial RNA-Seq experiments. 50–100 ng of RNA were reverse-transcribed and cDNA was synthesized using Superscript III First strand Synthesis supermix for RT-qPCR (Invitrogen) according to the manufacturer's protocol. Multiplex Real-time PCR reaction mixtures were comprised of 10 uL of TaqMan® Fast Advanced Master Mix (2X), 1 uL of TaqMan® Assay primer/probe (20X), 2 uL of cDNA and 7 uL of Nuclease-free water, for a final volume of 20 uL. Negative control reactions were carried out in parallel with no template added. qPCR reactions were performed in duplicate using a Roche Lightcycler 480 instrument. The cycling condition followed the preprogrammed UPL dual probe settings, where the fluorescent signal of the FAM-labeled probe for the gene of interest was detected in the first standard channel. In parallel, the VIC-labeled probe signal for the reference gene (ACTB) was detected in the second fluorescent channel (Yellow 555).

Experiments were next carried out to determine the expression levels of the most common isoforms of IL32 in PBMCs, CD4+ T cells, and CD14+ cells (IL-32 α, β, δ, and γ) by RT-qPCR. PBMCs from an independent group of subjects as well as from RNA-Seq experiment were used for experiments to determine which genes were up-regulated in specific cell subsets. CD4+ T cells and CD14+ cells were isolated using a CD4+ T-cell isolation kit and a CD14 microbeads kit (both from Miltenyi Biotech), respectively. To determine the relative gene expression levels, i.e., the increase or decrease of a transcript in the FVIII-stimulated sample vs. the untreated (control) sample, the comparative delta-delta Ct method, also known as the 2−ΔΔCt method, was used.



Cytokine Analysis

Supernatants of the cultures analyzed by RNA-Seq were saved and frozen at the time of PBMC harvest, and cytokines/chemokines were subsequently quantified using both a multiplex screening assay and ELISAs. These experiments utilized both the original RNA-Seq samples and PBMCs from 15 additional HA + non-HA subjects that were stimulated with FVIII according to the same protocol. The multiplex assays measured analytes in supernatants of unstimulated PBMCs and of cells isolated 48 h after FVIII stimulation using the Human Cytokine Magnetic 25-plex panel (Thermo Fisher Scientific) to measure the concentrations of 25 cytokines involved in inflammation per the manufacturer's instructions. Measurements were made for aliquots of supernatants (1:2 dilution) collected at t = 4 h (no stimulation) and t = 48 h after 5 nM FVIII stimulation as follows: Group A (4 subjects); Group B (6 subjects); Group C (4 subjects); Group D (2 subjects). Quantitative measurements (two replicates) were performed according to manufacturers' guidelines using the Luminex Bio-Plex 200 system (Bio-Rad). Fluorescence intensities were converted into cytokine concentrations using BioPlex Manager Software (Bio-Rad).

ELISA assays to quantify individual cytokines in supernatants of unstimulated PBMCs at t = 4 h and of FVIII-stimulated PBMCs at t = 16, 24, and 48 h, were carried out using Duo set ELISA kits (R&D Systems) for IL-1β and IL-10 per the manufacturer's protocols. IL-32 cytokine was measured in supernatants of unstimulated PBMCs at t = 4 h and of FVIII-stimulated PBMCs at t = 48 h using a Duo set IL-32 ELISA kit (R&D Systems) per the manufacturer's protocol. All of the associated ELISA reagents such as the coating buffer, reagent diluent, wash buffer (25x), substrate and stop solutions were from the R&D DuoSet Ancillary Reagent Kit (R&D Systems, Inc.). Absorbances were read at 450 and 570 nm using a BioTEK microtiter plate reader. Standard curves for the various cytokines were constructed by applying a four-parameter regression formula and plotted as linear curve (log-log) plots and concentrations were calculated using BioTEK Gen 5 software (BioTek Instruments, Inc. VT, USA).



Assessment of Intracellular IL-32 Cytokine Levels by Flow Cytometry

Flow cytometry was carried out at the Cytometry Resources Core at Uniformed Services University. A total of 1–2 × 106 PBMC were harvested at each of the following time points: t = 24, 48, and 72 h post-FVIII stimulation. Brefeldin A solution was added to the media 5 h before harvesting the cells at each time point. Cells were then washed with FACS buffer (PBS + 1% NaN3 + 2.5% FBS) and stained with Live dead dye (efluoro 450 fixable) and with anti-CD4 and anti-CD14 antibodies for 30 min on ice. Intracellular staining was carried out using FIX& Perm cell permeabilization reagents (Invitrogen) following the manufacturer's protocol. Briefly, after live-dead and cell surface staining, cells were washed with FACS buffer, 100 uL of Reagent A (fixation medium) was added, and the cells were incubated for 15 min at room temperature. They were then washed with FACS buffer, 100 uL of reagent B (permeabilization buffer) was added, and they were incubated for 40 min on ice with mixtures of fluorescent dye-conjugated mAbs or isotype-matched controls. After incubation, cells were washed twice with FACS buffer and analyzed for IL-32 expression. Antibodies used for staining included: anti-CD4-PE (eBioscience), Anti-CD14-FITC (EBioscience), and anti-IL32-APC (R&D Systems). Cells were analyzed on an LSRII (BD Biosciences) and data were analyzed using Flowjo software (Tree Star Inc., Ashland, OR). To determine IL-32 expression levels in specific PBMC subsets, stained PBMCs were gated on live cells and then CD4+/IL-32+ and CD14+/IL-32+ populations were analyzed. CD4+ T cell isolation kits and CD14+ microbead kits were from Miltenyi Biotech, Inc.



Statistical Analysis

Microsoft Excel/Graph Pad Prism was used to test for differences in means between specific treatment and non-treatment groups. The null hypothesis of no differences in means were tested using a two tailed t-test with a p-value <0.05 deemed as significant.




RESULTS


Temporal Transcriptomics Identifies Distinct Gene Expression Patterns for Each Subject Group

Differential gene expression analysis of time-series within each treatment group is displayed in Figure 1. Figure 2 shows clustering of genes with correlated temporal expression patterns. The largest number (195) of DEGs was seen for subjects with no inhibitor history (Group C). Subjects with a past inhibitor that subsequently resolved, either following ITI or spontaneously (Group A), showed only 15 DEGs. Subjects with a current inhibitor (Group B) showed differential expression of 56 genes. Interestingly, the non-HA healthy control subjects (Group D) also showed cellular responses to ex vivo FVIII stimulation, with a total of 63 differentially regulated genes. The temporal gene expression profiles of the 4 groups were distinct: the HA (no inhibitor history) and HA (past inhibitor) groups showed up-regulated genes at t = 4 h post-FVIII stimulation, while all groups show up- and down-regulated genes at the subsequent time points, with the up-regulated genes at t =16 h particularly pronounced for the non-HA control group.
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FIGURE 1. PBMC temporal transcriptome alterations following FVIII stimulation. Differentially expressed genes (DEGs) in the four groups are represented as heat maps, with units = log2 fold change (FC) vs. unstimulated baseline. Time-series differential expression analysis was performed using DESeq2. DEGs were defined as having a likelihood-ratio test (LRT) FDR <0.05 and a log2 FC > 0.322 at one or more post-stimulation time points. The FC values at each time point for each DEG are in Supplemental Table 3.



[image: Figure 2]
FIGURE 2. Temporal clustering analysis of DEGs. Affinity propagation clustering was performed on time-series DEG log2 FC patterns against unstimulated cells. This analysis divided the temporal trajectories of DEGs into 3 distinct clusters for (A) HA (past inhibitor), (B) HA (current inhibitor), and (D) non-HA control subjects, while DEGs from (C) HA (no inhibitor history) formed 4 clusters. Blue and red lines in clusters denote individual genes and cluster exemplar genes, respectively. Values on the abscissa indicate the time points (h) following stimulation of cultured PBMCs with 5 nM FVIII, while values on the ordinate indicate log2 FC values. Dotted lines indicate ± log2 (1.25) = ± 0.322.


Only a limited number of genes were differentially regulated at one or more time points following FVIII stimulation in more than one of the four groups (Figure 3). For example, the three HA groups, but not the non-HA control group, showed significantly higher levels of PMEPA1 at t = 4 h that decreased back to baseline at later time points. HA subjects with a past inhibitor and those with no inhibitor history also showed similar DEG patterns for genes H1F0, CLIC3, CDF2RA, FBLN7, and ROM1. Their H1F0 DEG pattern was similar to that of non-HA controls, whereas H1F0 was not differentially expressed in HA subjects with a current inhibitor. HA subjects with a current inhibitor and those with no inhibitor history showed similar DEG patterns for genes NLRP3, CPED1, CD1D, LILRA5, CLEC10A, SLC46A1, TLR8, and PLD4. Non-HA control subjects and HA subjects with no inhibitor history showed similar DEG for genes H1F0, NLRP3, CPED1, CD1D, CR1, ST8SIA4, DYSF, LRP1, and VCAN. Non-HA subjects and HA subjects with a current inhibitor showed similar DEG for genes NLRP3, CPED1, CD1D, COLEC12, LILRA1, and MYCL. This elucidation of distinct sets of DEGs in each group suggested specific transcriptional programs and cellular mechanisms that characterize their disparate immune status with respect to FVIII. Table 2 summarizes enriched GO processes associated with each group. Due to the low number of DEGs in the “past inhibitor” subjects (Group A), no significant GO enrichments were found. Temporal DEGs in subjects with a current inhibitor (Group B) were enriched for innate immune responses and positive regulation of IL-1β secretion, including LILRA2, LILRA5, NLRP3, TLR8, IL32, CLEC10A, and COLEC12. DEGs from subjects who never had an inhibitor (Group C) showed enrichments for processes related to myeloid leukocyte activation and migration, responses to toxic substances, and detoxification, including NQO1, ANXA1, PDGFB, SLC7A11, SLC8A1, TNF, and TXNRD1. The non-HA healthy control subjects (Group B) showed enriched processes associated with regulation of T-cell activation, leukocyte-mediated immunity, hypoxia responses, and regulation of vesicle-mediated transport, including C3, CD1D, CD300A, CR1, SYK, VSIR, VEGFA, ANG, LRP1, and SNX33.
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FIGURE 3. Time-series DEGs are mostly distinct among the 4 subject groups. The overlap and distribution of DEGs among the groups: HA past inhibitor = “INH(past),” HA current inhibitor = “INH(current),” HA no inhibitor history = “INH(no),” and non-HA control = “non-HA” subjects are indicated. All of the DEGs shared between groups (red numbers and listed below the Venn diagrams) were up-regulated at one or more time points. INH, inhibitor.



Table 2. Top GO processes enriched for differentially expressed genes*.
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A subset of the total DEGs identified for HA (current inhibitor) subjects was also evaluated by RT-qPCR: PMEPA1, NLRP3, TLR8, BATF, COLEC12, ZEB1, and CLEC10A (Figure 4). Of these, PMEPA1, known to be involved in TGFβ signaling processes, was identified by RNA-Seq as significantly up-regulated at t = 4 h following FVIII stimulation in all three HA groups, a result that was confirmed by RT-qPCR (Figure 4A). Expression levels of NLRP3, TLR8, ZEB1, CELEC10A, and BATF transcripts were also validated by RT-qPCR (Figure 4B). HA (current inhibitor) subjects showed a different temporal trajectory for the COLEC12 transcript than that seen for non-HA subjects; both of these trajectories were confirmed by RT-qPCR (Figure 4C). Overall, the excellent agreement between RNA-Seq and RT-qPCR results lent confidence in the validity of the entire RNA-Seq dataset.
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FIGURE 4. RT-qPCR validation of DEGs. (A) PMEPA1 mRNA expression after FVIII stimulation in three HA group of subjects (N = 2 each group). (B) DEGs NLRP3, TLR8, BATF, ZEB1, and CLEC10A mRNA expression in HA with a current inhibitor (INH+, N = 4 subjects). (C) COLEC12 mRNA expression confirmed in HA with a current inhibitor (INH+) and non-HA control subjects (N = 2 each group). Values on the ordinate indicate log2 FC values (mean ± SD) relative to the unstimulated sample. Data were analyzed using the 2−ΔΔCt method and normalized to actin subunit B (ACTB) mRNA levels.




FVIII-stimulated PBMCs From HA (Current Inhibitor) Subjects Secreted Inflammatory Cytokines

Multiplex cytokine screening assays produced signals in the linear ranges of the 7-point serial dilution standard curves for 21 cytokines in one or more groups of subjects (Supplemental Table 2). IL-5 and IL-13 were below the lower limit of detection for FVIII-stimulated and unstimulated cells from all 4 groups of subjects, while IL-8 and MCP1 were above the upper limit of detection for all subjects/samples. Interestingly, baseline levels of IL-6 were much lower in the HA (current inhibitor) group compared to all other groups and did not change 48 h after FVIII stimulation (Supplemental Table 2). No significant up- or down-regulation in response to FVIII (at t = 48 h) was seen in any group for any of the cytokines using this assay, although there was a trend to increased IL-1β and IL-10 for all groups following FVIII exposure. ELISA assays carried out at baseline and 3 points post-FVIII exposure were more informative. TNFα was higher at baseline in the HA (current inhibitor) group, compared to the other 3 groups and was significantly up-regulated at t = 48 h after FVIII stimulation (Figure 5A). Baseline (unstimulated) levels of IL-1β and IL-10 also differed between groups (Figures 5B,C), reflecting heterogeneity in immune status among the subjects that was not related to FVIII stimulation. We therefore considered responses following FVIII stimulation to be more informative than baseline levels of both DEGs and secreted cytokines. IL-1β concentrations were significantly increased above baseline values at t = 16, 24, and 48 h post-FVIII stimulation for the HA (current inhibitor) group alone. In contrast, IL-10 levels increased significantly at one or more time points post-FVIII stimulation for all groups except the HA (past inhibitor) subjects (Figure 5C).
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FIGURE 5. Kinetics of cytokine production as measured in supernatants of FVIII-stimulated PBMCs. All supernatants were from the same PBMC samples from which mRNA was purified for RNA-Seq experiments. (A) TNFα; (B) IL-1β; (C) IL-10. TNFα levels were measured for unstimulated cells and at t = 48 h after FVIII stimulation using a multiplex cytokine assay kit. IL-1β and IL-10 were measured at the indicated time points by ELISA assays. Number of culture supernatants measured for TNFα: INH(past) N = 4; INH(+) N = 6; INH(no inhibitor history) N = 4 and non-HA (N = 3). Number of culture supernatants measured by IL-1β and IL-10 ELISA: INH(past) N = 8; INH(+) N = 9; INH(no inhibitor history) N = 6 and non-HA (N = 6). Means ± SD are indicated. *p < 0.05.


Temporal RT-qPCR results for FVIII-stimulated PBMCs (t = 4, 16, and 24 h post-FVIII stimulation, normalized to baseline) from all 4 groups of subjects validated the initial RNA-Seq results that showed significantly higher levels of IL-32 in PBMCs from HA (current inhibitor) subjects compared to all other groups (Figure 6A). ELISA quantification of total secreted IL-32 in supernatants of FVIII-stimulated PBMCs produced results similar to the TNFα secretion results: IL-32 levels were higher at baseline for the HA (current inhibitor) subjects compared to all other groups, and these levels had increased significantly by 48 h post-FVIII stimulation, while the three other groups showed no increase in IL-32 levels following FVIII exposure (Figure 6B). Intracellular staining experiments demonstrated increased IL-32 expression following FVIII stimulation in PBMCs, CD4+, and CD14+ cells from two of three individual HA (current inhibitor) subjects, but the average increase for these three subjects did not reach statistical significance (Supplemental Figure 1). However, both CD4+ and CD14+ cells showed significantly increased IL32 mRNA expression in response to FVIII stimulation (Figure 6C). Finally, RT-qPCR analysis determined the expression levels of four IL32 isoforms following FVIII stimulation of PBMCs, CD4+, and CD14+ cells isolated from three HA (current inhibitor) subjects (one was an additional PBMC aliquot from the original RNA-Seq cohort). The IL32β and IL32γ isoforms showed increased expression in FVIII-stimulated PBMCs, CD4+, and CD14+ cells, while no significant differences were found for the IL32α and IL32δ isoforms (Figure 6D).
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FIGURE 6. Expression of IL-32 cytokine and IL32 mRNA in PBMCs and PBMC subsets following FVIII stimulation. (A) Validation of RNA-Seq results (left) by RT-qPCR (right) of IL32 transcripts in RNA isolated from PBMCs following FVIII stimulation at the indicated time points. For the RT-qPCR experiments, N = 4 samples per group, with each group consisting of 3 subjects from the original 40-subject cohort analyzed by RNA-Seq plus one additional subject. FC = Fold Change compared to unstimulated cells. IL32 mRNA levels increased significantly after FVIII stimulation only in the HA (current inhibitor) subjects (at t = 16 and 48 h post-stimulation). (B) IL-32 cytokine in supernatants of unstimulated PBMCs and PBMCs 48 h after FVIII stimulation, measured by ELISA to detect total IL-32 (not isoform-specific). Number of culture supernatants assayed: HA (past inhibitor) N = 7; HA (current inhibitor) N = 8; HA (no inhibitor history) N = 6 and non-HA (N = 4). Bar graphs indicate means± SD. *p <0.05. (C) Quantification by RNA-Seq of IL32 transcripts in RNA isolated from FVIII-stimulated CD4+ T cells and CD14+ cells, from 2 HA (current inhibitor) subjects at the indicated time points. FC = Fold Change compared to unstimulated cells. These 2 subjects were not part of the original 40-subject cohort analyzed by RNA-Seq. (D) RT-qPCR using specific primers to quantify levels of four IL32 isoforms in FVIII-stimulated PMBCs, CD4+ T cells and CD14+ cells from HA (current inhibitor) subjects (N = 3). FC = Fold Change compared to unstimulated cells. These 3 subjects were not part of the original 40-subject cohort analyzed by RNA-Seq.





DISCUSSION

The present study was designed as an unbiased approach to profile changes in the transcriptomes of cultured PBMCs from HA and normal control subjects following exposure to FVIII. Although this experimental system cannot recapitulate many processes occurring in specialized lymphatic or endothelial tissues, interactions between FVIII and PBMCs, both of which circulate in the periphery, clearly have physiological relevance. Furthermore, peripheral blood is much more accessible than tissues when conducting human studies, for obvious reasons. RNA-Seq analysis was carried out using samples from an initial 40 subjects, with validation experiments using additional PBMC aliquots from these subjects as well as samples from an additional 15 subjects. The principal finding was that distinct temporal transcriptional trajectories of FVIII-stimulated PBMCs were seen for each of the following four groups: (A) HA (past inhibitor); (B) HA (current inhibitor); (C) HA (no inhibitor history); and (D) non-HA healthy controls. Interestingly, we observed strong up-regulation of genes identified by GO analysis as involved in innate and inflammatory immune pathways and regulation of cytokine secretion for the HA (current inhibitor) group, despite the fact that all of these subjects had established inhibitors, as opposed to a naïve anti-FVIII immune response.

Three of every four severe HA patients fail to develop neutralizing antibodies (inhibitors) following initial exposures to FVIII (2). Among patients who do develop inhibitors, ~70% of those who then receive ITI therapy achieve peripheral immune tolerance to FVIII, which is defined operationally as an inhibitor titer below 0.6 Bethesda units/mL (18, 19). Many inhibitors develop within the first 20 FVIII infusions, following a classic prime + boost pattern (20), while inhibitor development after 50 FVIII exposure days is rare (21, 22). Inhibitor development requires uptake, processing and MHC Class II presentation of FVIII peptides and subsequent recognition of the peptide-MHC Class II complexes by circulating T cells (23, 24). In addition, innate immune “danger” signals are presumably required, such as the binding of pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) to toll-like receptors (TLRs) on antigen-presenting cells (25). Activated CD4+ T cells are essential for the initial development of high-affinity, class-switched antibodies, while antibody responses that persist following multiple exposures to allo-antigens are generally thought to be driven primarily by memory B cells and long-lived plasma cells (26, 27). An important clinical observation was made in the 1980s, when HA patients tragically became infected with HIV following exposure to tainted blood products. As their CD4+ T-cell counts declined, they experienced a concomitant decrease in inhibitor titers (28, 29), and when effective anti-retroviral therapy was administered their inhibitors returned. This observation established that CD4+ T cells play a critical role in maintaining established inhibitor responses, as well as providing initial T-effector help. Subsequent studies of both human blood samples and HA mouse models have further characterized CD4+ T-cell responses to FVIII (10, 15, 30–35). The possible roles of additional leukocyte subsets, and of inflamed endothelium, etc. in maintaining established inhibitor responses are less well-characterized.

FVIII is administered intravenously with no added adjuvant, although some extra-vascular exposure at the injection site is inevitable, and the sources of hypothesized innate danger signals during initial exposures have proven elusive. Reipert and colleagues demonstrated that addition of FVIII to cultures of human monocyte-derived DCs and T cells did not affect either DC maturation or T-cell proliferation, indicating that the FVIII structure itself did not contain PAMPs/DAMPs, at least in their experimental system (36). Similarly, Teyssandier et al. found no evidence of TLR signaling or antigen-presenting cell maturation when FVIII was added to either a murine macrophage cell line or to HEK293 cells expressing TLR1.2 or TLR2.6 (37). Mannose-terminating glycans on FVIII facilitated uptake by mannose receptors on cultured human dendritic cells (38), but this effect was not seen in studies of murine dendritic cells (39). FVIII uptake/processing by various tissues and tissue-resident cells, including in the spleen, lymph nodes, liver and endothelium, and its presentation in an immunogenic vs. tolerogenic environment, are areas of active research (15). One recent study evaluated transcriptome changes of spleen and liver cells isolated from naïve FVIII-knockout mice 3 h after infusion with FVIII vs. saline, thereby identifying increased transcription of several immunoregulatory genes during the initial immune response to FVIII (40). Another interesting recent study compared in vitro responses of human monocyte-derived macrophages to recombinant (r)FVIII vs. a rFVIII-Fc fusion protein, demonstrating that the macrophages internalized rFVIII-Fc via their Fc receptors and became polarized to a regulatory Mox/M2-like phenotype, whereas this skewing was not seen for macrophages cultured with rFVIII (41). Transcriptomic studies to date have not, however, profiled responses to FVIII in humans or mice with an established inhibitor.

In the present study, distinct transcriptional programs were apparent for HA subjects with a current inhibitor, past inhibitor, no inhibitor history, and non-HA subjects, revealing that purified FVIII indeed has inherent stimulatory properties when added to cultured PBMCs, even for non-hemophilic individuals. The lack of significant overlap between the DEGs in the four groups (Figure 3) was somewhat unexpected, as were the distinct temporal expression patterns and total number of DEGS per group. For example, two of the groups showed strong up-regulation of eight or more genes at t = 4 h, while the non-HA group showed a larger number of strongly up-regulated genes at t = 16 h. The total number of DEGs per group ranged from 15 to 195 (Supplemental Table 3). The DEGs were all normalized to baseline (non-FVIII-stimulated) levels, and some of these differences may have reflected variability in the baseline gene expression patterns, which could be due to age differences, underlying immune status, medications besides FVIII, etc. The different total number of DEGs per group was probably primarily a consequence of the relatively small sample sizes. It is likely that future studies of larger cohorts would identify a larger set of DEGs being called, due to improved statistics. A larger study would also help to identify which DEGs reflect real biological differences between groups, and it would likely increase the number of DEGs identified in more than one group. It would also allow analyses of correlations with other subject characteristics, e.g., age, inhibitor titer, HA-causing mutation, race/ethnicity, or genetic variants. The only gene up-regulated in all HA groups was PMEPA1, which showed enhanced mRNA expression at t = 4 h for FVIII-stimulated PBMCs compared to unstimulated PBMCs for all HA subjects, regardless of inhibitor status. PMEPA1 is a transmembrane protein involved in multiple signaling pathways, of which the best characterized is its induction by transforming growth factor (TGF)-β and its role in feedback inhibition of TGF-β signaling (42). Its up-regulation only at this early time point suggests that FVIII stimulation resulted in de-repression of PMEPA1 transcription, possibly thereby inhibiting TGF-β signaling. In PBMCs, PMEPA1 is expressed primarily in plasmacytoid dendritic cells (DCs) and B cells (naïve and memory).

GO analysis of temporal DEG patterns in the HA (current inhibitor) group linked NLRP3 and TLR8 mRNA expression to cellular pathways involved in both cytokine secretion and innate immune regulation. NLRP3 is an intracellular sensor of PAMPs, DAMPs and other “danger” motifs, and it comprises part of the NLRP3 inflammasome that leads to release of inflammatory cytokines, including IL-1β and TNFα, as well as pyroptosis (43). To our knowledge, the present study is the first to demonstrate an association of a specific TLR receptor, TLR8, with inhibitor responses in HA patients. The microRNA miR21 (released from lung cancer cells) has recently been shown to bind to TLR8, leading to NF-κB-mediated up-regulation of inflammatory cytokines (44). Further research will be required to determine the possible significance of miR21/TLR8 pathways in inhibitor responses.

The up-regulation of IL32 in current inhibitor subjects was also of particular interest, as only primates carry this gene. Furthermore, it has been implicated in inflammatory disorders such as rheumatoid arthritis, asthma (45), Graves' disease (46), viral infections (47, 48), chronic psoriasis (49), and cancer (50). IL32 encodes interleukin (IL)-32, a cytokine containing an RGD sequence indicating a role in cell attachment via integrin binding, as well as in signaling. It is a pleiotropic cytokine that can induce TNFα, IL-1β, and other inflammatory cytokines via NF-κB-p38-MAPK signaling (51, 52). IL-32 is secreted by human NKT and T cells stimulated by IL-2, and its mRNA exists as 9 differentially spliced isoforms (53). Mapping of interactions between the corresponding cytokines has identified multiple heterodimeric interactions (54), and different combinations have been shown to either promote or inhibit IL-10 production by responding cells (55, 56). In order to better characterize the apparent role of IL32 in inhibitor responses, RT-qPCR was carried out using primers specific for 4 of its more common isoforms: α, β, γ, and δ (53). The β and γ isoforms were up-regulated in both CD4+ and CD14+ cells from current inhibitor subjects following FVIII stimulation. IL-32 cytokine levels of current inhibitor subjects were higher than for the other groups at baseline, and they increased significantly following FVIII stimulation (Figure 6). To our knowledge, this is the first report describing a role for IL-32 in HA inhibitor subjects.

FVIII stimulation of PBMCs resulted in up-regulation of TNF-α and IL-1β cytokines in only the current inhibitor group, while 3 of the 4 groups showed increased IL-10 expression (Figure 5). IL-1β, IL-6, and MCP1 are involved in inflammation and progression of hemarthrosis in HA mouse models (57), while in vitro studies utilizing human cartilage cultures have indicated that IL-1β blockade is more effective than TNFα blockade in reducing damage following exposure to blood (58). IL-10 is a potent anti-inflammatory cytokine that has been shown to regulate endogenous pro-inflammatory cytokine production in synovial tissues from rheumatoid arthritis subjects (59). Almost all cells of the innate and adaptive arms of the immune system can express IL-10.

Gene expression patterns of FVIII-stimulated PBMCs from HA subjects with no inhibitor history are of significant interest, as they could identify cellular mechanisms promoting peripheral tolerance to FVIII. GO analysis identified processes related to detoxification, response to external stimulus (these include growth factors and genes with roles in DNA and skeletal muscle repair, osteogenesis, iron metabolism, and inflammation), and myeloid leukocyte activation and migration. The non-HA (healthy control) group also showed gene expression patterns related to leukocyte-mediate immunity, regulation of T-cell activation, hypoxia responses, and regulation of vesicle-mediated transport (Table 2). This is consistent with nonhemophilic T-cell responses to FVIII characterized initially by the Conti-Fine group (33), as well as more recent analyses that included calculation of FVIII-specific T-cell precursors by the Maillere group (11). FVIII is a large, acute-phase protein (60), and although its role in promoting coagulation via acceleration of FIXa enzymatic activity has been well-characterized, it may also participate in other biological processes and physiological responses, some of which may contribute to its unusually high immunogenicity compared to many other therapeutic proteins. Additional DEGs identified for the current inhibitor subjects, and that are associated with innate immune and inflammatory pathways, are described in Supplemental Data. Future studies of larger numbers of subjects, and analysis of serial samples from subjects undergoing ITI or receiving initial FVIII infusions, as well as transcriptomic studies of appropriate HA animal models and of cell populations besides total PBMCs, will be required to determine the relative importance and specific roles of some of these DEGs.

This study has several limitations, some of them inherent to investigations of a rare disorder (hemophilia A inhibitor responses) that initially develops in a primarily pediatric population, and others due to heterogeneity in both genetics and current immune status of the human subjects. RNA-Seq analysis was carried out using samples from only 40 subjects, and blood volumes limited the number of experiments and repetitions that could be carried out. Studies of heterogeneous outbred populations have higher inherent variance than studies of genetically identical animal models, e.g., HA mice. Nevertheless, sample sizes were sufficient to identify significantly up- and down-regulated genes, and to characterize cytokine secretion by FVIII-stimulated PBMCs. Studies of larger cohorts are needed to determine if the pro-inflammatory FVIII-responsive genes identified (or confirmed) here could be useful prognostic or diagnostic biomarkers. The suggested roles of IL-32 and CD1c+ DCs in responses of PBMCs to FVIII are a reminder of the ongoing need to compare and contrast results of human and animal model studies. The present results suggest additional potential targets to modulate the inflammatory phenotype of inhibitor patients. Future studies will focus on specific pathways identified here, and specific PBMC subsets, to better understand the basis of FVIII immunogenicity and peripheral tolerance.
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Platelets are small anucleated blood components primarily described as playing a fundamental role in hemostasis and thrombosis. Over the last decades, increasing evidence has demonstrated the role of platelets in modulating inflammatory reactions and immune responses. Platelets harbor several specialized organelles: granules, endosomes, lysosomes, and mitochondria that can synthesize proteins with pre-stored mRNAs when needed. While the functions of platelets in the immune response are well-recognized, little is known about the potential role of platelets in immune tolerance. Recent studies demonstrate that platelet-specific FVIII gene therapy can restore hemostasis and induce immune tolerance in hemophilia A mice, even mice with preexisting anti-FVIII immunity. Here, we review the potential mechanisms by which platelet-targeted FVIII gene therapy restores hemostasis in the presence of anti-FVIII inhibitory antibodies and induces immune tolerance in hemophilia A.
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INTRODUCTION

Platelets are the second most common type of cells found in blood, with approximately 1011 newly produced daily to replenish the old platelets in the body (1, 2). Aged platelets undergo apoptosis and are phagocytosed by scavenger cells in the spleen and liver (3–5). It is increasingly recognized that platelets play fundamental roles not only in hemostasis and thrombosis but also in innate and adaptive immunity. The roles of platelets in the immune response have been extensively reviewed in many papers (6–8), but few studies indicate the role of platelets in immune tolerance. Recent studies that target platelets for gene therapy reveal the potential role of platelets in immune tolerance induction (9, 10).

Platelets are loaded with abundant bioactive proteins and circulate in the blood, serving as both a storage “depot” and trafficking “vehicle” in circulation. Due to these characteristics, platelets may be a unique target for gene therapy of diseases. In the past two decades, several groups have been instrumental in developing novel strategies for hemophilia A gene therapy using platelets as a target (11–20). It has been shown that ectopic expression of factor VIII (FVIII) in platelets directed by either the glycoprotein (GP) Ib or the GPIIb (αIIb) promoter can lead to the storage of FVIII in platelet α-granules and that platelet-derived FVIII can improve hemostasis in hemophilia A mice even in the presence of anti-FVIII inhibitory antibodies (referred to as inhibitors) (13, 15, 17, 21). In addition to achieving hemostatic efficacy, studies have demonstrated that lentivirus-mediated platelet-specific FVIII gene delivery under control of the αIIb promoter (2bF8) to hematopoietic stem cells (HSCs) can induce antigen-specific immune tolerance in hemophilia A mice even with preexisting anti-FVIII immunity (22–24). In this review, we discuss the potential mechanisms of platelet-targeted FVIII expression in restoring hemostasis for hemophilia A in the presence of anti-FVIII inhibitors and inducing immune tolerization after platelet-specific gene therapy.



PLATELETS SHIELD NEOPROTEIN FROM BEING RECOGNIZED BY THE IMMUNE SYSTEM

Platelets could be an ideal target for gene therapy of hemophilia A as they can store neoprotein FVIII together with its carrier protein von Willebrand factor (VWF) in α-granules and act as delivery vehicles in blood circulation. It has been shown that when FVIII expression is introduced by HSC transduction with 2bF8 lentivirus followed by transplantation, FVIII expression is detected only in platelets, but not in plasma of hemophilia A mice (14, 17, 22, 23). Plasma FVIII is undetectable in 2bF8-transduced recipients even with a platelet-FVIII level as high as 30–35 mU/108 platelets (corresponding to ~60–70% of FVIII in whole blood in normal wild-type C57BL/6 mice) (22, 23). Thus, neoprotein FVIII stored in platelets may avoid direct exposure to the immune system during the normal physiological condition, which may reduce the potential to elicit immune responses against the neoprotein. Indeed, neither inhibitory nor non-inhibitory anti-FVIII antibodies were detected after platelet-specific FVIII gene therapy via 2bF8 lentivirus-mediated bone marrow or HSC transduction followed by transplantation. The efficacy in phenotypic correction and immune tolerance induction was further confirmed through sequential bone marrow transplantations in secondary and tertiary recipients (14, 17, 22, 25).

The effectiveness of platelet-targeted gene therapy has been further confirmed in hemophilia A rats (26) and hemophilia A dogs (27). Shi et al. recently developed a hemophilia A rat model, in which nearly the entire rat FVIII gene is inverted, with a severe spontaneous bleeding phenotype and a high incidence of inhibitor development upon rhFVIII infusion (26). Of note, the severe hemophilic phenotype in hemophilia A rats is fully rescued after platelet-targeted FVIII expression. When platelet-FVIII expression was introduced into hemophilia A rats after transplantation of 2bF8 genetically manipulated bone marrow cells from 2bF8 transgenic rats, the spontaneous bleeding phenotype was rescued with no inhibitor development even though animals were continuously exposed to platelet-FVIII after bone marrow transplantation (26). Using a large animal model, hemophilia A dogs, Du and coworkers demonstrated that 2bF8 lentivirus-mediated HSC transduction followed by transplantation improved hemostasis in hemophilia A dogs and animals were well-tolerized to 2bF8 lentivirus-introduced neoprotein with no detectable inhibitor development in treated animals (27).

In contrast to platelet-specific FVIII expression, it has been shown that targeting FVIII expression to hematopoietic cells under a constitutively active promoter may trigger anti-FVIII immune responses. Wang et al. (20) utilized the intraosseous delivery of a lentiviral vector targeting FVIII to platelets (under the GPIbα promoter, G-F8-LV) and a lentiviral vector with constitutive FVIII expression (under the elongation factor 1α promoter, E-F8-LV). After a FVIII gene transfer by injecting E-F8-LVs into tibias in hemophilia A mice, up to 20% of plasma FVIII activity was detected initially but dropped to undetectable levels within 2–3 months due to the development of FVIII inhibitors. In contrast, in hemophilia A mice that received G-F8-LVs, platelet-derived FVIII was detected and sustained up to 160 days, and a partial phenotypic correction was achieved even with anti-FVIII inhibitors. The difference in efficacy between these two lentiviral treatments may be due to the expression pattern of FVIII. Studies from Kootstra et al. (28) also showed that hemophilia A mice developed anti-FVIII immune responses after non-specific FVIII expression in hematopoietic cells. In their study, FVIII expression was driven by the β-actin promoter (ubiquitous). They showed that all animals developed inhibitors and that transduced cells were eliminated within 4 months after gene therapy.

Besides the promoter, other factors, e.g., protein properties, may also affect the efficacy of gene therapy. Studies by Gangadharan et al. (29) demonstrated that sustained high levels of plasma FVIII were achieved in hemophilia A mice that were preconditioned with either lethal 11 Gy or sub-lethal 5.5 Gy TBI and received Sca-1+ or c-kit+ cells transduced with porcine FVIII driven by the mouse stem cell virus (MSCV) promoter (MSCV-porcine fVIII) using a retrovirus-mediated gene transfer system. Further studies by Ide et al. (30) demonstrated that sufficient preconditioning is critical for achieving success within MSCV-porcine fVIII/HSC gene therapy in hemophilia A mice. When hemophilia A mice were preconditioned with busulfan or busulfan plus cyclophosphamide followed by transplantation of MSCV-porcine fVIII-transduced Sca-1+ cells, transient FVIII expression was obtained in recipients on day 7, but dropped to undetectable on day 14 and afterward due to the development of anti-FVIII inhibitors. When busulfan was supplemented with anti-thymocyte serum (ATS) for preconditioning, sustained plasma FVIII expression was achieved in mice after receiving MSCV- porcine fVIII-transduced Sca-1+ cells (30). In lentivirus-mediated platelet-targeted gene therapy, busulfan alone preconditioning is sufficient for achieving sustained therapeutic levels of platelet-FVIII in hemophilia A mice in the non-inhibitor model (17, 23). These studies support that targeting FVIII to platelets is unique in the hemophilia A gene therapy, because FVIII stored in platelets can be better sequestered compared to plasma FVIII as platelet-FVIII will be released together with its carrier protein VWF when it is needed, i.e., at the site of injury where platelets are activated. In addition, sheltering FVIII in platelets can protect the neoprotein from being recognized by the circulating immune cells. Sheltering FVIII in platelets protects FVIII from being inactivated by the circulating FVIII inhibitors.



THE PRESENCE OF PROTECTIVE PROTEIN VWF TO FVIII IN PLATELETS IS CRITICAL FOR OPTIMAL PLATELET GENE THERAPY OF HEMOPHILIA A

It is well-known that VWF binds with FVIII non-covalently, which affects the expression and stability of FVIII. FVIII colocalizes with endogenous protein VWF in platelet α-granules when FVIII is targeted to platelets (12, 13). Studies by Shi et al. (31) demonstrated that VWF has a protective effect on FVIII from inhibitor inactivation, and the preformed complex of VWF with FVIII has a greater protective effect on FVIII from anti-FVIII inhibitor inactivation than unbound VWF. When FVIII expression is targeted to platelets, it is stored together with endogenous VWF in a protective compartment, platelet α-granules, where it has an opportunity to form a VWF/FVIII complex. This preformed VWF/FVIII complex will be released locally at the site of injury. Thus, it can reduce inhibitor inactivation of FVIII, achieving hemostatic efficacy.

Further studies by Shi et al. (32) using 2bF8 transgenic mouse models showed that the preformed VWF/FVIII complex is vital for optimal platelet gene therapy of hemophilia A with inhibitors. VWF impacts the expression of platelet-FVIII as well as the hemostasis efficacy. Without VWF, the level of platelet-FVIII significantly decreased, and while hemostatic efficacy was still maintained in hemophilia A mice in the absence of inhibitors, it was limited in the presence of anti-FVIII inhibitors. These results demonstrate that VWF is essential to platelet-targeted gene therapy in hemophilia A with inhibitors. Using 2bF8 transgenic mice in the FVIII knockout background with varying VWF expressions, Shi et al. showed that both platelet-derived VWF and plasma-derived VWF are required for optimal platelet-derived FVIII gene therapy in hemophilia A mice with inhibitors (32).

More evidence indicating the important role of VWF in platelet FVIII gene therapy derives from studies of platelet-targeted FIX gene therapy in hemophilia B mice (33, 34). When FIX expression is targeted to platelets under control of the same platelet-specific αIIb promoter used in the FVIII studies, greater than 90% of FIX is stored in platelets and is releasable upon platelet activation. While the bleeding phenotype is rescued in hemophilia B mice without anti-FIX inhibitors after platelet-targeted FIX gene therapy, the efficacy is nullified in the presence of the anti-FIX inhibitors (33). This differs from platelet-targeted FVIII gene therapy in hemophilia A mice, in which the treatment is effective even in the presence of anti-FVIII inhibitors. We reason that the ineffectiveness of platelet-FIX in the inhibitor model is because there is no protective protein for FIX, so functional FIX activity is rapidly neutralized by circulating anti-FIX inhibitors, once released from activated transduced platelets at the site of injury.

The protective role of VWF in platelet-targeted FVIII gene therapy is not only revealed in its hemostatic function but also in immune responses. To initiate an anti-FVIII immune response, FVIII needs to be internalized by antigen-presenting cells and presented to FVIII-specific CD4 T cells. Studies done by Dasgupta et al. (35) showed that VWF protects FVIII from endocytosis by dendritic cells, which may reduce the immune response to FVIII. VWF can also modulate the repertoire of FVIII-derived peptides on antigen-presenting cells, which may affect the CD4+ T cell-mediated anti-FVIII immune response (36). Chen et al. reported that VWF could attenuate FVIII-primed CD4 T cell proliferation in response to rhFVIII restimulation. Their studies showed that VWF could mitigate FVIII-specific memory B cell maturation and anti-FVIII antibody production both ex vivo in a memory B cell–based ELISPOT assay and in vivo in an immunocompromised FVIII deficient animal model upon rhFVIII restimulation (37). Results from this study support the notion that FVIII stored together with VWF in platelets may be less immunogenic compared to plasma FVIII in a milieu of preexisting anti-FVIII immunity. Indeed, studies by Chen et al. demonstrated that infusion of platelets containing FVIII into hemophilia A mice with pre-existing anti-FVIII immunity did not trigger a memory immune response, but robust memory immune responses were elicited when a similar amount of rhFVIII was infused into plasma (38).

Thus, in our platelet-targeted gene therapy protocol, the association of VWF and FVIII is pivotal for clinical efficacy in hemophilia A with inhibitors. The VWF/FVIII complex protects FVIII from being inactivated by the inhibitors after a burst of VWF/FVIII complex released at the site of injury.



PROPER PRECONDITIONING BEFORE GENE TRANSFER IS IMPORTANT FOR ACHIEVING SUSTAINED PLATELET-FVIII EXPRESSION AND IMMUNE TOLERANCE INDUCTION IN PLATELET GENE THERAPY

Proper preconditioning is essential for immune tolerance induction in our platelet-targeted FVIII gene therapy protocol. Chen et al. (38) reported that the infusion of platelets containing FVIII to hemophilia A mice neither triggered immune responses nor induced immune tolerance to FVIII. However, immune tolerance was induced in mice preconditioned with 6.6 Gy followed by 2bF8 transgenic platelet infusion (38). This could be because the proper preconditioning followed by the introduction of platelet-derived FVIII helps to reconstruct the immune system, especially in the early phases (<8 weeks) of bone marrow reconstitution. It has been shown that ultraviolet (UV) irradiation before antigen immunization could promote antigen-specific immune tolerance through Treg cell induction in mice (39). Studies by Zheng et al. revealed that T cell reconstitution favored Treg differentiation when the mice received sub-lethal irradiation (40). Also, preconditioning can induce large amounts of apoptotic cells, which has been shown to create an immunosuppressive microenvironment (41). All these studies indicate the importance of preconditioning in inducing immune tolerance.

The optimal preconditioning regimen for platelet-FVIII gene therapy to establish immune tolerance while achieving sustained platelet-FVIII expression is more stringent than that used to achieve sustained platelet-FVIII expression alone in unprimed hemophilia A mice. Chen et al. (23) showed that sustained platelet-FVIII expression was achieved, and no anti-FVIII antibodies were detected in 2bF8 lentivirus-transduced recipients preconditioned with either myeloablative 11 Gy TBI, non-myeloablative 6.6 Gy TBI, busulfan, or busulfan plus ATG. Further studies showed that even after rhFVIII immunization, none of the recipients developed inhibitors in the groups preconditioned with an optimized preconditioning regimen, 6.6 Gy TBI or busulfan plus ATG. In contrast, 25 and 40% of the recipients developed inhibitors in the 11 Gy TBI group and the busulfan group, respectively, when they were challenged with the same rhFVIII immunization protocol (23). It's still unclear how preconditioning impacts immune tolerance induction, but studies from our laboratory demonstrate that proper preconditioning is important in our platelet-targeted gene therapy protocol. We speculate that a lethal dose of irradiation (11 Gy TBI) may severely disrupt the intestinal immune system (42), which may impact Treg cell homeostasis in the body. The 11 Gy TBI myeloablative preconditioning may disrupt Treg differentiation, dampening the efficacy of immune tolerance induction after platelet-targeted gene therapy. Thus, proper preconditioning is critical for the effectiveness of platelet-targeted gene therapy in restoring hemostasis and inducing immune tolerance in hemophilia A.



PERIPHERAL TOLERANCE IS ESTABLISHED AFTER PLATELET-TARGETED 2bF8 GENE THERAPY

Multiple lines of evidence suggest that both primary and secondary anti-FVIII immune responses are CD4 T cell-dependent (43–52). Studies from Chen et al. (23) demonstrated that the immune tolerance induced by 2bF8 lentivirus-mediated gene therapy is CD4 T cell-mediated. Chen et al. found that Treg cells increased in 2bF8-transduced recipients. Using a T cell proliferation assay, they showed that CD4+ T cells from rhFVIII-immunized 2bF8 lentivirus-transduced recipients' spleens did not respond to rhFVIII restimulation when co-cultured with dendritic cells from deficient (FVIIInull) mice. Further studies using a FVIII-specific memory B cell differentiation assay showed that CD4 T cells from FVIII-immunized 2bF8 lentivirus-transduced recipients could not promote memory B cell maturation into antibody-secreting cells, but memory B cells from FVIII-immunized 2bF8-transduced recipients could differentiate into antibody-secreting cells when co-cultured with CD4 T cells isolated from FVIII-primed untransduced FVIIInull mice. Further studies showed that immune tolerance is transferable when splenocytes from 2bF8-transduced recipients were infused into naive FVIIInull mice (23). Together, data from these studies demonstrate that immune tolerance established in 2bF8 lentivirus-transduced recipients is mediated by the CD4 T cell compartment.

To further investigate how immune tolerance is established after platelet-targeted gene transfer, Luo et al. (10) used the OVA model and utilized the OVA-specific T cell receptor transgenic mice to elucidate the potential mechanisms. They found that antigen-specific CD4 T cells were deleted in peripheral lymphoid organs (spleen and lymph nodes), but not in the thymus, and antigen-specific Treg cells were expanded after platelet-targeted OVA gene transfer. The specific mechanisms related to the OVA expression levels. The deletion of peripheral antigen-specific CD4 T cells was more prominent in mice with a higher level of OVA expression, whereas with a lower OVA level, the increase in antigen-specific Treg cells was dominant. Importantly, even with a lower expression level of ectopic protein, platelet-specific OVA gene transfer could still induce immune tolerance in the unprimed model. The OVA model study reveals that there are dual underlying mechanisms that are responsible for establishing antigen-specific immune tolerance after platelet-targeted gene therapy.



CONCLUSION

Platelets play fundamental roles not only in hemostasis and thrombosis but also in innate and adaptive immunity. Data from preclinical trials using animal models have demonstrated that platelet-targeted FVIII gene therapy is effective in treating hemophilia A mice even with inhibitors. Platelet-targeted gene therapy can promote antigen-specific immune tolerance through peripheral tolerance mechanisms. The effectiveness of platelet gene therapy in hemophilia A with inhibitors could be attributed to many pivotal factors, including the shielding of neoprotein by platelets from being recognized by the immune system, the presence of a protective protein VWF in the platelets, and proper preconditioning before gene transfer. In conclusion, platelet-targeted gene therapy is a unique approach for gene therapy of hemophilia A even with inhibitors as it can provide not only therapeutic protein but also induce antigen-specific immune tolerance.
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Hemophilia A is an inherited coagulation disorder resulting in the loss of functional clotting factor VIII (FVIII). Presently, the most effective treatment is prophylactic protein replacement therapy. However, this requires frequent life-long intravenous infusions of plasma derived or recombinant clotting factors and is not a cure. A major complication is the development of inhibitory antibodies that nullify the replacement factor. Immune tolerance induction (ITI) therapy to reverse inhibitors can last from months to years, requires daily or every other day infusions of supraphysiological levels of FVIII and is effective in only up to 70% of hemophilia A patients. Preclinical and recent clinical studies have shown that gene replacement therapy with AAV vectors can effectively cure hemophilia A patients. However, it is unclear how hemophilia patients with high risk inhibitor F8 mutations or with established inhibitors will respond to gene therapy, as these patients have been excluded from ongoing clinical trials. AAV8-coF8 gene transfer in naïve BALB/c-F8e16−/Y mice (BALB/c-HA) results in anti-FVIII IgG1 inhibitors following gene transfer, which can be prevented by transient immune modulation with anti-mCD20 (18B12) and oral rapamycin. We investigated if we could improve ITI in inhibitor positive mice by combining anti-mCD20 and rapamycin with AAV8-coF8 gene therapy. Our hypothesis was that continuous expression of FVIII protein from gene transfer compared to transient FVIII from weekly protein therapy, would enhance regulatory T cell induction and promote deletion of FVIII reactive B cells, following reconstitution. Mice that received anti-CD20 had a sharp decline in inhibitors, which corresponded to FVIII memory B (Bmem) cell deletion. Importantly, only mice receiving both anti-mCD20 and rapamycin failed to increase inhibitors following rechallenge with intravenous FVIII protein therapy. Our data show that B and T cell immune modulation complements AAV8-coF8 gene therapy in naïve and inhibitor positive hemophilia A mice and suggest that such protocols should be considered for AAV gene therapy in high risk or inhibitor positive hemophilia patients.

Keywords: hemophilia A, inhibitors, gene therapy, AAV, anti-CD20, rapamycin


INTRODUCTION

Hemophilia, a hereditary monogenic x-linked inherited coagulation disorder, is defined by a loss in functional coagulation factor VIII (FVIII), hemophilia A, or factor IX (FIX), hemophilia B, proteins. Hemophilia A is approximately four times more common than hemophilia B with indices of 1 in 5,000 and 1 in 20,000 male births, respectively. Patients are classified as severe, moderate, or mild depending on residual coagulation factor activity and are at risk for developing spontaneous (severe) and trauma induced bleeds (moderate and mild) (1). Often bleeds occur in joints and results in hemarthrosis with significant morbidity. Bleeds into closed spaces, such as the cranium, that are not managed, result in mortality (2).

Hemophilia is presently treated on-demand or prophylactically with intravenous infusion of plasma derived or recombinant factor protein (3). More recently, extended half-life FVIII and FIX products have been made available, reducing the frequency of infusions (4). However, the development of anti-drug antibodies, termed inhibitors, remains a major complication in therapy. Inhibitor incidence is much higher in hemophilia A patients at 25–30%, whereas only 3–5% of hemophilia B patients go on to develop inhibitors (5). Often inhibitors occur in patients with severe disease, in which there is little or no expressed clotting factor. Inhibitors develop within the first year or two of starting protein therapy, often by 20 exposure days, and the relative risk of inhibitor formation is reduced with successive event free clotting factor infusions or exposure days (6).

Gene replacement therapy using adeno-associated virus (AAV) based vectors to deliver functional F8 and F9 genes to the liver have resulted in stable and therapeutic FVIII and FIX protein levels in adult hemophilia patients (7), with several candidates advancing into phase III clinical trials (8). Importantly, no patient receiving AAV gene therapy (despite a variability in factor protein expression levels) has developed inhibitors (7, 9, 10). However, the outcome of AAV gene therapy in young children with lower exposure days and in adults with established inhibitors is presently unknown, although the latter is scheduled to be addressed in a clinical trial (NCT03734588).

The ongoing AAV gene therapies for hemophilia are dependent on decades long preclinical studies in genetic knockout mice and naturally occurring canine hemophilia animal models (11–13). Early pre-clinical studies for hemophilia B showed that restricted expression of FIX protein to hepatocytes resulted in stable inhibitor free expression in both murine and canine hemophilia B models with a F9 gene deletion (11). In mice, it was shown that hepatocyte restricted expression of FIX protein resulted in the induction of peripheral regulatory T cells (Treg) that suppressed the formation of inhibitory antibodies (14, 15). Later studies demonstrated that AAV liver gene therapy and these suppressive Treg could also eliminate inhibitors in murine and canine hemophilia A and B models (16–18).

While these studies suggest that gene therapy could be administered to patients with established inhibitors, it is unknown whether there is an inhibitor threshold above which gene therapy could be rendered ineffective. Combinatorial treatment with gene therapy and drugs such as rituximab could potentiate inhibitor elimination, thus preventing neutralization of the newly expressed clotting factor. Immune tolerance induction with rituximab as single-agent therapy has shown mixed responses in inhibitor patients (19, 20), with a main mechanism of action being memory B cell depletion (21). We have previously shown that combining a murine equivalent of rituximab (anti mouse CD20) with the T cell targeting drug, rapamycin can effectively reduce inhibitors in hemophilia A mice (22). We therefore applied this combination treatment regimen to gene therapy for hemophilia A in mice with established inhibitors for this study.



MATERIALS AND METHODS


Mice

All animals used at initiation of experiments were 8 to 10-week-old male mice on the BALB/c [H-2d], C3H/HeJ [H-2k], or B6;129S [mixed H-2b] background. Wild type mice were purchased from Jackson Laboratories (Bar Harbor, ME). Hemophilia A mice with a deletion in exon 16 of the F8 gene (BALB/c F8e16−/Y) were kindly provided by Dr. David Lillicrap (Queens, Ontario, Canada). Hemophilia B mice with a targeted deletion of murine F9 have been bred on BALB/c background for >10 generations (14). B6;129S-F8tm1Kaz (B6;129S-HA) mice (23) were purchased from Jackson Laboratories (Bar Harbor, ME) stock number 004424 and bred in house.

Animals were housed under specific pathogen-free conditions at the University of Florida Animal Care Service facility and Indiana University laboratory animal resources center (LARC). Food and water were given ad libitum. Animals were treated under Institutional Animal Care and Use Committee-approved protocols.



Viral Vectors

For FIX gene therapy, we used AAV8-ApoE/hAAT-hF9, which carries the hepatocyte-specific expression cassette for hFIX (24). This cassette includes an apolipoprotein E (ApoE) enhancer/hepatocyte control region, a human a1-antitrypsin promoter, hFIX cDNA, a 1.4-kb portion of intron 1 of the F9 gene, and the bovine growth hormone poly(A) signal. For FVIII gene therapy, we used the AAV8-ApoE-hAAT-cohBDD-F8 vector, using a codon-optimized, human B-domain deleted F8 (cohBDD-F8) gene, which has been shown to enhance the levels of transcribed FVIII protein (25). AAV serotype 8 vectors were produced as previously described (26–28).



Reagents

Recombinant human B domain deleted (BDD) FVIII (Xyntha) was from Pfizer (New York, NY). FVIII and FIX deficient plasma was from Haematologic Technologies (Essex Junction, VT). Anti-mCD20 IgG2a subtype (clone 18B12) was purified from transfected HEK293 cells (ATUM, Newark, CA). Rapamycin was purchased from LC laboratories (Woburn, MA). Keyhole limpet hemocyanin was purchased from Sigma Aldrich (St. Louis, MO).



Inhibitor Establishment and Gene Therapy Tolerance Regimen

For establishment of a tolerance regimen to prevent the development of FVIII inhibitors to gene therapy, naïve BALB/c F8e16−/Y mice were administered 1 × 1011 vg AAV8-ApoE-hAAT-cohBDD-F8 vector, using the IV route, and divided into 4 cohorts. Cohort 1 were control mice that received vector without immune suppression. Cohorts 2–4 received immune suppression along with vector. Cohort 2 received two IV doses of 250 μg anti-mCD20 (with vector and 3 weeks later). Cohort 3 received 4 mg/kg rapamycin (3x/week) by oral gavage 2 weeks after vector administration for 4 weeks. Cohort 4 received a combination of anti-mCD20 and rapamycin. Mice from cohorts 1 and 4 were further challenged with weekly IV injections for 4 weeks with 1.5 IU BDD FVIII protein (Xyntha, Pfizer) at 8 weeks following treatment. To show that mice receiving immune suppression had an intact immune response, mice were IV injected with 100 μg of keyhole limpet hemocyanin (KLH) at 14 weeks post-AAV gene transfer and bled 3 weeks later to measure anti-KLH IgG1 levels in plasma by Enzyme linked immunosorbent assay (ELISA).

For reversal studies, high titer inhibitors were initially established in naïve BALB/c F8e16−/Y mice by administering weekly IV injections of 1.5 IU BDD FVIII protein for 4 weeks. This was followed by gene therapy with 1 × 1011vg AAV8-ApoE-hAAT-cohBDD-F8 vector and either anti-mCD20, rapamycin, or the combination immunosuppressive regimen was administered as indicated. Follow up analysis was carried out for a further 2 months, following which, mice were re-challenged further with weekly IV injections of 1.5 IU BDD FVIII protein for 4 weeks.



Adoptive Transfer of Treg and FVIII Antigen Challenge

Splenocyte isolation and Treg enrichment was performed as previously described (29). Briefly, spleen cells from various treatment groups were isolated and enriched following the instructions of the mouse Treg isolation kit from Miltenyi Biotec (Carlsbad, CA). In our hands, Treg enrichment with this kit typically gives a purity of 80–90% confirmed by flow cytometry staining of CD4+ CD25+ FoxP3+ cells. Naïve BALB/c F8e16−−/Y mice received 1 × 106 Treg by tail vein injection and were immunized with a subcutaneous injection of 1.5 IU of FVIII protein emulsified in Sigma Adjuvant System (Millipore Sigma S6322, St. Louis, MO). Animals were bled 3 weeks after FVIII immunization and plasma was collected to measure anti-FVIII IgG1 antibody levels using an ELISA assay.



Analysis of Plasma Samples

Plasma samples were collected by retro-orbital eye bleed into 0.38% sodium citrate buffer. Inhibitory antibodies to FVIII or FIX were measured by Bethesda assay as described (16, 22). Measurements were carried out in a Diagnostica Stago STart Hemostasis Analyser (Parsippany, NJ, USA). ELISA-based measurements of antibodies to FVIII or FIX were carried out as described (16, 22). FVIII or FIX activity was measured by a one stage clotting assay based on a modified activated partial thromboplastin time assay (aPTT) as described (16, 22). Percent activity is an indication of the extent a plasma sample corrects the coagulation time of FVIII or FIX deficient plasma in the assay.



Memory B Cell ELISpot

Memory B cell enzyme-linked immunospot (ELISpot) was performed as previously described (30). Briefly, spleen cells from various treatment groups were isolated and depleted of CD138+ antibody secreting plasma cells using anti-CD138 microbeads (Miltenyi Biotec, Carlsbad, CA). CD138− spleen cells were cultured at 1.5 × 106 cells/mL in RPMI 1640 (Life Technologies) supplemented with 10% fetal calf serum (Atlanta Biologicals, Norcross, GA), 2 mM l-glutamine, 10,000 U/mL penicillin, 100 mg/mL streptomycin and 55 μM β-mercaptoethanol (Sigma-Aldrich) at 37°C for 6 days. 0.1 IU/mL BDD-FVIII was added to the cells on day 0 as indicated. Newly formed antibody secreting cells (ASCs) were detected by ELISpot assays, using the CTL-ImmunoSpot system (Shaker Heights, OH).



Flow Cytometry Studies

Peripheral blood mononuclear cells (PBMCs) were stained with the following antibodies, B220-FITC, CD4-e450, CD8-BV510, CD25-BV605, and FoxP3-e660 using the FoxP3 staining buffer kit from eBioscience per manufacturer's instructions. Data were collected on an Attune NXT flow cytometer and cell population analysis was conducted using FCS Express 7 (De Novo software, Glendale, CA).



Statistical Analysis

All statistical analysis was carried out using Graph Pad Prism software (La Jolla, CA) using Student's 2-tailed T-test, one-way ANOVA with Bonferroni's multiple comparison test, or two-way ANOVA with Tukey's multiple comparisons test. A p < 0.05 was considered statistically significant, and indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




RESULTS


Immune Response to Clotting Factor Protein or Gene Therapy Is Mouse Strain Dependent

Historically we have observed that the hemophilia B mice on a BALB/c background are less responsive to FIX protein therapy compared to mice on the C3H/HeJ background with an identical F9 gene deletion (31). A previous study comparing immune responses to recombinant full length FVIII protein therapy in BALB/c and C57BL/6 hemophilia A mice reported that mice on the C57BL/6 background developed a higher antibody and inhibitor titer (32). However, more recombinant FVIII protein products are B-domain deleted FVIII (BDD-FVIII) and clinical gene therapy vectors also express BDD-FVIII protein. Thus, it is important to understand potential genetic risk factors for inhibitor formation against recombinant and vector derived BDD-FVIII. Groups of hemophilia A mice on BALB/c (BALB/c-HA) or B6;129S (B6;129S-HA) background received 4 weekly IV injections of 1 IU BDD-FVIII protein. Blood was collected on week 5 and plasma levels of anti-FVIII IgG1 and Bethesda titers were determined. We observed significantly lower levels of both anti-FVIII IgG1 (Figure 1A) and Bethesda inhibitor (Figure 1B) titers in BALB/c-HA mice. B6;129S-HA mice (n = 23) had a mean anti-FVIII IgG1 level of 3,996 ng/mL and inhibitor titer of 210 BU/mL compared to BALB/c-HA mice (n = 16) anti-FVIII IgG1 of 1,479 ng/mL and Bethesda titer of 14 BU/mL.
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FIGURE 1. Differential immune responses to BDD-FVIII protein in hemophilia A mice on different genetic backgrounds when delivered as recombinant protein or expressed in hepatocytes. Hemophilia A mice on B6;129 (n = 27) or BALB/c (n = 21) backgrounds received 4 weekly IV injections of 1 IU BDD-FVIII and plasma was collected at week 5 to measure anti-FVIII IgG1 levels (A) and Bethesda inhibitor titers (B). In some animals we were unable to measure Bethesda inhibitors due to technical issues. Hemophilia A mice on 129;B6 or BALB/c backgrounds (n = 4 per strain) were IV injected with 1 × 1011 vg AAV8-ApoE-hAAT-coF8 vector and followed over time for anti-FVIII IgG1 levels (C), Bethesda inhibitor titers (D), and one-stage aPTT activity assay (E). Mice were rechallenged with weekly IV injections of 1 IU BDD-FVIII protein for 4 weeks (C–E). Statistical analysis of (A,B) was performed using 2-tailed Mann-Whitney test and (C–E) with multiple row T-test. A p < 0.05 was considered statistically significant, and indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Based on the stronger response of B6;129S-HA mice to recombinant BDD-FVIII protein, we hypothesized that these mice would have a higher risk of developing inhibitors following gene transfer of an AAV8-ApoE-hAAT-cohBDD-F8 (AAV8-coF8) vector. To test this, we injected both hemophilia A mouse strains with 1 × 1011 vg of the AAV8-coF8 vector and followed mice over time. Plasma was tested at different time points post-vector injection and was analyzed for FVIII activity, Bethesda inhibitors, and anti-FVIII IgG1. Surprisingly, BALB/c-HA mice developed both anti-FVIII IgG1 antibodies (Figure 1C) and Bethesda inhibitor titers (Figure 1D) 8 weeks post-vector administration. In contrast, B6;129S-HA mice did not develop anti-FVIII IgG1 or Bethesda inhibitors (Figures 1C,D) and displayed moderate FVIII activity (Figure 1E) even after 4 weekly challenges with recombinant BDD-FVIII protein.



Transient Immune Modulation With Anti-CD20 and Rapamycin Combination Therapy Prevents Inhibitors to FVIII Gene Therapy in BALB/HA Mice

Based on these results (Figures 1C,D), we used BALB/c-HA mice that naturally develop inhibitors following AAV8-coF8 gene therapy to determine if our immune modulatory protocol could prevent inhibitors and promote FVIII tolerance. Our group has previously developed several transient immune modulatory protocols to prevent and reverse inhibitors in the context of FVIII protein therapy in BALB/c-HA mice (22, 25, 33, 34). Thus, we hypothesized that transient immune modulation may be effective at preventing inhibitors following AAV8-coF8 liver gene transfer. Based on our previous published studies with immune suppression in the context of protein therapy (22), we elected to initially test a B cell depleting antibody, anti-mCD20 (250 μg) on weeks 0 and 3 or oral rapamycin (4 mg/kg) 3 times per week from weeks 2 through 5 post-vector administration [Figure 2A; (22, 33)]. PBMCs were collected at week 4 post-vector administration and stained with antibodies to detect B cells (B220), CD4 and CD8 T cells, and Tregs (CD4+CD25+FoxP3+). As expected, we observed a significant decrease in the frequency and number of B220 positive cells in mice receiving the B cell depleting anti-mCD20 antibody compared to vector and vector and rapamycin treated mice (Figures 2B,C). Mice receiving the anti-mCD20 antibody had a statistically significant elevated frequency of CD4 and CD8 T cells but only had a modest elevation in total CD4 T cells. There was no significant difference in the frequency and total number of Tregs between the different groups (Figures 2B,C). By week 8 post-vector, the majority of mice treated with vector alone had developed FVIII inhibitors as measured by anti-FVIII IgG1 and Bethesda assay (Figures 2D,E). In contrast, about half of the mice treated with AAV and rapamycin developed inhibitors. However, one animal in this group had the highest titer inhibitor in the whole cohort, suggesting that rapamycin alone is not effective at preventing inhibitors (Figures 2D,E). AAV combined with anti-mCD20 was the most effective combination with only two animals developing inhibitors at week 8 post-vector (Figures 2D,E). At week 12 anti-FVIII IgG1 levels were starting to emerge in the AAV combined with anti-mCD20 mice. However, only two animals in the group had a detectable Bethesda inhibitor (Figures 2D,E).
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FIGURE 2. Prophylactic immune suppression with anti-mCD20 or rapamycin is only partially effective at preventing inhibitors. BALB/c-HA mice were divided into three groups (n = 8 per group), control (red), rapamycin (green), and anti-mCD20 (blue). All groups were IV injected with 1 × 1011 vg of the AAV8-coF8 vector. Treatment and blood collection time points are indicated in the timeline (A). Flow cytometry staining of PBMCs was performed at week 4 to stain for B cells (B220+), CD4 T cells (CD4+), CD8 T cells (CD8+), and Treg (CD4+ CD25+ FoxP3+), and data is reported as frequency of PBMCs (B) and total cell counts (C). Anti FVIII IgG1 levels (D) and Bethesda inhibitor titers (E) over time. A p < 0.05 was considered statistically significant, and indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


To improve the effectiveness of inhibitor suppression, we designed a study to combine both anti-mCD20 and rapamycin along with vector administration. Mice received weekly challenges of 1.5 IU BDD-FVIII for 4 weeks starting at 8 weeks post-vector (Figure 3A) and at the end of the challenge, some animals were followed longer while others were used as donors for regulatory T (Treg) cell adoptive transfer studies into naïve BALB/c-HA mice. During the course of treatment, blood was collected and plasma anti-FVIII IgG1 levels and Bethesda titers were measured. Control mice receiving only vector developed inhibitors whereas mice receiving immune modulatory therapy with vector failed to develop inhibitors even after immunological challenge with recombinant FVIII protein (Figures 3B,C). Additionally, 7 out of 9 mice receiving the immune modulation failed to mount an IgG2a antibody response against the AAV8 capsid (29.97 ± 64 ng/ml) whereas all control mice treated with vector alone formed anti-AAV8 IgG2a antibodies (1,229 ± 316 ng/mL, Figure 3D).


[image: Figure 3]
FIGURE 3. Prophylactic immune suppression with anti-mCD20 and rapamycin prevents inhibitors following AAV8-coF8 gene delivery in BALB/c-HA mice. BALB/c-HA mice were divided into two groups (n = 8 per group), control (blue) and anti-mCD20 plus rapamycin treated (red). (A) Both groups were IV injected with 1 × 1011 vg AAV8-coF8 vector as indicated in the experimental timeline. Mice receiving immune suppression received anti-mCD20 along with vector and 3 weeks later. Oral gavage of rapamycin was started 2 weeks after vector, three times per week for 4 weeks. Mice received weekly IV injections of 1.5 IU FVIII starting at week 8 for 4 weeks. Mice were followed over time for anti-FVIII IgG1 levels (B), and Bethesda inhibitor titers (C). Plasma from mice at 8 weeks post-vector was used to measure anti-AAV8 IgG2a antibody levels by ELISA (D). The surviving mice AAV only (n = 3) and AAV with immunosuppression (n = 4) were challenged with KLH to show that the transient immunosuppression did not compromise adaptive immunity and anti-KLH IgG1 levels were measured by ELISA (E). Treg were isolated from four mice in each treatment group and 1 × 106 Tregs were adoptively transferred into naïve BALB/c-HA mice and the next day mice (Treg transfer and naïve controls) were challenged with subcutaneous delivery of 1.5 IU FVIII protein in adjuvant and bled 2 weeks later to measure anti-FVII IgG1 antibody levels by ELISA (F). Statistical analysis of (D) was performed using unpaired T-test with ****p < 0.0001.


To test if immunological tolerance was established, we isolated Treg from the spleens of a subset of the BALB/c-HA mice receiving either vector alone or vector with immune modulation and adoptively transferred 1 × 106 Treg into naïve BALB/c-HA mice, followed by subcutaneous challenge with 1.5 IU FVIII in adjuvant. Naïve BALB/c-HA mice were also challenged with FVIII in adjuvant to provide a baseline for the maximal antibody response. Three of four mice receiving Treg from vector/rapamycin/anti-mCD20 treated donors failed to generate antibodies against FVIII protein whereas mice receiving Treg from vector only donors were indistinguishable from control adjuvant challenged mice (Figure 3F). This demonstrates that transient immune suppression coupled with AAV liver gene delivery of FVIII protein is capable of augmenting antigen specific Treg as previously observed in the context of FVIII protein replacement therapy (29).

Finally, in order to confirm that immune suppression by vector/rapamycin/anti-mCD20 treatment was transient, we administered the strong immune stimulatory T help dependent antigen keyhole limpet hemocyanin (KLH) in mice, 2 months after immune suppressive treatment was completed. Both controls and mice that had previously received immune suppressive treatment developed robust IgG1 antibody responses to KLH (41,571 vs. 66,745 ng/mL, respectively), indicating that B and T cell compartments had completely recovered in these animals (Figure 3E).

Our prior work has shown that AAV-F9 liver gene transfer alone is sufficient for elimination of anti-FIX IgE and IgG1 as well as functional inhibitors in C3H/HeJ-HB mice (16). Here we show that AAV8-F9 liver gene transfer is also effective at eliminating inhibitors in BALB/c-HB mice, with the same murine F9 deletion (Figure S1). However, in this background, inhibitor induction required subcutaneous injection of FIX protein in adjuvant as the majority of mice failed to develop significant anti-FIX IgG1 levels following recombinant FIX protein challenge with 10 IU FIX protein [Figure S1A; (31)]. A vector dose of 1 × 1010 vg failed to reverse inhibitors in contrast to what we had reported in C3H/HeJ-HB mice, although this result is not unexpected as a previous study demonstrated that successful inhibitor reversal in adjuvant-FIX challenged mice with a lentiviral vector required higher FIX expression levels (12). However, a higher vector dose of 1 × 1011 vg led to the rapid elimination of inhibitors (Figures S1B,C) and therapeutic levels of hFIX protein (Figure S1D). Over time, FIX levels in inhibitor positive BALB/c-HB mice converged with naïve BALB/c-HB treated with the same vector dose. Thus, these data demonstrate that mice on a BALB/c background are responsive to AAV liver mediated tolerance induction despite a previous report which claimed impaired tolerance in this background (35).



Anti-CD20 and Rapamycin Therapy Tolerizes FVIII Gene Therapy in BALB/c HA Mice With Established Inhibitors

After establishing that anti-CD20 and rapamycin treatment complements AAV8-coF8 liver gene transfer, we next asked if this combined therapy would be effective for ITI. To induce inhibitors, BALB/c-HA mice received 4 weekly IV injections of 1.5 IU BDD-FVIII protein and animals were bled and tested for anti-FVIII IgG1 and Bethesda titers. Mice were then divided into four groups: (1) vector alone, (2) vector plus rapamycin, (3) vector plus anti-mCD20, and (4) vector plus rapamycin and anti-mCD20, in which each group contained a similar range of inhibitor titers (Figure 4A). To determine if tolerance was established, BALB/c-HA mice received an additional 4 weekly injections of 1.5 IU BDD-FVIII protein at week 13 post-vector and were bled the following week. Mice in the vector only and vector and rapamycin treatment groups had an increase in both anti-FVIII IgG1 and Bethesda inhibitor titers (Figures 4B,C), whereas mice in the vector/anti-mCD20 and vector/rapamycin/anti-mCD20 groups had an initial decrease in both anti-FVIII IgG1 (Figure 4B) and Bethesda inhibitor titers (Figure 4C). We observed a significant decrease in anti-FVIII IgG1 levels in animals receiving immune suppression compared to only vector at weeks 4 and 17 and at all time points in mice receiving anti-mCD20 and rapamycin. A significant decrease in Bethesda inhibitor titers was observed at weeks 8 and 17 in all animals receiving immune suppression. However, only mice receiving vector/rapamycin/anti-mCD20 maintained their reduced anti-FVIII IgG1 and Bethesda inhibitor titers following BDD-FVIII protein challenge (Figures 4B,C). Overall, the average fold reduction in Bethesda titers in response to the treatment regimen was consistently higher for the vector/rapamycin/anti-mCD20 group (3.8 to 8.2-fold reduction, weeks 8–17), as compared to the vector/anti-mCD20 group (0.43 to 2.2-fold reduction, weeks 8–17, Figure 4D). Importantly, inhibitors failed to recover in the triple treated group when rechallenged with intravenous FVIII protein therapy. However, despite the reduction in inhibitor titers in the vector/rapamycin/anti-mCD20 group, we were unable to detect any functional correction in hemostasis in any of the treated animals using a two-stage chromogenic assay (data not shown).
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FIGURE 4. AAV8-coF8 liver gene transfer enhances anti-mCD20 and rapamycin ITI. BALB/c-HA mice were IV challenged weekly for 4 weeks with 1.5 IU BDD-FVIII protein and bled at different time points to determine starting Bethesda inhibitor titers. Different groups were established that received vector only (1 × 1011 vg AAV8-ApoE-hAAT-coF8, n = 7 blue circle), vector and rapamycin (n = 5 inverted purple triangle), vector and anti-mCD20 (n = 5 green triangle), and vector with anti-mCD20 and rapamycin (n = 8 red square). Vector and anti-mCD20 was administered at week 0 and a second anti-mCD20 at week 3, denoted with black arrows. Oral gavage with rapamycin was started 2 weeks after vector, three times per week for 4 weeks (green arrows). Summary of experimental timeline (A). Mice were re-challenged with weekly IV injections of 1.5 IU FVIII starting at week 13 for 4 weeks. All mice received 1 × 1011 vg of the AAV8-coF8 vector by tail vein injection. Plasma was used to measure anti-FVIII IgG1 levels (B) and Bethesda inhibitor titers (C). The fold reduction in Bethesda inhibitor titers in relation to the starting titer for each mouse and group were calculated and reported in (D). Values >1 represent a reduction in Bethesda inhibitor titers, 1 no change, and <1 an increase in Bethesda inhibitor titers. Plasma from 8 weeks post-vector was used to measure anti-AAV8 IgG2a antibody levels by ELISA (E). Representative wells of a FVIII memory B cell ELISpot assay in which CD138 depleted splenocytes were cultured for 6 days in the absence or presence of 0.1 IU FVIII/mL (F). Colored bars beneath the wells correspond to the donor group. Statistical analysis of (B,C) was conducted using two-way ANOVA with Tukey's multiple comparisons test. Groups with significant differences are annotated a: vector vs. vector-anti-mCD20-rapamycin, b: vector vs. vector-anti-mCD20, and c: vector vs. vector-rapamycin with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Statistical analysis of (E) was conducted by one-way ANOVA with Tukey's multiple comparisons test.


Importantly, both the vector/anti-mCD20 and vector/rapamycin/anti-mCD20 treatment regimens reduced the formation of IgG2a antibodies to the AAV8 capsid (103 and 116 ng/mL, respectively). Mice treated with vector only or with vector/rapamycin developed anti-AAV8 IgG2a antibodies (988 and 888 ng/mL, respectively) that would theoretically preclude successful re-administration of the vector (Figure 4E).

Since only animals treated with the B cell depleting antibody, anti-mCD20 (alone or in combination with rapamycin), showed a reduction in inhibitors, we hypothesized that this was likely due to the elimination of anti-FVIII IgG1+ memory B cells. Our previous studies in BALB/c and BALB/c-HA mice demonstrated that a substantial fraction of the B cell compartment is eliminated following anti-mCD20 treatment (22). During the course of B cell maturation, a subset of cells become memory B cells capable of rapidly responding to secondary exposure to antigen (36). Importantly, it has been shown that FVIII specific IgG1+ memory B cells require the presence of activated T cells and antigen in order to differentiate into antibody producing plasma cells (37). To test this hypothesis, we isolated splenocytes from the surviving BALB/c-HA mice of each group to look at the frequency of FVIII specific memory B cells. Plasmablasts and plasma cells were depleted using anti-CD138 magnetic beads and the remaining splenocytes were cultured for 6 days with or without 0.1 IU/mL BDD-FVIII protein (16, 30, 37). Following re-stimulation, the cells were plated for a FVIII specific B cell ELISpot assay. All mice treated with anti-mCD20 were negative for FVIII memory B cells whereas mice from the other two groups that received vector alone or vector and rapamycin developed FVIII ASCs only upon antigen re-stimulation (Figure 4F). To verify these results we conducted an additional study to expand the group of vector/anti-mCD20 and vector/rapamycin/anti-mCD20 animals and again observed an absence of FVIII memory B cells, whereas control mice immunized with intravenous delivery 1.5 IU recombinant FVIII protein had a substantial population of FVIII specific memory B cells (Figure S2). Overall, our results suggest that elimination of memory B cells is critical for successful ITI with AAV8-coF8 liver gene therapy, and that this process is enhanced by T cell suppression with rapamycin.




DISCUSSION

Despite the successes of recent clinical trials evaluating liver directed AAV gene therapy for hemophilia A and hemophilia B, all trial participants to date have been selected based on gene mutation and history with an absence of inhibitors. However, a newly proposed clinical study (NCT03734588) may soon be underway to address the risk of AAV gene therapy in hemophilia A patients with low titer inhibitors. Pre-clinical data in mouse, dogs, and non-human primates (NHP) support immune tolerance induction with AAV-F9 hepatocyte gene transfer, as this restores expression at its natural site of synthesis (11, 16). However, inhibitors in hemophilia B patients undergoing FIX protein therapy is rare with an incidence of 3–5% (5) and does not likely represent a major complication in hemophilia B gene therapy.

In contrast, the incidence of inhibitors in hemophilia A patients is 25–30% meaning that a larger fraction of patients may be ineligible for gene therapy. This premise is supported by the increased incidence of inhibitor formation in pre-clinical mouse and NHP studies following AAV-F8 gene transfer and data from the present study (11, 38). Despite the fact that hepatocytes can express functional FVIII protein, FVIII is naturally synthesized in endothelial cells, such as liver sinusoidal endothelial cells therefore expression and secretion in hepatocytes may be less than optimal (27, 39). Interestingly, pre-clinical data in hemophilia A mice show effective ITI with in vivo delivery of a lentiviral vector with FVIII expression restricted to LSECs (40, 41). It is therefore important to develop protocols to improve outcomes in high risk and inhibitor positive patients.

Others have reported that AAV-F8 gene transfer in mice and non-human primates (NHP) often leads to anti-FVIII antibody formation, attributing this to expression of a human protein in a different species (42, 43). However, expression of other human proteins, such as human FIX protein, from AAV liver gene transfer in mice rarely results in inhibitor formation (14). Thus, the risk of provoking an immune response against a liver expressed protein in the context of gene therapy is likely more dependent on the relative immunogenicity of the transgene (44). This discrepancy in the tolerogenicity of AAV-F8 and AAV-F9 liver gene transfer, especially in the context of pre-existing inhibitors has also been documented by others (38). Data from two clinical studies in adult hemophilia A patients show that AAV-F8 gene transfer is safe and effective and thus far no patients have developed anti-FVIII IgG antibodies and inhibitors. However, exclusion criteria for these trials eliminates patients with mutations associated with inhibitor and excludes any patient that had a history of inhibitor. Thus, it remains unknown how hemophilia A patients with limited FVIII exposure days or with inhibitors will respond to AAV8-coF8 gene therapy.

A surprising finding in our study was that BALB/c-HA and not 129/B6-HA mice treated with an AAV8-coF8 vector spontaneously developed anti-FVIII IgG1 inhibitors, despite BALB/c-HA mice having a weaker immune response to recombinant human BDD-FVIII protein therapy. One potential explanation is the suggestion that mice on a BALB/c background have impaired hepatic tolerance following AAV liver gene transfer (35). However, we have demonstrated that AAV-F9 ITI therapy is highly effective at eliminating inhibitors in BALB/c-HB mice and can restore hemostasis (16). Gaining an understanding of why these mice have a differential immune response toward endogenously expressed BDD-FVIII from AAV transduced hepatocytes and recombinant BDD-FVIII protein infusion may therefore help to influence future gene therapy trial design. An alternative explanation is that the levels of BDD-FVIII protein provided by AAV gene transfer to hepatocytes in this study may not be sufficient for tolerance induction. Indeed, for FIX gene therapy, inhibitor positive BALB/c-HB mice given 1 × 109, and 1 × 1010 vg AAV8-F9 was insufficient for completely eliminating inhibitors. Vector dose and antigen levels have been indirectly and directly tied to an increase in antigen specific Treg (16, 45), with a small reduction in vector dose shifting the balance from tolerance to immunity (46). Recent progress with engineered and hybrid FVIII proteins may help improve BDD-FVIII transgene levels (47). However, it is presently unclear how these FVIII variants will be viewed by regulatory agencies and the immune system (48).

T helper cell dependent antibody formation, which is responsible for the majority of inhibitors in hemophilia patients, requires the activation of FVIII specific effector T cells by professional antigen presenting cells (APC) presenting small peptide epitopes of FVIII protein. In the presence of antigen, activated effector T cells, including T follicular helper cells (TFH) provide critical co-stimulatory signals to promote the maturation of immature B cells in B cell follicles into high affinity class switched antibody producing plasma cells. During this maturation process, a large fraction of these cells become long-lived antibody producing plasma cells, which exit the follicles and migrate to the bone marrow. However, a subset of the high affinity class switched B cells become memory B cells and persist, providing a pool of primed B cells that can rapidly differentiate into plasma cells with T cell help and antigen exposure.

Immune suppression protocols combining rapamycin and anti-CD20 have been used in the clinic to treat refractory anti-drug antibodies in hemophilia and the lysosomal storage disorder, Pompe disease (49–53). The immune modulatory protocol that we employed in this study is designed to be transient to avoid compromising long-term systemic immunity. We demonstrated that the most effective immune modulatory protocol for AAV ITI was the inclusion of both anti-mCD20 and rapamycin. Similar to our previous study evaluating anti-mCD20 and rapamycin in the context of FVIII protein therapy (22), we observed an initial decrease in anti-FVIII IgG1 levels and Bethesda inhibitor titers in both groups that were treated with anti-mCD20. One potential explanation for these results is that anti-FVIII IgG1 in our mouse model is likely produced by both plasmablasts and plasma cells. Thus, we can speculate that this initial decrease is due to elimination of plasmablasts which express CD20 and are thus sensitive to depletion with anti-mCD20. Although elimination of memory B cells played an important role in the initial reduction in inhibitor titers, lasting reduction was only achieved in mice that also received rapamycin, which has been shown to eliminate antigen specific CD4+ T effector cells while expanding antigen specific Treg (33). Rapamycin at high doses can also inhibit B cell proliferation and differentiation, class switching and germinal center responses (54, 55).

We hypothesized that sustained expression of FVIII protein from AAV8-F8 transduced hepatocytes would enhance the effectiveness of ITI when combined with rapamycin and anti-mCD20. In our prophylactic immune tolerance study (Figure 3) we demonstrated that immune suppression and AAV8-F8 vector synergized to prevent inhibitors compared to controls that received vector alone. When we adoptively transferred Tregs from different groups of donor mice into naïve BALB/c-HA, only Tregs from mice receiving immune suppression and vector were able to suppress antibody formation following re-challenge with FVIII protein in adjuvant, thus demonstrating that vector derived FVIII protein was capable of expanding FVIII specific Treg in the presence of rapamycin. We asked if vector derived FVIII protein could help improve the effectiveness of our previously published ITI protocol with rapamycin and anti-mCD20 (22). The main finding in our previous study was that immune suppression showed the best outcomes for reducing inhibitor titers in mice with starting Bethesda inhibitor titers of ~10 BU/mL. By including gene therapy to the ITI protocol we are now able to achieve significant reduction of inhibitors in mice with an average starting titer of 43 BU/mL, supporting our hypothesis that combining gene and immune suppressive therapy is an effective ITI therapy. One limitation of the study was that we were not able to determine if the improved tolerance from immune suppression with anti-mCD20 and rapamycin was transient as we challenged mice with recombinant FVIII protein 7 weeks after the last rapamycin dosing. Thus, it is possible that hemophilia mice might not remain refractory to FVIII protein challenge when there is a longer interval between immune suppression and FVIII protein challenge.

Immune modulatory therapy targeting both the B and T cell compartments displayed the best synergy with AAV-F8 ITI in BALB/c-HA mice with established inhibitors. However, even with adjunct immunotherapy we were unable to completely eliminate inhibitors and restore hemostasis in contrast to a previous study reporting inhibitor eradication following AAV8-cF8 gene transfer in hemophilia A dogs with inhibitor (17). The timing for elimination of inhibitors in vector treated dogs was dependent on their peak inhibitors titers and was between 4 and 5 weeks in animals <10 BU/mL and up to 18 months in a dog with a peak titer of 216 BU/mL. It is challenging for a similar long-term follow-up in mice due to their shortened lifespans. Our study went out to 17 weeks post-vector treatment and after this time point, we began to lose a substantial number of animals due to health complications, possibly due to aging or aggression related injury. Thus, we cannot rule out that inhibitor titers would have resolved with longer follow-up. However, there are several differences between our study and the one conducted in hemophilia A dogs. We used a codon optimized human F8 cDNA compared to a dual vector expressing canine F8 heavy and light chain. Canine FVIII has been shown to be both better expressed, have a higher specific activity, and increased stability as compared to human FVIII (56). Another consideration for the effectiveness of AAV ITI in hemophilia A is the relative proportion of long-lived plasma cells, which are CD20 negative, and thus are refractory to anti-mCD20 depletion. Even though our treatment was able to deplete memory B cells, long lived plasma cells are known to maintain serum antibody levels in the absence of memory B cells (57). One approach to address this is the inclusion of agents such as AMD3100 (plerixafor) and G-CSF to mobilize plasma cells from their survival niche in the bone marrow (58). This combined therapy could potentially increase the success of ITI and allow the inclusion of inhibitor patients for FVIII gene therapy. These drugs are commonly used in the clinic for cancer, autoimmune disease treatment, and to prevent graft rejection, and therefore are safe and validated. Additionally, the dose, route of delivery (oral intake vs. IV injection) and frequency of rapamycin administration could be adjusted to improve tolerance induction as we have previously found that daily oral rapamycin was more effective at suppressing inhibitors in the context of FVIII protein therapy in mice (33).

Finally, we observed that our immune suppressive combination therapy was also able to suppress development of AAV capsid specific antibodies. All AAV gene therapy subjects robustly develop neutralizing antibodies to the viral vector capsid, which precludes re-administration. This has implications in hepatic gene therapy for disorders requiring high expression thresholds, or in pediatric patients with dividing hepatocytes where transgene expression may be lost over time. Both rapamycin encapsulated in poly(lactic acid) nanoparticles or rapamycin + anti-CD20 combination therapy are currently being evaluated in various pre-clinical models and human clinical trials for immunomodulation to permit vector re-administration (50, 51, 59). While our findings are encouraging, it is necessary to confirm our ELISA results with the more sensitive in vitro cell based luciferase assay to quantitate functional anti-AAV neutralizing antibody titers.
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Figure S1. AAV8-ApoE-hAAT-F9 effectively eradicates inhibitors in hemophilia B mice on a BALB/c background (BALB/c-F9−/Y or BALB/c-HB). BALB/c-HB mice (n = 8) were injected weekly with 10 IU FIX protein, week 1 IP and weeks 2–6 IV and plasma was collected on week 7 for anti-FIX IgG1 measurement by ELISA (A). Four groups of BALB/c-HB mice (n = 8 per group) were immunized with 1 IU FIX protein in adjuvant and bled 3 weeks later to measure anti-FIX IgG1 (B), Bethesda titers (C), and FIX antigen levels (D) in plasma at indicated time points. Groups are divided into untreated controls (inverted purple triangle) and 2 × 109 vg (green triangle), 1 × 1010 vg (red square), and 1 × 1011 vg (blue circle) and were followed over time as indicated. Animals received a second challenge with FIX in adjuvant at week 5 (dotted vertical line). FIX levels reported for naïve BALB/c-HB mice (orange) or inhibitor reversal mice (blue) injected with 1 × 1011 vg AAV8-ApoE-hAAT-F9 vector (D).

Figure S2. Anti-mCD20 treated hemophilia A mice lose FVIII memory B cells. Representative wells of a B cell ELISpot assay with unstimulated and FVIII stimulated splenocytes (A). Counts of FVIII specific antibody producing cells per 1 × 106 splenocytes (B).
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The life-long inhibitor risk in non-severe hemophilia A has been an important clinical and research focus in recent years. Non-severe hemophilia A is most commonly caused by point mutation, missense F8 genotypes, of which over 500 variants are described. The immunogenic potential of just a single amino acid change within a complex 2,332 amino acid protein is an important reminder of the challenges of protein replacement therapies in diverse, global populations. Although some F8 genotypes have been identified as “high risk” mutations in non-severe hemophilia A (e.g., R593C), this is likely, in part at least, a reporting bias and oversimplification of the underlying immunological mechanism. Bioinformatic approaches offer a strategy to dissect the contribution of F8 genotype in the context of the wider HLA diversity through which antigenic peptides will necessarily be presented. Extensive modeling of all permutations of FVIII-derived fifteen-mer peptides straddling all reported F8 genotype positions demonstrate the likely heterogeneity of peptide binding affinity to different HLA II grooves. For the majority of F8 genotypes it is evident that inhibitor risk prediction is dependent on the combination of F8 genotype and available HLA II. Only a minority of FVIII-derived peptides are predicted to bind to all candidate HLA molecules. In silico predictions still over call the risk of inhibitor occurrence, suggestive of mechanisms of “protection” against clinically meaningful inhibitor events. The structural homology between FVIII and FV provides an attractive mechanism by which some F8 genotypes may be afforded co-incidental tolerance through homology of FV and FVIII primary amino sequence. In silico strategies enable the extension of this hypothesis to analyse the extent to which co-incidental cross-matching exists between FVIII-derived primary peptide sequences and any other protein in the entire human proteome and thus potential central tolerance. This review of complimentary in vitro, in silico, and clinical epidemiology data documents incremental insights into immunological mechanism of inhibitor occurrence in non-severe hemophilia A over the last decade. However, complex questions remain about antigenic processing and presentation to truly understand and predict an individual person with hemophilia risk of inhibitor occurrence.
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INTRODUCTION

The European Union defines a rare disease as one affecting fewer than 5 in 10,000 of the general population, estimating as many as 1 in 17 people will be affected by a rare disease at some point in their lives (1). Hemophilia A is arguably the most well-known and characterized heritable rare diseases. As an X-linked recessive defect in the F8 gene, the resultant deficiency in FVIII coagulation protein activity (FVIII:C) leads to a phenotype of life long bleed risk. It has been well-established since the 1950s that the severity of this phenotype is inversely correlated to the residual FVIII:C detectable in the person with hemophilia (PWH) plasma (2). Hemophilia A was subsequently classified by the International Society of Thrombosis and Hemostasis (ISTH) as severe, moderate or mild depending on residual measurable FVIII:C, <1, 1–5, or >5 iu/dl, respectively (3). Like some other rare protein deficiency syndromes (e.g., Pompe's disease), therapeutic intervention to moderate the disease phenotype emerged in the form of pre-emptive replacement of the missing protein, so called “prophylaxis.” For severe hemophilia A, prophylaxis was initially in the form of plasma or plasma derivatives (i.e., cryoprecipitate) (4, 5) and subsequent factor concentrates of either donor derived plasma or recombinantly synthesized (6). The predictable immunological consequence of such a protein replacement intervention in a heritable deficiency is one of anti-drug antibodies (ADA) directed against the therapeutic molecule. For PWH, an anti-therapeutic FVIII (t-FVIII) ADA is known as an inhibitor. Inhibitors arising in the early stages of treatment of severe hemophilia A have been well-recognized for as long as the attempts to correct the coagulation protein deficiency (7, 8). Inhibitors are detected using a functional clotting assay (Bethesda assay) and result in partial or complete loss of efficacy of the replacement FVIII therapy depending on inhibitor potency.

Inhibitor occurrence in severe HA is immediately impactful on clinical decision making, necessitating thought about re-establishing tolerance to the FVIII molecule. This “tolerizing” clinical intervention, immune tolerance induction (ITI), is a significant commitment for all concerned: the PWH (most commonly a young boy under the age of 3 years); his parents, hospital treating team and the health service bearing the cost (9, 10). The epidemiology of inhibitor occurrence in the severe HA cohort is now well-described. By the functional, clotting-based surveillance (Bethesda) assay criteria, up to 40% of previously untreated patients (PUPs) will generate a detectable inhibitor. Between 30 and 50% of these will be low titer (<5 Bethesda Units, BU), the remaining majority being much more challenging as high titer (>5 BU) resulting in immediate inactivation of infused t-FVIII concentrate (11, 12). The degree of inherited disruption of the F8 gene correlates directly with risk for inhibitor occurrence, the more truncated any residual protein product, the higher the inhibitor risk (13). Additional immune response polymorphisms (IRPs) (e.g., IL10, TNF) and intracellular signaling molecules (e.g., MAPK9) have been identified as additional heritable risks for inhibitor occurrence, modified by the environmental influences of treatment exposure intensity and possible FVIII product choice (12, 14–16).

Alongside the considerable work to understand relevance and contribution of IRPs in the generation of inhibitory and non-inhibitory anti-FVIII antibody responses, classification of the immunoglobulin type and subtypes identified class-switching to IgG4 from IgG1 as a predictive step toward a clinically relevant inhibitory ADA (17). Such class switching requires T cell help (Th) and as such tFVIII-derived peptide presentation through HLA class II molecules. Paradoxically, in the context of severe HA, HLA II type seemed to be only a weak determinant of inhibitor risk, likely explicable by the large FVIII protein size providing sufficiently numerous and varied binding peptide sequences for the HLAII repertoire, excluding the likelihood of any allele being predictive. Thereafter, further work to dissect this antigen presentation pathway to understand the key immunological event for inhibitor occurrence in severe hemophilia A declined (18–20).

Although less prevalent in the non-severe HA cohort, and consequently less studied, inhibitor occurrence remains a clinical challenge. Data published from the INSIGHT group has importantly recognized the life-long risk of inhibitor development in this non-severe HA cohort, and that once present, the morbidity and mortality risk is considerable (21, 22). Inhibitory antibodies are detected with the same Bethesda assay as severe hemophilia, although due to the more sporadic, “on-demand” requirement for t-FVIII replacement in moderate and mild HA (non-severe HA) at times of injury or surgery, inhibitory surveillance is not as systematic as severe HA (23). Consequently, the range of 5–13% prevalence of inhibitory activity reported by the Bethesda assay surveillance in non-severe HA may be under reported, but this figure conforms to the observation of a less disruptive F8 genotype having a reduced risk compared to the larger deletions causing severe HA. Historical collection of F8 genotype data (e.g., www.f8-db.eahad.org/) has identified >800 missense F8 mutations resulting in a non-severe HA and whether associated with inhibitor formation. In the last decade it has become very attractive to consider these missense F8 mutations as an alloreactivity model simplified to the single amino acid difference between the PWH's endogenous FVIII (e-FVIII) and the t-FVIII that risks the anti-drug antibody response and potential inhibitory activity. This review will describe the initial cellular work confirming the value of such a simplified allo-response model to dissect the antigen presentation and T cell activation pathway and subsequent necessity to harness bioinformatic power to explore scaled up hypotheses not amenable to in vitro techniques alone.



CELLULAR LEVEL T CELL SPECIFIC FVIII PEPTIDE RECOGNITION: IN VITRO WORK

In 2003, Jacquemin et al. were able to discriminate the helper T cell specificity toward t-FVIII derived peptides containing the position of the wild type Arg2150 FVIII whilst the patient's endogenous His2150 containing peptides were not recognized (24). This correlated with the clinical observation that the R2150H subject of study living with non-severe hemophilia A had an inhibitory response selective for the infused t-FVIII. The elegant experimental design focused on the individual patient's sample with a documented high titer 305BU inhibitor. His PBMC were immortalized, autologous dendritic cells derived to then detect FVIII-specific reactive T cells with IFN gamma secretion read out. Subsequent cloning of reactive CD4 T cells enabled dissection of individual responses in HLA-DR binding assays to confirm differential recognition of R2150 and H2150 containing peptides when presented by DRB1*0401/DRB4*01 and DRB1*1501/DRB5*01 HLA Class II haplotypes. These peptide competition assays utilized the concentration of competitor peptide to prevent binding of 50% of biotinylated peptide of interest (IC50). They were also able to abrogate the T cell response by co-culture with a monoclonal antibody to MHC class II DR molecules, indicating the class II restriction being DR specific.

Subsequently, James et al. characterized T-cell responses in two unrelated hemophilia A inhibitor subjects with a different F8 missense mutation, R593C (25). In contrast to the Jacquemin subject, these 2 subjects demonstrated cross reactivity to their endogenous FVIII sequence, seen clinically in at least 50% of cases of non-severe hemophilia inhibitors (22). Similarly elegant but labor intensive in vitro techniques demonstrated the 2 subjects with high titer inhibitors both had HLA DR restricted T cell responses to peptides containing the mutational position 593 in contrast to HLA-DR matched healthy controls. This study's experimental design incorporated some computational biological prediction of peptide binding scores generated by the Propred algorithm alongside conventional competition assays to determine FVIII peptides' affinities to a panel of HLA-DR monomers. Earlier work from the same group had examined Th cell lineage evolution between two brothers, both multiply transfused with FVIII concentrate. Their causative F8 genotype, A2201P, was different to the aforementioned cases. The proband inhibitor case had a high titer (29BU) inhibitor and a responsive Th2 polarized clone after an earlier Th17/Th1 response, whereas his brother, sharing the HLA-DRA-DRB1*0101 allele, without an inhibitor, had detectable but persistently unchanged Th1 clones responsive to F8 mutation position containing peptides (26).

Taken together these key studies spanning a decade of work, had elegantly dissected the T cell responses of a handful of patients with 3 different F8 genotypes and <10 HLA-DR alleles (24–26). Labor intensive but informative at the subjects' F8 genotype and HLA-DR allelic level they addressed key issues of T cell epitope specific allo responses, previously lacking in the severe HA literature. However, they were also emblematic of the future challenges to scale up in vitro strategies to address the hundreds of F8 missense genotypes in the context of more heterogenous HLA Class II presentation. This would be necessary to further understand generalizable mechanisms of inhibitor generation, and to potentially risk stratify inhibitor risk. The key question in both severe and non-severe hemophilia A is not necessarily why an individual has generated an inhibitory response against t-FVIII, but possibly more interesting, why has an individual not generated a clinically meaningful inhibitory response. The emergence of computational biological predictive algorithms offered the potential to model this complexity in silico at scale.



IN SILICO PROOF OF PRINCIPLE PREDICTING COMPLEXITY OF INHIBITOR RISK: F8 GENOTYPE IN CONTEXT OF HLA-II HETEROGENEITY

Concurrent with the described in vitro work above, clinicians began describing particular missense F8 genotypes as “high risk” and by implication other genotypes at lower risk. R612C (Human Genome Variation Society (HGVS)-nomenclature) (previously reported as R593C without the 19 amino acid leader sequence), is one such F8 genotype labeled as “high risk” (27). The INSIGHT cohort demonstrated the strength of an international collaboration to provide a more robust clinical data set to inform individual treaters and patients about risk specific to a given F8 genotype (21). Analyzing 1,112 non-severe hemophilia A patients from 14 centers performing routine F8 genotyping (to avoid selection bias), 59 of the 1,112 (5.3%) patients developed an inhibitor. The inhibitor risk at 50 exposure days was 6.7% and at 100 exposure days rising to 13.3%. Of the total 214 different F8 genotypes described in that study, 19 were associated with a detectable inhibitor, provoking more questions than answers. For the 19 “at risk” F8 genotypes with reported inhibitors, what were the determinants of risk for an inhibitor to occur and for the majority of genotypes without reported inhibitors, could it really be concluded that they were at meaningfully different risk to those in the inhibitor positive n = 19 subgroup? Some environmental risk factors have been identified (e.g., treatment intensity, peak level of treatment), but the question remained at the larger cohort level what might the determinants be for a given F8 genotype that could predict inhibitor risk? (28) Could the simplicity of the single amino acid difference between t-FVIIII and e-FVIII within the complex, multi-domain FVIII protein of 2,332 amino acids be re-evaluated as a function of HLA-FVIII peptide presentation?

Shepherd et al. published a large scale in silico study to demonstrate the predicted importance of interpreting F8 genotype in the context of HLA-DR type and the inherent heterogeneity in this. Utilizing a well-established in silico class II MHC peptide binding prediction server (NetMHCII), they modeled 520 F8 missense genotypes (at 392 locations within the F8 gene) through 14 common HLA-DR types (with 70% population coverage) comparing endogenous vs. therapeutic FVIII-derived 15 mer amino acid sequences straddling the causative F8-mutation position (29, 30). The authors make explicit the calculated scale up of HLA-DR/15 mer peptide combinations required for this, with 5,880 different tFVIII-derived peptide possibilities and 7,280 endogenous FVIII-derived peptides, each modeled through the panel of 14 HLA-DR isoforms. This resulted in 1,340,640 separate calculations. The resulting published heat maps (Figure 1) of predicted strongest binding candidate peptide for each F8 genotype and HLA-DR combination visually depicts the heterogeneity of inhibitor risk prediction, not solely dependent on F8 genotype alone for the majority. Interestingly, for a minority of F8 genotypes, regardless of the HLA-DR isoform, a novel peptide-MHC surface could be generated with the potential to provoke a Th cell response, including the aforementioned R593C. Such apparent promiscuity for any HLA-DR type in the panel was evident for 15 of the F8 genotypes (K166E, K166T, F293S, T295A, T295I, A469G, A469T, A469V, R593C, M614I, F1775P, A1779P, R2150C, R2150H, H2155D).


[image: Figure 1]
FIGURE 1. MHC-binding strengths of F8 peptides predicted to form novel pMHC surfaces. Heatmap showing the predicted occurrence of novel pMHC surfaces and binding strengths for 26 HLA-DR/DP/DQ alleles (y axis) covering the first 51 missense mutations in f8-db-eahad.org database (x axis). Black squares indicate F8 missense mutation/HLA allele combinations that are not predicted to form a novel pMHC surface. Otherwise the temperature color scale indicates the predicted binding strength of the strongest binding peptide with a novel pMHC surface for each remaining F8 missense mutation/HLA allele combination (31).


Recognizing that all patients with identical F8 mutations are not at the same risk of inhibitor formation, but in the absence of routinely available HLA typing data required for the majority of genotypes in the Shepherd model (29), Pashov et al. published a pragmatic, weighted F8 genotypic risk stratification (32). Authors derived the mean predicted peptide binding strength in silico for an HLA-DR panel using the “Immune Epitope Database” (IEDB). This platform incorporates 5 different predictive in silico platforms into a single, consensus meta-algorithm. The calculated mean affinity of t-FVIII-derived peptides for 10 HLA Class II alleles assigned each F8 genotype a “promiscuity index” ranging from 0 to 100, zero being consensus predicted high affinity binder, to 100, low binding affinity. Inhibitor positive cases demonstrated a significantly more promiscuous peptide affinity prediction than the inhibitor negative cases derived from the EAHAD registry. Both Shepherd and Pashov et al. authors make the case for scaled up, in silico prediction servers at such a scale that could not be feasible in vitro to expand our insight into the complexity of HLA antigen presentation of each individual missense F8 mutation (29, 32). Importantly, the predictive power of the utilized algorithms had been previously validated against real peptide binding data (not used to teach each algorithm). It should be remembered that a peptide predicted to bind a given HLA allele with high affinity does not guarantee T cell activation. Shepherd et al. recognized that their predictive algorithm “overcalled” risk, relative to the reported prevalence of clinically detectable inhibitor responses (29). This could be explained by clinical surveillance practice, threshold sensitivity of the clinical assays or insufficient cumulative or intensity of FVIII treatment to some patients (21, 23, 33). However, subsequent studies, below, elaborate on additional antigen presentation or tolerance mechanisms that may reduce further the risk of inhibitor predicted from peptide binding affinity alone.

Kempton and Payne's clinical cohort study contributes confirmatory, individualized clinical data to how in silico FVIII-derived peptide binding predictions furthers our understanding of an apparent threshold of activation for inhibitor development (34). In contrast to the Shepherd and Pashov papers that used the EAHAD F8 repository (29, 32), genotype-specific inhibitor rates in the absence of patient level HLA typing, Kempton and Payne describe a smaller patient cohort (n = 57), but each individually HLA typed and correlated with inhibitor status (34). Twenty inhibitor positive cases and 37 inhibitor negative controls had predictions of peptide binding and subsequent upward, T cell receptor (TCR) facing, novel peptide-MHC surface as described by Shepherd et al. (29). The t-FVIII derived peptide was considered novel if it was predicted to bind, present to a TCR and be unique from that presented by the e-FVIII derived peptides. Candidate peptide binding predictions used the www.iedb.org server. Authors found the prediction of binding of FVIII-peptides to a patient's own HLA-DRB1, creating a novel peptide-MHC surface to interact with the TCR, was strongly associated with inhibitor development as predicted by Shepherd et al. (29). Additionally, aligning with Pashov's predictions (32), there is an apparent burden of novel peptide presentation that is required to provoke a clinically detectable inhibitor. Kempton applied a predicted >10 novel peptide-MHC surfaces per patient to be a meaningful threshold resulting in an overall risk (OR) increase of 4.4 (95% CI 1.1–15.0), adjusted for intensive FVIII treatment (34). Additionally, their data suggests higher levels of HLA-DRB1 binding and resultant novel pMHC surfaces for some F8 genotypes identified previously as “higher risk” (e.g., R593C). Although patient numbers are small and larger clinical cohorts would be required to confirm this, the threshold effect of multiple peptides rather than a single peptide available to drive the adaptive immunological response is compelling.

Although the studies discussed thus far have derived statistical significance in their prediction of inhibitor risk, there remains a concern that computational predictions continue to overcall risk. Hart et al. put forward a novel hypothesis of coincidental and previously unrecognized tolerance to tFVIII-derived peptides attributable to predicted cross matched primary peptide sequence homology between tFVIII and unrelated proteins in the human proteome as a possible explanation of this over calling (31). This emanated from an initial hypothesis that the known structural and sequence homology between FVIII and FV might afford some coincidental primary peptide sequence homology, providing additional central tolerance to t-FVIII-derived peptides. They extend their predictions to 25 common HLA DR, DP, DQ isoforms with estimated worldwide population coverage of >70, >90, and >80%, respectively and 956 distinct F8 missense mutations at 605 different loci from 3,243 individuals, a total of 160 (4.9%) of whom were identified as having an inhibitor. The experimental design is based on their previous work described by Shepherd et al. and also Kempton and Payne (29, 34), identifying HLA-II binding, t-FVIII-derived peptides that form a predicted upward-facing, novel p-MHC surface to interact with helper TCRs. Layered on top of this extended repertoire of HLA and F8 genotypes is a comprehensive cross referencing of all putative FVIII-derived HLA-II core binding 9 mer peptide sequences with the primary sequences of the 20,000 proteins constituting our human proteome (www.uniprot.org/). After subdivision into all possible 9 mers, the canonical human proteome consists of 39 million 9-mers, 11 million of which are non-identical. The predicted novel FVIII-p-MHC surfaces from previous work are cross referenced against this human proteome 9 mer repository and are required to remain unique to still be reclassified as a novel p-MHC surface capable of stimulating an engaged Th cell. Four thousand six hundred and five proteins of the 20,300 within the human proteome afforded some cross matching. Factor V afforded the most cross-matching, then Hephestin-like protein 1 and Ceruluplasmin with 640, 457, and 437 homologous protective peptides, respectively. The consequent predicted cohort-wide inhibitor risk falls appreciably from 37 to 21% with a binding threshold of 500 nM. Validating in vitro experiments are still required to demonstrate tolerance to proteome cross-matched peptides in contrast to those binding peptides without a proteome cross-match. Specifically, in vitro demonstration of T cell reactivity to relevant peptides/HLAII combinations without predicted proteome crossmatching, and the absence of equivalent reactivity to proteome-cross matched peptides/HLAII straddling the same F8 mutation position, will be an important in vitro validation of this hypothesis.

Hart et al. acknowledge that potential confounders remain, limiting the repertoire of FVIII-derived peptides available for MHC presentation (31). Addressing these, Schneidman-Duhovny et al. provide a step-change refinement in their in silico pipeline to further improve prediction accuracy (35). Specifically, a three step, “integrative structure-based” algorithm starts with a peptide cleavage prediction to account for the cleavage preferences of natural intracellular proteases, cathepsins B, H, and S (36, 37). The second step not only used the “conventional” peptide binding prediction servers already described, but further trained the output from IEDB with an atomic distance-dependent statistical potential to better account for stability of the predicted peptide MHC interaction (38). Finally, previously described modeling was only of peptide-MHC surface available to interact with a given TCR without any account of the variable footprints TCRs might take over a given p-MHC surface. This new pipeline incorporates a structure-based predictor of peptide MHC-II—TCR recognition. Their data includes a validating peptide series, unrelated to FVIII, but subsequently use FVIII derived peptides as a proof of translational principle, in particular to narrow the field of likely preferred tFVIII-derived binders. Using 5 patient-derived TCR sequences reduced the number of possible 12 mer epitope cores from 2,340 to just six peptides including the correct epitope core (35). Such refinement is hypothesis generating, providing a manageable repertoire of candidate immunogenic peptides with which to work.

Finally, van Haren et al. provide important data highlighting the cellular context of antigen presentation (39). Maturity status of dendritic cells processing FVIII-derived peptides correlated with the efficiency of membrane presentation of peptide loaded HLA Class II, less mature DCs retaining more of the peptide-loaded HLA molecules intracellularly. Additionally, macrophages were also able to take up and process FVIII, albeit less efficiently than DCs. Van Haren concludes a relatively limited number of FVIII peptides are presented by multiple HLA-DR molecules, although this experimental technique may preferentially detect immunodominant peptides. Additional work documents the contribution of HLA-DQ to antigen presentation (40).

van Haren observes only a minority of the peptides predicted in silico to bind, actually bind to HLA class II and are retrievable in peptide elution experiments (40). The Schneidman cathepsin-cleaving modeling is likely to contribute to this more limited repertoire (35). Competition from the multitude of other intracellular self and non-self peptides vying for presentation position within the HLAII repertoire has not been accounted for, although may be an explanation, in part, for the limited retrievable repertoire. Given the Kempton proposed requirement of multiple presented FVIII-derived peptides to drive a clinically relevant response (34), the van Haren data demonstrating a more limited repertoire of actually available peptides contributes further to explain why clinically observed inhibitor responses are lower than might be predicted (40), and goes some way to answering the question, not “why has this individual generated an antibody response,” but rather “why has this individual not generated an anti-FVIII antibody response?”

This series of clinical epidemiology, in vitro and in silico data sets have, together, highlighted the complexity of antigen presentation at the time of an exogenously infused protein therapeutic, such as FVIII. The computational power of in silico algorithms has been an absolute necessity to re-evaluate the predicted importance of HLA haplotypes to inhibitor risk in our non-severe hemophilia A patient cohorts, but also the limitation of simplifying risk stratification to just the F8 genotype and HLA class II combination. Future evolution and sophistication of immunological predictive pipelines, incorporating additional steps within the antigen processing pathway as alluded to in this review, will further elucidate mechanism of the allo-response against therapeutic FVIII protein and refine personalized inhibitor prediction accuracy. The whole-genome sequencing era opens the opportunity for a renewed, coordinated and systematic effort between clinical and laboratory teams to further characterize their patients' profiles sufficiently to contribute the necessary, validatory, real-world data for these pipelines. This will be the crucial step to achieve meaningful translation of this technology for patient benefit.
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The most severe side effect of hemophilia treatment is the inhibitor development occurring in 30% of patients, during the earliest stages of treatment with factor (F)VIII concentrates. These catastrophic immune responses rapidly inactivate the infused FVIII, rendering the treatment ineffective. This complication is associated with a substantial morbidity and mortality. The risk factors involved in the onset of the inhibitors are both genetic and environmental. The source of FVIII products, i.e. plasma-derived or recombinant FVIII products, is considered one of the most relevant factors for inhibitor development. Numerous studies in the literature report conflicting data on the different immunogenicity of the products. The SIPPET randomized trial showed an increased in the inhibitor rate in patients using recombinant FVIII products than those receiving plasma-derived products in the first exposure days. The SIPPET randomized trial showed an increase in the inhibitor rate in patients using recombinant FVIII products compared to those treated with plasma-derived products in the first days of exposure. The potential increase in the immunogenicity of recombinant products can be attributed to several factors such as: the different post-translational modification in different cell lines, the presence of protein aggregates, and the role played by the chaperon protein of FVIII, the von Willebrand factor, which modulates the uptake of FVIII by antigen presenting cells (APCs). Furthermore, the presence of non-neutralizing antibodies against FVIII has shown to be in increased inhibitor development as demonstrated in a sub-analysis of the SIPPET study. In addition, the presence of the specific subclasses of the immunoglobulins may also be an important biomarker to indicate whether the inhibitor will evolve into a persistent neutralizing antibody or a transient one that would disappear without any specific treatment. Recently, the availability of novel non-replacement therapies as well as emicizumab, administered by weekly subcutaneous infusion, have significantly changed the quality of life of patients with inhibitors showing a considerable reduction of the annual bleeding rate and in most patients the absence of bleeding. Although, these novel drugs improve patients' quality of life, they do not abolish the need to infuse FVIII during acute bleeding or surgery. Therefore, the issue of immunogenicity against FVIII still remains an important side effect of hemophilia treatment.
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Introduction

Hemophilia A, an X-linked condition, is one of the most severe hereditary bleeding disorders caused by the deficiency of the coagulation factor VIII (FVIII) (1). Patients with severe hemophilia A (FVIII coagulant activity <0.01 IU/ml) suffer from repeated and spontaneous bleeding episodes mainly within muscles and joints, resulting in disabling musculoskeletal damage and chronic arthropathy (1). Prophylaxis has proven to be the elective treatment for the management of hemorrhagic events or to prevent joint damage, as demonstrated in young boys with severe hemophilia.

The main therapeutic strategy in hemophilia is the intravenous infusion of the deficient clotting factor to achieve appropriate hemostasis. Treatment is given in response to an acute bleeding episode (on-demand) or as long-term prophylaxis by infusion two to three times per week to prevent hemorrhages (2). Current treatment options, either plasma-derived or recombinant FVIII products, are effective in stopping and preventing hemorrhage, however, infusions of the therapeutic FVIII proteins in the first 50 exposure days (EDs) could lead to an undesired immune response, the development of antibodies against FVIII, called inhibitors. The appearance of inhibitors in hemophilia A patients should be seen as a natural immune system response to a non-self protein. The incidence of alloantibodies in the overall population with hemophilia A is estimated to be approximately 25% to 30% (3). Patients with severe hemophilia A are more prone to develop inhibitory antibodies than in patients with mild or moderate disease. Previously untreated patients (PUPs), which are patients unexposed to FVIII, are at greatest risk of inhibitor development within the first 10 to 20 EDs to therapeutically administered FVIII (4–6). Coagulation factor inhibitors may be neutralizing antibodies that lead to inactivation of the infused factor and non-neutralizing (i.e. non-inhibitory) antibodies that target non-functional epitopes on FVIII. Recently, the introduction of new non-replacement therapies (7) in routine clinical care seems to have solved the problem of treating patients with and without inhibitors. These drugs have demonstrated good effectiveness in the management of patients with inhibitors, significantly reducing the annual bleeding rate and resulting in numerous patients that remain bleed free. However, this kind of therapy only postpones the problem of inhibitor development in PUPs due to the need of FVIII infusions during bleeding events, trauma or surgery.

The generation of a neutralizing antibody might impact the efficacy of products resulting in a partial or complete abolishment of the replacement therapy, keeping patients vulnerable to bleeding symptoms and raising the risk of morbidity and mortality.

An explanation of this unwanted immune reaction could be the interaction between a large number of genetic and environmental risk factors involved in the process of anti-FVIII antibodies development (8). The source of FVIII products is still one of the most important and debated environmental risk factors implicated in inhibitor development, although the SIPPET (Study on Inhibitors in Plasma-Product Exposed Toddlers) randomized clinical trial has provided evidence of a higher risk of immunogenicity associated with recombinant FVIII products in PUPs (9). This potential increase of immunogenicity has some plausible biological explanations such as the different post-translational modifications (e.g. glycosylation and sulphation) caused by different cell lines during the manufacturing process and the protective role played by von Willebrand factor (VWF).

In addition to neutralizing antibodies, another important issue is the development of non-neutralizing antibodies, not only after the exposure to FVIII products but also before any treatment. The evaluation of immunoglobulin G (IgG) subclasses, before, during the first 50 EDs to FVIII and even six months after the development of inhibitors, could provide an essential information on how patients exposed to FVIII could develop transient or persistent anti-FVIII neutralizing antibodies.

This review article reports data available in the literature on how the immune response may vary depending on the type of FVIII product used.



Differential Immunogenicity Between the Classes of FVIII Products


Observational and Randomized Studies

The manufacturing process of plasma-derived FVIII products has been subject of widespread disagreement and controversy on the risk of inhibitor development. In particular, viral inactivation steps (e.g. pasteurization and solvent-detergent treatment) probably render plasma-derived products more immunogenic (10). Since the introduction of recombinant FVIII, these products have raised concern on their higher immunogenicity than plasma-derived products (11).

A range of observational studies have sought to evaluate any differential risk of inhibitor development between the classes of plasma-derived and recombinant FVIII products, and also between the different labels of recombinant products over the years (12–15). These studies have yielded different results and suffer from the limitations of observational studies, such as heterogeneity in study design, confounding by indication and in particular from possible selection bias. Furthermore, over time there have been changes in the manufacturing process of each single product and changes in treatment regimens between different centers, hence comparison between products is not always possible. These factors have introduced a challenge in the interpretation of results of such studies. The CANAL and RODIN studies in large cohorts of PUPs with severe hemophilia A (13, 14) found no significant difference in the risk of inhibitor development between plasma-derived and recombinant products. Additional information was achieved by the RODIN study demonstrating a divergent immune response between different recombinant products (14). A higher incidence of inhibitors has been provided in patients who were treated with second-generation full-length recombinant products produced in baby hamster kidney (BHK) cells than those treated with third-generation products produced in Chinese hamster ovary (CHO) cells. These results were then confirmed in other additional studies conducted in French and UK cohorts of PUPs with severe hemophilia A (15, 16). However, to solve definitively the inhibitor development puzzle about FVIII source, the scientific community asserted the need to carry out a randomized clinical trial (17).

Randomized controlled trials are the basis of evidence-based medicine as they supply the highest level of information and recommendations for therapeutic options. Treatment for hemophilia is founded on very few randomized controlled trials, partly because of the relative rarity of the disease and ethical aspects of randomization but also because of the excellent relationship between plasma levels of FVIII and clinical outcomes. Notwithstanding the expected difficulties in designing and conducting a randomized controlled trial in hemophilia, the SIPPET study was initiated in 2009, published in 2017 providing definitive answers regarding the different immunogenicity between recombinant and plasma-derived FVIII products (9). The results rising from SIPPET showed a higher risk of developing inhibitors in patients treated with recombinant FVIII products (87%) than those treated with plasma-derived FVIII products.

Subsequently, a European Hemophilia Safety Surveillance Project (EUHASS) and EMA, after reviewing SIPPET data, concluded that clear evidence in the rate of development of inhibitors between plasma-derived and recombinant products had not been demonstrated (18, 19). This study was criticized for the geographically unusual study population which had a higher representation of some ethnic groups (Egypt, India and Iran). Other issues were related to the follow-up of up to 50 days of exposure, and the choice of a lower than usual inhibitory titer threshold (0.4 BU). All these aspects have been critically addressed in a subsequent review article (20). In addition, these findings are clinically important, because the development of FVIII alloantibodies is currently the major therapeutic complication in hemophilia A, that causes a marked increase in morbidity, mortality and treatment costs.

Concordant findings with the SIPPET randomized trial were reported in a French national cohort study (16). This study compared inhibitor incidence among large groups of PUPs receiving single FVIII products, including one plasma-derived product and two recombinant FVIII products. A higher risk of inhibitor development was reported in patients treated with recombinant products, and the cumulative incidence of inhibitors was almost twice as high in PUPs treated with second-generation recombinant products as in those treated with plasma-derived. For high-titer inhibitors, the cumulative incidence at 75 EDs was 12.7% (95% CI: 7.7–20.6) with plasma-derived, 20.4% (95% CI: 14.0–29.1) with third generation recombinant product, and 31.6% (95% CI: 23.5–41.7) with second-generation recombinant product. For high-titer inhibitors, adjusted hazard ratio of third-generation versus plasma-derived was 1.64 (95% CI: 0.82–3.25). A similar result had been observed in the SIPPET study, in which the adjusted hazard ratio for recombinant FVIII versus plasma-derived FVIII was 1.69 (95% CI: 0.96–2.98). The same trend was observed for second-generation recombinant product versus plasma-derived, adjusted hazard ratio was 2.81 (95% CI: 1.44–5.49).

New emerging products have been introduced in the last 4 to 5 years, including rVIII-SingleChain. This novel recombinant FVIII product is a B domain deleted recombinant FVIII with an intrinsic stability of the FVIII molecule which reduces the potential dissociation of the heavy and light chains of FVIII increasing its affinity to von Willebrand factor (21). rVIII-SingleChain is expressed in CHO cells and no human- or animal-derived proteins are added in the production steps or in the formulation stages. Interim analysis of the phase III extension study has been proposed to evaluate the safety and efficacy of rVIII-SingleChain in PUPs and recently the results have been presented during the American Society of Hematology (ASH) 2019 annual meeting (22). Twenty-three PUPs were treated with rVIII-SingleChain and assigned by the investigator to a prophylaxis or on-demand treatment regimen. Twelve subjects had positive inhibitor titer (52%, 95% CI: 31–73); six PUPs (26%) developed a high-titer (peak titer ≥5 BU/ml), and six (26%) low-titer inhibitors. (peak titer <5 BU/ml). The median EDs for inhibitor development was 10 (range, 4–23).

For almost all recently approved extended half-life products for hemophilia A and B, there is still no information on inhibitor development in PUPs except for extended half-life products Fc-fused. Despite previous studies on mice in favor of a protective effect of the Fc fragment in rFVIII-Fc (23, 24), preliminary clinical trial results showed an overall inhibitor development of 27.7% (95% CI: 19.3–37.5) using rFVIII-Fc, equivalent to standard products (25).



Genetic Risk Factors for Inhibitor Development

Genetic factors, in particular the F8 gene mutations, are strongly related to inhibitor development. Mainly null mutations, such as nonsense mutations and large deletions, seem to be associated to the highest risk of developing inhibitors (26). The involvement of immune response genes (e.g. the human leukocyte antigen complex) and proteins (e.g. cytokines) in modulating the risk of inhibitor development has been studied with controversial results on their role. In addition, ethnicity also plays a role in the development of inhibitors (27). African-Americans and Latinos with hemophilia A have higher inhibitor risk than Caucasians with prevalence of inhibitors in Black patients twice higher than White patients (28, 29).

A recent publication has examined whether the type of F8 gene mutation may have an effect on the development of the inhibitor by considering the type of product used for treatment (30). This study found that a low risk of inhibitor development was observed for patients with low genetic risk (missense mutation) and treated with plasma-derived FVIII, whereas patients with a high genetic risk profile (intron 22 inversion, intron 1 inversion, frameshift, nonsense, large deletion) and treated with recombinant FVIII have a significantly higher risk of inhibitor development.



Subanalysis Within the SIPPET Trial


Different Timing of Inhibitor Development in Recombinant Versus Plasma-Derived FVIII Concentrates

The topic on the time course of inhibitor development has never been extensively analyzed. In the literature, there are few data on the exact time of inhibitor development and mainly it has not been clarified whether there is a difference in the risk of inhibitor development between the two classes of products over time. Data from the first study treating this question dates back to 1994, where the authors analyzed the risk of inhibitor development in patients treated with full-length recombinant FVIII, and reported that the median number of EDs for the patients who had developed inhibitors was 9 EDs (range 3 to 45) (31). These findings were then verified by two independent studies, confirming that the median EDs in which inhibitor developed was 9 in patients treated with full-length recombinant FVIII in both studies (32, 33). A subsequent study analyzed the inhibitor occurrence only in PUPs or minimally treated patients (MTPs) after exposure to a plasma-derived product. In this case, seven out of 99 patients developed inhibitors (7.1%, 95% CI: 3–14) after a median EDs of 11 (range 4–22) (34). In the CANAL and RODIN studies, in which PUPs were treated with plasma-derived or recombinant FVIII products, inhibitory antibodies developed after a median of 14 (range, 8–21) and 15 EDs (IQR: 10 to 20) respectively without a significant difference between the two products (13, 14). Three studies recorded more or less the same time of inhibitor development (18, 35, 36). A more precise assessment of the timing of inhibitor occurrence became available from the SIPPET study (6). The study envisaged inhibitor titer monitoring at strict and frequent time intervals, usually every 5 EDs in patients treated with different types of FVIII products. This stringency in inhibitor testing allowed to establish with a higher precision the time course of inhibitor occurrence. The highest rate of inhibitors developed in the first 10 EDs, with a large variation between recombinant and plasma-derived FVIII during the first 5 EDs (6). Patients treated with recombinant products were found to have a three- to four-fold higher risk of inhibitor development, including high-titer inhibitors (Table 1), when compared to patients treated with plasma-derived FVIII during the first five EDs. Plasma-derived products seemed to have a belated immunogenicity. Different mechanisms could play a role in such a rapid reaction to recombinant products. It is biologically feasible that more post-translational modifications (e.g. glycosylation) raise with plasma-derived FVIII than with recombinant FVIII. The fraction of free FVIII is unable to bind von Willebrand factor (VWF), masking FVIII recognition. Furthermore, plasma-derived products may contain immunomodulating human proteins which may play also a role in inducing tolerance. Further basic research studies are needed to confirm such speculations.


Table 1 | Risk of inhibitor incidence over time.





Total Anti-FVIII Antibodies and IgG Subclasses

Anti-FVIII antibodies in patients with hemophilia A comprise both neutralizing (inhibitors) and non-neutralizing antibodies. Studies in other diseases demonstrated that non-neutralizing antibodies directed against therapeutic proteins may influence their pharmacokinetic and pharmacodynamic profiles. The non-neutralizing anti-FVIII antibodies have been detected not only in hemophilia patients but also in healthy individuals (37).

Recently, the involvement of non-neutralizing antibody in inhibitor development has been investigated in a relevant subpopulation of the SIPPET cohort. Subjects enrolled were PUPs or MTPs with blood components, randomly assigned to receive either plasma-derived or recombinant FVIII products. Serial plasma samples, scheduled at fixed time points, from the screening visit up to conclusion were planned in the study protocol (38). The use of stored biological samples for secondary end points has been stated in the protocol and informed consent form, these serial plasma samples available were used to detect the presence of non-neutralizing antibodies. A cumulative incidence of 45.4% (95% CI: 19.5–71.3) was observed among patients who were positive for non-neutralizing antibodies at screening and subsequently developed an inhibitor, while patients negative for non-neutralizing antibodies at screening showed a cumulative incidence of 34.0% (95% CI, 27.1–40.9). This study demonstrated that the presence of non-neutralizing antibodies at screening was associated with an increased probability of inhibitor development of 83% (Figure 1), while the incidence was almost tripled for high-titer inhibitors (38). Therefore, the presence of non-neutralizing antibodies may be considered an additional marker predisposing to inhibitor development.




Figure 1 | Kaplan-Meier survival curves for inhibitor development based on NNA presence. Cumulative incidence for all inhibitors. This figure was adapted from Figure 1 (A) in Cannavò et al. Blood 2017 (28).



Antibodies directed against FVIII consist of a polyclonal IgG population. In human, four IgG subclasses exist and differ greatly in function, particularly in relation to complement activation and engagement with cellular Fc receptor (FcγR) binding (39). Immunoglobulins are produced by B cells only after they have undergone an antigen-driven differentiation, during which follicular B cells turn into short-lived plasma blasts which secrete antibodies that are mainly of the IgM and IgG isotypes (40). Sequential switching of the subclass of immunoglobulins is linked to higher levels of somatic hypermutation of their variable region (41).

Studies executed in the 1990s, reported that all IgG subclasses with a majority of IgG1 and IgG4 were involved in the immune response to FVIII in patients with hemophilia A (42). A more recent study evaluated the prevalence of IgG subclasses of anti-FVIII antibodies in four groups of individuals: healthy subjects, hemophilia A patients with and without inhibitors, and acquired hemophilia A patients (43). Significant differences between IgG subclasses of anti-FVIII antibodies within the different study groups were found. IgG1 and IgG4 were the most substantial IgG subclasses found in patients with inhibitors and in patients with acquired hemophilia. Instead, IgG2 and IgG3 subclasses were less detected in these two groups of patients. The subclasses IgG3 and IgG1 emerged as dominant subclasses in the healthy group, in which IgG4 was completely absent. The same situation was detected in patients without FVIII inhibitors. The most interesting finding of this study was the detection of IgG4 subclasses exclusively in hemophilia A patients with inhibitors. In a subsequent study (44), IgG1 and IgG4 exclusively characterized hemophilia A patients with persistent inhibitors and in acquired hemophilia A patients, confirming the previous data. Furthermore, studies on autoimmune diseases, particularly type 1 diabetes mellitus, reported the importance of the affinity of antibodies as a potential biomarker for eventually developing the disease. Consistently, the affinity of FVIII-specific antibodies, split into isotypes and IgG subclasses, has been evaluated (44). The affinity of FVIII-specific antibodies was higher in patients with persistent inhibitors compared to the affinity in patients without inhibitors and healthy individuals. In particular, FVIII-specific IgG4 in patients with inhibitors expressed the highest affinity compared to all other IgG subclasses (44). Therefore, the presence of high-affinity FVIII-specific IgG4 might be considered as a biomarker for the development of inhibitors. The authors assumed that the higher affinity FVIII antibodies in inhibitor patients are produced by plasma cells differentiated from follicular pathways in germinal centers and then migrate to the bone marrow. Instead, the lower affinity antibodies in patients without inhibitors and in healthy individuals are more likely generated by plasma cells deriving from extrafollicular pathways or from marginal-zone B cells.

Boylan et al. (45) used an immunofluorescence immune assay to detect all anti-FVIII antibodies in patients with hemophilia A with and without inhibitors. Evaluation of antibody profiles indicated that the presence of anti-FVIII IgG1, IgG2 or IgG4 was qualitatively and quantitatively related to the presence of a FVIII inhibitor.

In addition, the antibody subclass profiles have been monitored in serial sampling of hemophilia A patients to identify a specific IgG as a predictive marker for inhibitor development. The preliminary data showed that patients with anti-FVIII IgG1 were most likely to develop inhibitors and this subclass may be considered as an early biomarker for inhibitor development (45).

In the human inhibitor PUP study (HIPS), distinct subclasses of IgG were identified in distinct groups of patients (46). The group of patients with FVIII inhibitors expressed firstly high-affinity IgG1 followed by high-affinity IgG3 and then IgG4. In the group of patients with only non-neutralizing antibodies, IgG1 antibodies were detected and no other IgG subclass. Another group represented by patients with low-titer inhibitors, of which one with transient FVIII inhibitors, developed only high-affinity IgG1. These data partially reflect those reported in another study on patients with multiple sclerosis in which treatment with interferon-β 1b, a recombinant product, induces the production of neutralizing and non-neutralizing antibodies (47). The immunologic profile of the IgG subclasses in patients with neutralizing antibodies was represented by IgG2 and IgG4, and there was a strong correlation between IgG4 and the titer of neutralizing antibodies. Contrarily, patients with non-neutralizing antibodies expressed IgG1 antibodies. The same study group in a subsequent analysis reported that patients with or without transient neutralizing antibodies displayed predominantly IgG1 and IgG3 subclasses, lower antibody titers and antibody binding affinity compared to patients with persistent neutralizing antibodies, in whom the most frequent IgG subclasses were IgG2 and IgG4 (48). The limit of these two studies was the low number of analyzed patients.

Recently, a subanalysis of the SIPPET trial investigated the predictive value of IgG subclasses and the risk to develop a persistent or transient type of inhibitor (49). The concomitant presence of more than one IgG subclass and high-titer inhibitor was associated with a high risk to develop a persistent inhibitor.

A temporal model proposed on the dynamics of isotype switching has been proposed by Collins et al. in the context of pathogen infections (50). IgM+ B cells switch to both IgE and IgG3 early in the germinal center. Subsequently, IgG1 cells emerge, followed by IgG2 cells and finally, if antigens persist, by IgG4-producing cells. The IgG3 response occurs early, and their nature is relatively transient and of low affinity (51). The relatively early appearance of IgG1 in the immune response could lead to premature antigen clearance, preventing the appearance of IgG2 and IgG4 antibodies. Shortly after switch to IgG1, IgG2 response emerges from germinal center reaction. In certain circumstances, quick switching leads to a response that is dominated by IgG2. Indeed, a conspicuous part of the antibody response to many protein antigens is often dominated by IgG2 (52). IgG4 cells are the last to appear from the germinal center reaction and are therefore likely to be the highest affinity antibodies. This temporal model configures sequential class switching during a first, persisting exposure to antigen. The nature of isotype expression in a recall response will result from the ability of class-switched cells to differentiate into memory cells during the primary response.

With this background, it remains to be understood which anti-FVIII IgG subclasses could be a relevant predictive marker for inhibitor development, and which IgG subclasses could lead patients to have endogenous tolerance preventing the formation of persisting neutralizing antibodies which require a specific therapeutic approach.





Post-Translational Modifications and Cell Types for Manufacturing of Recombinant FVIII Products

The chemical changes of proteins after translation are referred to as post-translational modifications. The formation of disulfide bonds, or covalent addition or removal of low-molecular-weight groups, are the most frequent modifications, thus leading to acetylation, amidation, biotinylation, glycation (nonenzymatic conjugation with carbohydrates), glycosylation (enzymatic conjugation with carbohydrates), hydroxylation, methylation, etc. An important role is played by post-translational modifications in regulating the folding of proteins, their targeting to specific subcellular compartments, their interaction with ligands or other proteins, their functional state, as well as their immunogenicity.

Glycosylation is a complex process that serves to expand the diversity of the proteome and is of critical importance especially for the synthesis of recombinant proteins. Glycosylation involves the addition to proteins of a diverse option of sugar moiety varying from simple monosaccharide modifications to highly complex branched polysaccharides. “Asparagine-linked (N-linked) or serine/threonine-linked (O-linked) oligosaccharides are major structural components of many cell surface and secreted proteins” (53). The glycosylation profile changes substantially depending on the cell type used for the manufacturing of recombinant proteins. The expression systems of choice to produce most therapeutic recombinant plasma proteins, able to perform complex post-translational modifications are mammalian host cells, as Chinese Hamster Ovary (CHO) cells and Baby Hamster Kidney (BHK) cells. CHO cells have been widely used in laboratories since 1919 for large-scale commercial production of recombinant proteins. Many companies have also been successfully producing several recombinant FVIII products in CHO cells, whereas BHK cells were used only by one company to produce a recombinant FVIII product (54).

To date, recombinant FVIII is the largest and most complex protein manufactured by recombinant DNA technology. FVIII is a multi-domain heterodimer that comprises 2332 amino acids assembled into six structural domains, organized in a heavy chain (A1-A2-B domains) and a light chain (A3-C1-C2 domains). FVIII is heavily glycosylated, N- and O-glycosylation, and carries sulphated tyrosine residues (55).

The B domain is encoded entirely by a single large exon 14, and represents the largest domain in FVIII, is abundantly glycosylated and highly preserved, with 907 residues making up 40% of the entire sequence (56, 57). This domain is relatively dispensable for procoagulant activity (57, 58). Its high degree of glycosylation consists of 19 asparagine N-linked glycosylation attachment sites (Asn-X-Thr/Ser) and at least 7 O-linked glycans present in the FVIII protein. This region may be significant for intracellular processing and trafficking during protein synthesis (59). The other 6 asparagine N-linked glycosylation sites found outside B domain are located at 41 (A1), 239 (A1), 582 (A2), 1685 (a3), 1810 (A3) and 2118 (C1) residues (60). Glycosylation is considered one of the most important and conditioning processes influencing the biological activity, serum half-life and immunogenicity of FVIII. Already in 1992, it was observed that glycosylation profiles differed between plasma-derived and recombinant FVIII products (61). The major difference in the sugar chains of plasma-derived FVIII compared to recombinant FVIII was that some of the outer chains of the complex-type sugar chains of recombinant FVIII contain the Galα1-3Gal group. Detection of this group in the sugar chains of recombinant FVIII is not surprising, since most mammalian cells contain the α-1,3-galactosyltransferase responsible for the addition of the Galα1-3Gal group to the glycoproteins. Moreover, in the same study, variations in the glycosylation pattern between different recombinant FVIII products, produced in different cell lines, have also been described (61). The increased immunogenicity of recombinant FVIII products has been attributed to deglycosylation or incomplete N-linked glycosylation exposing previously polysaccharide-protected epitopes (62). This data was also demonstrated in animal models (63, 64) and subsequently in separate observational studies (12, 14, 16). Recently, glycosylation profiles of second-generation BHK recombinant FVIII and third-generation CHO recombinant FVIII have been characterized by performing a glycopeptide analysis by liquid chromatography and mass spectrometry. In addition, their role in the development of inhibitors in hemophilia A mice has been evaluated (65). This study confirmed the data previously reported that N-linked glycans shield epitopes of FVIII protein and the authors concluded that the increased immunogenicity of second-generation BHK recombinant FVIII is, in part, correlated to incomplete N-linked glycosylation that exhibit FVIII epitopes to IgM and IgG, that may promote the formation of immune complexes.

The B domain is dispensable for the procoagulant activity of FVIII and it is removed upon cleavage and activation by thrombin (55). The key role played by the B domain is in the FVIII secretion pathway (59). Absence of the B domain results in a reduction of FVIII secretion, although it still occurs. A recombinant FVIII product without B domain has been produced, although the B domain has not been fully deleted and a small portion is retained (66) in order to facilitate its secretion. Different levels of immunogenicity were reported (9, 13, 14), indeed prospective meta-analysis studies showed an increased risk of inhibitor formation compared to full-length recombinant products in previously treated patients (67–69). A comparison between the B domain deleted product and two full-length recombinant products have been performed in both in vitro and in vivo studies (70). This study observed that the endocytosis of the B domain deleted product by monocyte-derived dendritic cells (MO-DCs) was lower or equal to full-length products. Furthermore, the inhibitor levels induced by B domain deleted products in deficient mice were comparable to that of full-length products (70).

The higher immunogenicity of recombinants FVIII products was also associated with the presence of aggregates particularly in recombinant product formulations. Under certain conditions, recombinant FVIII has a tendency to aggregate, and this propensity appears to be most often associated with structural changes in the molecule attributed to post-translational modifications and essentially to differential glycosylation profile. The removal of sugar chains from recombinant FVIII products has been shown to determine their partial aggregation, in particular the removal of N-glycan at positions N-1283 and N-2131 respectively in the A3 and C1 domains of FVIII. This deglycosylation leads to a change in the conformational structure of the light chain resulting in protein aggregation, as suggested in Kosloski's study (64). Moreover, in the last few years, the presence of aggregates has been found in different pharmaceutical formulations of recombinant FVIII products, notably in second-generation BHK and third-generation CHO recombinant FVIII, by the use of sedimentation velocity analytical ultracentrifugation (71). Furthermore, larger aggregates size was found in the second-generation recombinant FVIII compared to third-generation recombinant products (71), with knowledge that the immunogenicity of these protein aggregates is related to their size increase, as demonstrated in some experimental systems (72). The presence of large aggregates has been recently confirmed using dynamic light scattering spectroscopy (73). The increase in immunogenicity, proportional with the presence of (large) aggregates is not well understood. However, some studies have specified that aggregates can promote an increase in antibody titers that may be due to both B cell and T cell responses associated with an increase in the secretion of proinflammatory cytokines IL-6 and IL-17 (74).

An additional post-translational modification, which may have an impact on immunogenicity, includes sulphation of specific tyrosine residues of the recombinant proteins. There are six sulphated tyrosines in the human FVIII, four in the heavy chain and two and in the light chain. Several studies suggested that sulphation of the specific amino acid residue Tyr1680 (Tyr1699 in HGVS nomenclature) is crucial for the capacity of FVIII to bind VWF and consequently plays a pivotal role in its stability (75). Interaction with endogenous VWF is suggested to shield circulating FVIII molecules by decreasing the uptake of unbound FVIII from endocytosis by dendritic cells, lowering effector cell presentation and decreasing immunogenic potential. Experiments performed in animal model showed higher levels of anti-FVIII in mice treated with recombinant FVIII compared to plasma-derived concentrates (63). A following study proved that Tyr1680 is not completely sulphated in recombinant FVIII products compared to plasma-derived. These findings suggest two potential impacts of sulphation on FVIII immunogenicity. On the one hand, the unbound portion of recombinant FVIII molecules could be more immunogenic than the VWF-bound recombinant FVIII. On the other hand, the sulphated form of recombinant proteins has a changed structural conformation that facilitates antigen presenting cell uptake (76).



Role of VWF

The protective role played by VWF in modulating FVIII immunogenicity has been deeply investigated. The amount of VWF is variable in the different types of FVIII products derived from plasma, depending on the purification process, in contrast to the recombinant FVIII concentrates which are fully free of VWF.

Under physiologic conditions, VWF binds to FVIII after its release in the circulation and acts as protector and chaperone molecule for the procoagulant factor. VWF protects FVIII from premature inactivation and clearance from the circulation, preserves the FVIII heterodimeric structure, regulates its activation by thrombin and further modulates its removal by lipoprotein-related receptors.

To assess the relative variability in inhibitor development between different FVIII products with non-equivalent content of VWF, studies were conducted in FVIII knockout mice. The findings obtained from this first systematic comparison on the relative immunogenicity of FVIII products showed that an increased risk of anti-FVIII inhibitor is associated to FVIII concentrates with no (recombinant products) or reduced amount of VWF (plasma-derived). Further addition of VWF to plasma-derived and recombinant FVIII products resulted in a significant decrease (p<0.05) of inhibitor titer (77). A confirmation of these data has been successfully obtained in FVIII deficient mice in which the anti-FVIII IgG titers were 2.4- to 3.2-fold higher in mice treated with recombinant FVIII concentrates than those treated with plasma-derived (p<0.055). However, the administration of plasma-derived alone induced measurable levels of anti-FVIII IgG, indicating that a large molar excess of VWF reduced the immunogenicity of FVIII but did not completely suppress FVIII immunogenicity (63). Protective effect of VWF on the immunogenicity of the FVIII has been further investigated in injected mice with recombinant FVIII pre-incubated with VWF showing a significant reduction in the anti-FVIII IgG levels (p<0.0001) relatively comparable to the levels obtained with the plasma-derived products (63). In vitro experiments, using human dendritic cells (DCs) generated from circulating monocytes (Mo-DCs) of healthy blood donors, have highlighted that VWF behaves like an immunoprotective chaperone for FVIII by preventing endocytosis by DCs and subsequent presentation to FVIII-specific T cells. Furthermore, the VWF preserves FVIII in a dose-dependent manner from being endocytosed by DCs (78). A consequence of the reduced internalization of FVIII is a decrease in the capacity to activate a FVIII-specific CD4+ T cells clone, thus demonstrating that smaller amounts of FVIII have been processed and presented to T cells. Using Mo-DCs, a potent endocytic receptor [C-type lectin receptors (CD206)] for mannose-ending glycans expressed on the heavy and light chain of FVIII has been identified. VWF interfered in the interaction between FVIII with lectin receptor, suggesting that the intrinsic mannose-dependent immunogenicity of FVIII is abolished by endogenous immunochaperones (79).

A reduction in FVIII inhibitor development after treatment of hemophilia A mice with plasma-derived has been reproduced by Qadura et al. (80), however this study failed to confirm the reduction in FVIII inhibitor levels when FVIII products were pre-incubated with VWF. Moreover, a different profile of immune gene expression in splenic DCs, and also differences in the secondary immune response after plasma-derived FVIII infusion versus recombinant FVIII administration in hemophilia A mice have been proved. Notwithstanding, administration of recombinant FVIII induced the release of T helper 1 (Th1) cell cytokines, whereas plasma-derived induced the release of Th2 cytokines (80). Reding et al. have hinted a more important role of Th1 cells in the immune response to FVIII in the long-term maintenance of anti-FVIII antibody synthesis (81).

The immunoprotective role of VWF toward FVIII was explored in vivo, using bone marrow-derived DCs (82). Preincubation of FVIII with VWF reduced the endocytosis of FVIII by murine bone marrow-derived DCs in a dose dependent manner. In addition, a large molar excess of VWF reduced the immunogenicity of FVIII in the murine model but failed to completely abolish FVIII immunogenicity. Surprisingly, the presence of VWF increased the amount of FVIII accumulated in the marginal zone of the spleen. The marginal zone B cells play an important role in determining tolerance to exogenous FVIII in the mouse model. To sum up this study, VWF may have at least two roles in FVIII immunogenicity: VWF may reduce the endocytosis of exogenous FVIII by antigen-presenting cells (APCs), through the prevention of interaction between FVIII and an unknown endocytic receptor. In addition, VWF may allow an increased processing of FVIII by B cells in the marginal zone of the spleen, thus promoting the development of regulatory immune processes that in turn mitigate the magnitude of the anti-FVIII immune response.

The modulatory role of VWF on internalization of FVIII by DCs has been shown by several additional studies (78, 83, 84). FVIII is rapidly internalized through C1 domain binding to an unidentified receptor in absence of VWF. When the FVIII/VWF complexes bind to APCs, FVIII dissociates from VWF to bind to an endocytic receptor, whereas VWF remains predominantly on the cell surface, without being internalized (85).

The internalization of FVIII/VWF complexes by APCs progresses in a differently way when compared to non-VWF bound FVIII. Several FVIII recombinant products showed an incomplete sulphation of Tyr1699 of FVIII, reducing VWF binding and leaving the amount of FVIII without a sulphated Tyr1699 to be internalized in a VWF-independent manner compared to other products with a normal sulphated Tyr1699, e.g. plasma-derived products or recombinant FVIII produced in HEK cells. In a recent study (86), a FVIII-nanobody fusion protein had a high binding affinity to VWF. The results showed that a stabilized FVIII/VWF complex, favored by nanobody fusion protein, was associated with a prolonged survival of FVIII and a reduced immune response against FVIII.



Conclusion

Considerable advances in the manufacturing of hemophilia drugs in recent decades have guaranteed a major efficacy of products leading to a joint health preservation with prophylaxis, reduction in morbidity and mortality and the improvements of quality of life among hemophilic patients. Despite so, the development of inhibitors still remains one of the most relevant complications and the major challenge in the treatment of hemophilia. Inhibitor development is a multifactorial process, and the type of FVIII product is one of the main factors with a relevant influence on inhibitor formation. Current knowledge suggests that there are biological differences between plasma-derived and recombinant products, such as cell line selection, post-translational modifications, VWF content, and other properties, which could trigger a different immune response in several classes of FVIII products in PUPs. Providing a better understanding of the different mechanisms underlying the peculiar immunogenicity of these two classes of products is of extreme importance. The publication of the SIPPET study and its post-hoc analyses have influenced the clinical practice of hemophilia (87) resulting in difficulty in decision-making of when to start treatment in PUPs and with which product, even though in some countries recombinant concentrates are considered the treatment of choice due to their low probability of pathogen transmission (88). Currently available new extended half-life FVIII products in clinical practice have proven their efficacy, however for almost all these products, there is still no information on the rate of inhibitor development in PUPs except for extended half-life products Fc-fused, whose inhibitor development rate seem equivalent to standard products (24, 25).

Moreover, new non-replacement therapies (anti-TFPI antibody, bispecific antibody, siRNA targeting antithrombin and SerpinPC) are currently being evaluated for routine prophylaxis in patients with and without inhibitors and may overcome issues with adherence to prophylaxis even if they do not fully solve the inhibitor problem at the time of FVIII exposure particularly in PUPs. To date, clinical experience with the use of emicizumab for the treatment of PUPs is satisfactory, although the risk of inhibitor development has only been postponed but not solved.

In conclusion, considering the striking evolution in hemophilia treatment, the formation of inhibitors remains a serious problem in the treatment of patients. The need to clarify the pathophysiological aspects of inhibitor development, together with the manufacturing of products with reduced immunogenicity, will probably be the key issue in the coming years.
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Goals Potential solutions

Hepatotoxicity: transient increase in Limit AAV-capsid mediated cellular response or AAV-associated Lowering the vector dose and/or immunosuppression

liver enzymes transient transaminitis of unknown origin

Immunosuppression regimens To prevent or to control ongoing liver toxicity and/or loss of Transient oral steroid, mycophenolate mofetil, tracrolimus,
transgene expression rapamycin (alone or in combination)*

Avoid intense immunosuppression at the time of AAV
administration
Expression of the transgene outside the ~ Optimize transgene expression Use of promoter and regulatory elements highly active in
liver Avoid inadvertent non-hepatocyte tissue with increased risk of hepatocyte
immune response
Optimized FVIII function by developing Lowering the therapeutic vector dose with increased biological Systematic screening for FVIIl variants and testing in both
variants of the transgene activity without detrimental immunogenicity in vitro and in vivo studies

*Partial list of immunosuppressive drugs evaluated in AAV liver gene therapy [reviewed in (136)].
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Administration/frequency

Central vein catheterization

Target population

Eligibility

Compliance

Prophylaxis after inhibitor eradication
Reversible in the event of allergic/anaphylaxis
Immunosuppression

Long-term complications
Rates of success

Economic burden
Post ITl: maintenance of immune tolerance

AAV-mediated

IV/single injection

Not needed

Older children (>13 yo), likely similar to adult liver

No or low neutralizing antibodies titers to the vector capsid
100%

Endogenous expression of FVIII

No

May be needed to prevent/overcome cellular responses
triggered by the vector capsid

Potential insertional mutagenesis

No clinical data available. Preclinical studies in canine
models showed high rates

High
None

Protein-based

IV/3-7 days per week for years

Usually

Any age

All patients

<80%

FVIII replacement 2-3 times/week, indefinitely
Yes

Only in cases that failed multiple Tl attempts

Not applicable
60% in patients of good risk factors

High
FVIII protein 2-3 times/week






OPS/images/fimmu-10-02991/fimmu-10-02991-g004.gif
Gut dysbiosis - oral antibiotics
Reduced SCPA production ScrAsupplementation
Abrormal typtophan metabolism  Typtophan metaboite supplementation
Gutepithelaleakage - endotoremia ol Foctor i dvry
Antgenic mimicry






OPS/images/fimmu-11-00563/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-02991/fimmu-10-02991-g005.gif
TCRs, CARs and BARs

Pt specitc
Bl recepior
Pnpepide ‘ Faprotin

il
vin scry A
. oz cozs
FVilspecifc
TR o3 o
Filspecific FVIIBAR
CAR

Bystander suppression by engineered Tregs

 FVILC2 peptosordomain
@ FVIAZ peptide or domain
@ FVICH poptids or domain
@ Unrelted (on £Vl peptide
S 2 apecitc TR

P vz apecic scrv

(® vome
©-






OPS/images/fimmu-11-00563/fimmu-11-00563-g001.gif
‘meoLNE Embaso wos Cochrane

o 1019 7 3
232
385 duplcates emoved
—_— vt
067
1175 excuded after
[T seening e
w72
799 excuded after
secening abstract
7
@5 excuded ater
sereening flltext

28






OPS/images/fimmu-11-00618/cross.jpg
3,

i





OPS/images/fimmu-11-00618/fimmu-11-00618-g001.jpg
QNK cell
Kupffer cell
Blood from

portal vein/ ‘

hepatic artery

NKT cell

Q Blood to

central vein

—

@

Dendritic cell

Hepatocytes





OPS/images/fimmu-11-00618/fimmu-11-00618-t001.jpg
Name Sponsor Vector Transgene® Manu-facturing Phase FVIIl range ClinicalTrials.gov
serotype (% normal) Identifier
Valoctocogene Biomarin AAVS FVIII-SQ Baculovirus/Insect cells 3 19-164 NCT03370913
roxaparvovec (BMN-270) NCT03392974
SPK-8011 Spark LKO3 FVII-SQ Plasmid/Mammalian cells 1/2 <5-49 NCT03003533
SPK-8016 Spark NA FVII-SQ Plasmid/Mammalian cells 1/2 NA NCT03734588
AAV2/8-HLP-FVII-V3 ucL AAV8 FVIII-V3 Plasmid/Mammalian cells 1/2 6-69 NCT03001830
SB-525 Sangamo AAVG FVIII-SQ Baculovirus/Insect cells 1/2 4-150 NCT03061201
SHP654 (BAX888) Shire AAV8 FVII-SQ Plasmid/Mammalian cells 1/2 NA NCT03370172
BAY 2599023 (DTX201) Bayer AAVhu37 FVII-SQ Plasmid/Mammalian cells 1/2 5-17 NCT03588299

*See (69) and reference therein for details about FVIIl variants used in gene therapy. NA, not available; UCL, University College of London.
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Pre-gene therapy Titer at vector

Post-gene therapy

Dog Age (year) Weight Inhibitor duration Peak titer L Peak titer Time to cFVIII activity
(kg) (wks) (BU) (BU) eradication (wks) (%)*

KO1 12 20.1 32 12 3 7 5 15

K03 1 19.3 28 12 3 3 4 8.0

L44 0.7 16.0 28 4.5 2.2 2.2 4 1.5

Wembley 4.9 16.5 96 3.6 3.5 216 80 >1.57

Data from (100). TVRA, unpublished observation. *Plateau level after inhibitor eradication.
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Source NNA assay characteristics Inhibitor assay characteristics

Assaytype  Cut-off Affinity Quality assessment Assay type Cut-off (BU/mL)

measured
Positive Fvin Quality

control  specificity

David et al. (32) ELISA 0D 490 nm>0.1360r  No - - NBA 06
>28D above mean OD
of HC?

Cannavo et al. (53) ELISA 0D 492 nm>1.64 No + - mNBA 0.4
pg/mLe

Gangadharan etal. (17)  ELISA titer1:20" Yes + + NBA 06

Hofbauer et al. (20) ELISA titer> 1:20" Yes + + NBA 0.4

Hofbauer et al. (10) ELISA fiter1:20" Yes + + NBA 10

Kiintman et al. (33) ELISA® OD>3SDabove mean  No + + NBA and BA 09and 0.6
OD of HC*

Kintman et al. (34) ELISA® OD>3SDabove mean  No + + NBA 0.4
OD of HC4

Whelan et al. (9) ELISA titer1:20" No + + NBA 10

Moore et al. (35) ELISA OD > manufacturer's No NR NR BA NR
kit control preparationd

Liicrap et al. (36) ELISA® OD>3SDabovemean  No + NR NBAand BA 06
0D of HC*

Vincent et al. (37) ELISA® OD>3SDabove mean  No + - mNBA 06
0D of HC*

Towfighi et al. (16) ELISA OD (492 nm)>28D No - - mBA 10
above mean OD of HC?

Ling et al. (38) ELISA® OD>3SD above mean  No + - NBA 05
OD of HC*

Shetty etal. (39) ELISA NR No - - NBA NR

Vianello et al. (40) ELISA OD (450nm)>3SD No - + BA NR
above mean OD of
three blanks?

Batle etal. (11) ELISA OD (405 nm)>0.27" No - + NBA 05

Dazziet al. (12) ELISA OD (450nm)>3SD No - + NBA NR

above mean OD of
three blanks®

Mondorf et al. (41) ELISA OD>3SDabovemean  No - - mBA 05
0D of inhibitor negative
samples (0.278)*
Boylan et al. (42) FU >28D above mean MFI No - - mNBA 06
Hce
Butenas et al. (43) MFLI 0.001 nMe No + - BAand NBA 0.4
Zakarija et al. (44) FU >5.0 MFIU No + - NBA 05
Krudysz-Amblo et al. FUI >5.0 MFIU No + - NBA 10
(13)
Clere et al. (45) X-MAP RAR ratio > 1/ No - - BA NR
Lebreton et al. (15) X-MAP RAR ratio > 1/ No - - BA 06
Kinge et al. (23) P >4.2 PU/mLK No + + NBA 06
Scandella et al. (46) P 245 IPU/mL* Yes + + BAand NBA 06and 0.5
Irigoyen et al. (47) FC (and >3SDabovemeanOD  No + + NBA 05
ELISAP of Ho?
Shurafa and Kithier (14)  NR® NR No - - NBA NR

The quality of the NNA assays was assessed according to the following criteria: (1) the use of positive controls and (2) competition with FVIIl to establish FVIl-specifiity. NNA assays
were classified as high-quaty (green), intermediate-quality (orange), or low-quality (red), when they met both, one or none of the quality criteria, respectively. Abbreviations: ELISA,
enzyme-linked immunosorbent assay; L, Fluorescence based assay; IR, immunoprecipitation; X-MAP, multiplexed assay; FC, Flow cytometry; NR, not reported; OD, optical density;
SD, standard deviation; HC, healthy controls; MFIU, mean fluorescence intensity unit; RAR, Relative antigenic reactivity; IPU, immunoprecipitation unit; BU, Bethesda Unit; BA, Bethesda
assay; (mNBA, (modified) Njmegen modification of Bethesda assay. *Studies used three types of recombinent FVIl products in the ELISA assays. Al of these studies included one
recombinant B-domain-deleted FVIll product. *Study compared FC with ELISA. ELISA was not further specifiedn article. °Name of assay was not reported, but authors briefly described
the method, that included the use of monoclonal antibody-purified FVIl preparation as a source of antigen. In a previous study, this method was described in more detai (54). I the
majorty of studles the cut-off for NNA positivity was calculated based on the mean OD of healthy controls plus 2 or 3SD. The number of healthy individuals varied among stucies. ®The
cut-offfor positive anti-FVIll NNAs was set at 1.64 mg/m of specific anti-FVIl lgG, corresponding to 100% specificity and 96% of sensitivity in the receiver operating characteristic curve
constructed by using the results of anti-FVIll lgG measured in 107 healthy incivicuzls and 101 patients with hemophilia A (55). A predetermined cut-off was established for each assay
using a statistical approach based on background signal levels of 160 healthy plasma donors as described in Jaki et al. (55). FVIll-specificity was only measured for high-titer antibodies
(>1/80). 9No further information about cut-off was given. " Cut-off corresponds with an inhibitor titer > 0.5 measured with the Bethesda assay. 'Data were analyzed by substracting the
fluorescence intensity of non-specific control ovalbulmin-coupled beads from the fluorescence intensity of specific binding of human anti-FVIll antibodies to recombinant FVili-coupled
beads. A sample was considered posilive for anti-FVIll antibodiies, whenever the signal of binding to recombinant FVIIl beads exceeded that of binding o ovalbumin. The cut-off for
positivity was set at 5.0 mean fluorence intensity units (MFIL)./Relative antigenic reactivity ratio (RAR) is the ratio between the mean fluorescence intensity (MFI) of each hemophila A
plasma and the mean MF value of the 30 non-hemophilla plasma samples plus 3SD. The used multiplexed assay was previously described in Lavigne-Lissalde et al. (56). KThe IP assay
and determination of cut-off were previously described in Thompson et al. (57).
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The questions of the JBI checklist are listed in the Supplementary Data 2. In short, the questions (Q) addressed the following issues: Q1, appropriateness of sample frame; Q2, mode
of sampling; Q3, sample size > 139; Q4, description of study subjects and setting; overage of identified sample; QG valication of NNA assay; Q7, consistency in measurement
for all participants; Q8, statistical analysis; Q9 response rate. Green = Yes (¥), Red = No (N) and Blue = Unclear (U). The colors in the column of Q6 represent the quality assessment
of the NNA a: high-quality (H), Oran -quality (), and Red = low-quality (L).
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Source NNA Inhibitor  Prevalence NNAs %
pos negative (95% CI)
patients (n) ~patients (n)

ELISA

David et al. (32) 14 252 56 @3-9.1)
Cannavo et al. (53) 18 237 760 (4.9-11.7)
Gangadharan et al. (17) 6 15 400 (19.8-64.3)
Hofbauer et al. (20) 15° 42 3BT (23-508)
Hofbauer et al. (10) 6° 77 7.8° (3.6-16)
Kiintman et al. (33) 43 201 214 (163-276)
Kiintman et al. (3¢) 10 78 128 (7.1-22)
Whelan et al. (9) 35° 100° 35 (26.4-44.8)
Moore et al. (35) 6 46 13 (6.1-25.7)
Lilicrap et al. (36) 48 368 13 (10-16.9)
Vincent et al. (37) 7 50 14 (7.0-26.2)
Towfighi et al. (16) o 30 0 (0-0.11)
Ling et al. (38) 4 2 154 (62-335)
Shetty et al. (39) 5 288 17 (0.7-4.0)
Vianello et al. (40) 14 26 538  (355-712)
Batlle et al. (11) 22 112 196 (133-28)
Dazzi et al. (12) 8 22 364 (19.7-57)
Mondorf et al. (41) 1 46 22 (04-113)
FLUORESCENCE BASED ASSAY.

Boylan etal. (42) NR™ 295 NR NR
Butenas et al. (43) 18 18 100 (82.4-100)
Zakarija et al. (44) 21 44 477 (33.8-62.1)
Krudysz-Amblo et al. (13) 13 39 333 (206-49)
X-MAP

Clere et al. (45) 4 12 333 (13.8-60.9)
Lebreton et al. (15) 38 210 18.1°  (18.1-24.0)
IMMUNOPRECIPITATION

Kiinge et al. (23) 5 20 25 (112-469)
Scandella et al. (46) 13 36 361 (22.5-52.4)
FLOW CYTOMETRY

Irigoyen et al. (47) 69 17 353 (17.3-58.7)
NAME OF NNA ASSAY NOT REPORTED

Shurafa and Kithier (14) 1 16 63 (1.1-2893)

Cl, confidence interval; NR, not reported.” Study only reports the prevalence of IgG
subclasses. @Number and prevalence of NNAs detected at lowest cut-off are shown.
High-titer NNAs (cut-off: 1/80) were all of the IgG isotype (n = 9; prevalence 21.4%).
bNumber and prevalence of NNAs detected at lowest cut-off are shown. The overal
number and prevalence of high-titer NNAS (cut-oft: 1/80): 4 and 5.2%, respectively. °The
total group of inhibitor-negative patients was divided into two subgroups: patients without
an inhibitor in the past (n = 77) and patients with an inhibitor in the past (n = 23). The
overall prevalence of NNAs in these subgroups were: 34 (95% Cl, 24-45) and 39 (95%
Cl, 22-59), respectively. 44/17 inhibitor-negative patients were NNA-positive sing the FC
assay; 2 additionalinhibitor-negative but NNA-positive patients were detected with ELISA.
*Confidence intervals were reportedin artcle. The other prevalence were calculated using
the Wilson method in Epitools (http://epitools.ausvet.com.au).
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Source Inhibitor IgA  Prevalence IgM  Prevalence 1gGn Prevalence IgG1 Prevalence IgG2 Prevalence IgG3 Prevalence IgG4 Prevalence

negative  n IgA n IgM 196G n 1g61 n 1gG2 n 1963 n 1964
patients (n) % (95% Cl) % (95% Cl) % (95% Cl) % (95% Cl) % (95% Cl) % (95% CI) % (95% CI)
ELIS
Gangacharan et al. (17) 15 0 00-204 NR NR 6 400 6 400 0 00204 0 00204 0 00204
(19.8-64.9) (19.8-64.9)

Hofbauer et al. (20) 42 0 0084 NR NR 15 357 11 262 2 48(13-158) 7 16.7 2 48(1.3-158
(23-50.8) (15.3-41.1) (8.3-8086)

Hofbauer et al. (10) 77 113027 1 13027 4 52(20-126) 3 89(13-10.8 0  0(0-48 1 13027 0  0(0-48)

Whelan et al. (9) 100 3 31085 4 2(057.0 NR NR 22 22(15811) 3 3(1.0-85 11 11(63-186) 0  0(037)

Towfigh et al. (16) 30 0 0011 3 1085256 2 67(1.8-213) NR NR NR NR NR NR NR NR

Batlle et al. (11) 112 0 00383 NR NR 22 196 NR NR NR NR NR NR NR NR
(13.3-28)

233
(18.9-28.5)

26 89(61-126) 9  3(165.7)

6(3.9-9.4)

Shurafa and Kithier (14) 16 NR NR NR NR 1 62(1.1-283) 0  00-19.4) 0 00194 0 00194 1 62(1.1-28.9

Summary of results of studies reporting prevalences of FVill-specific IgG subclasses or of FVIl-specific IgA or Ight isotypes. Several samples contained diferent populations of antibodies. Therefore, the sum of the prevalence of the
individual isotypes and subclasses may be more than 100%. Cl, confidence interval: NIR, not reported.
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Source Country Design  Included study Ntotal  Ninhibitor  Pastinhibitor Severity Age Previous  FVIll product

population negative n) . Median  Treatment typein>50%
Severe  Mod  Mild  qp/R) CumEDs  of patients
David etal. (32) India CS  Severe HAPTPS, with 312 252 NR 262 ) 0 N >5 NR
and without inhibitor.
Cannavo et al. (18) International® LT Severe HAPUPs <6Y. 237 287 0 237 0 o 13m o PRV
(R0-67)
Gangadharan etal. (17)°  International® LT Severe HA PUPs. 25 15 0 15 0 0 N 0 VI (al)
Hofbauer ot al. (20) Austria CS  Severs and moderate 2 42 0 a7 5 o a1y NR(PTPS) 1AVl
HA PTPs, without R18-61,
curtent or past inhibitor. 1R 24-44)
Hofbauer et al. (10) Austia, €S Severe PTPs, with and 101 7 0 7 0 0 3BY(R 2100 NR
Germany, without inhibitor (no 26-43f
Poland past inhibitor). HS and
AHA patients.
Kintman et al. (33) Sweden®  CS  Severe HAPUPs and 250 201 79(39) 201 0 o MR NR(PUPs  NR
PTPs without current and PTPs)
inhibitor
Kintman et al. (34) Sweden o Severe and moderate 130 78 46) 74 4 o 255y NR(PTPS) 1AVl
HAPTPs on (R 1-68)

prophylaxis, without
current inhibitor.

Brother pairs.

Whelan et al. (9) Austria, cs Severe HA PTPs, with 120 100 23(23) 100 0 0 NR 2100 NR
Germany, and without inhibitor (2
Poland groups without

inhibitor: after succesful
Tl and without inhibitor
in past).

Moore et al. (35)" UK cs HA, without inhibitor 46 46 NR NR NR NR MR NR NR
and AHA patients.

Lilicrap et al. (35)" Canada [k HA, all severities, with 392 368 NR NR NR NR MR NR NR
and without inhibitor.

Vincent et al. (37) Canada cs HA PTPs, with and 60 50 12 NR NR NR O NR NR(PTPS) PVl (al)
without inhibitor, HS
and AHA.

Towfighi et al. (16) Iran cs Severe HA PTPs with 60 30 NR 23 4 3 12589 NR(PTPs)  NR
inhibitor, HA PTPs of all
severiies without

inhibitor and HS.
Ling et al. (38) Australia cs HA, all severities, with 5 26 NR NR NR NR R NR(PTPS)  pFVIll (al)
and without inhibitor
and AHA patients.
Shetty et al. (39) USA cs HA, all severities, with 312 288 10) NR NR NR MR NR(PTPS)  NR
and without inhibitor
and HS.
Vianelo et al. (40) Italy cs Severe HA PTPs, with 33 2 NR 2 0 0 315(QR  NR(PTPS)  pFVIll(al)
and without inhibitor, 25-89;
without FVIl infusion in R 15-54)
past month.
Batlle ot al. (11) Spain cs HA PTPs, all severities, 124 112 6(5) 59 28 25 244YR  NR(PTPs)  NR
with and without 2-78)
inhibitor and HS.
Dazziet al. (12) Italy cs HA PTPs, all severities, 23 22 16) 8 6 8 NR NR(PTPs)  NR
without inhibitor.*
Mondorf et al. (41) Germany cs HA, all severities, with 53 46 30 NR NR NR O NR NR NR

and without inhibitor.

Boylan et al. (42) USA [k HA PTPs, with and 371 295 0 NR NR NR MR NR(PTPS)  NR
without inhibitor and
HS.
Butenas et al. (43) Canada cs Severe HA PTPs, with 34 18 NR 18 0 0 BY(QR  NR(PTPs) RVl
and without inhibitor 4-30; R
1-89
Zakarija et al. (44) USA cs HA PTPs, all severities, 46 a4 NR 31 3 10 89y NR(PTPS) RVl
with and without (R18-86;
inhibitor. QR 32-48)
Krudysz-Amblo (13) Canada, cs HA, all severities, with 39 39 NR 18 4 10 NR NR NR
USAand and without inhibitor
Poland and HS.
Clere et al. (45) France L HA PTPs, all severities, 12 12 NR 7 2 3 NR NR(PTPS) PVl
without inhibitor.
Lebreton et al. (15) France cs HA PTPs, without 210 210 NR 144 34 2 26y NR(PTPS) PVl
inhibitor. (R1-85)
Kinge et al. (23) Germany T HA PTPs, all severities, 40 20 0 8 9 3 NR NR(PTPS)  NR
with and without
inhibitor.

Scandella et al. (46) International® LT HA PUPs, all severities. NR 36 NR 36 o 0 NR NR (PUPs) NR

Irigoyen et al. (47) Argentina LT Severe HA PTPs, with 30 17 NR 17 0 0 NR NR(PTPY  NR
and without inhibitor, at
least 7 days after last
FVillinfusion.

Shurafa and Kithier (14) UsA cs HA, without inhibitor. 16 16 NR NR NR NR NR NR NR

Studes are ordered according to NNA assay type and publication date. IQR, interquartle range; R, range; M, months; Y, years; EDs, exposure days; CS, cross-sectional; LT, longitudinal; NR, not reported: PTPs, previously treated
patients; PUPs, previously untreated patients; HA, hemophila A; HS, healthy subjects; AHA, acquired hemophilla A; rFVIl, recombinant FVI; pFVII, plasma FVII. *Conference abstracts, no ful-text avaiable. Centers participating in
the Survey of Inhibitors in Plasma-Product Exposed Toddlers (SIPPIT) study: India, Eqypt, Iran, United States, Italy, and other countries (48). ®Countries were ot reported in abstract, but the analyzed samples were from the Hemophila
Inhibitor PUP (HIF) study, that was performed in multiple centers globall. °Stucy included patients from two cohorts: The Malmo International Brother Study (MIBS) and Hemophila Inhibitor Genetics Study (HIGS) (49, 50). %Study
included severe PUPs from two multicenter studlies: a study that assessed the safety of recombinent FVIll (RECOMBINATE) and a study that compared the safety of recombinant vs. plasma FVIl, performed by the pedatric group of
the German Society on Thrombosis and Haemostasis (GTH). The study was still ongoing and the final data were published in 2002 (51, 52). ®One patient was a female carrier with a baseline FVIl activity of 25%, probably due to an
extreme lionization. ! Median age was only reported for patients with high-titer NNAS (n = 4), defined as NIA titer > 1:80. 9Median age was not reported. Not reported whether these values represent the range o interquartie range. Al
patients were PUPs or minimally exposed (<5 times) to blood components (whole blood, fresh-frozen plasme, packed red cells, platelets, or cryoprecipitate). 'All patients were treated with prothrombin complex or human recombinant
FVIIL i Treatment was started at least 1 year before blood sampling, without recent switch between rFVill or pFVIl,
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4Greig et al. (87); Sack et al. (38); Qadura et al. (39).
bBunting et al. (24).
©Mcintosh et al. (86).
9Sabatino et al. (84); Callan et al. (90); Finn et al. (91).
°lytle et al. (21); Brown et al. (20).
!Doering et al. (16, 18, 29)
9Brown et al. (22).

" Staber et al. (92).

iGangadharan et al. (15); Ide et al. (17, 93).
IMerii et al. (94); Wang et al. (95).

kSun et al. (96).
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Group GO processes Genes involved

(FDR<0.05)
HA (current Innate Immune NLRP3, TLRS, IL32,
inhibitor) responses CLEC10A COLECT2,
Group B PSMBS, CDID
Positive regulation of LILRA2, LILRAS,
Cytokine secretion NLAP3, TLR8, FON1
HA (no inhibitor Detoxification NQOT1, GSR, GSTMS3,
history) MGST1, MT1E, MT2A,
Group C SRXNT
Response to external BIMPS, BRCA2, DYSF,
stimulus EREG, PDGFB, THBST,
NF
Myeloid leukocyte ANXA1, PDGFB,
activation and migration SLC7AT1, SLC8AT,
TNF, TXNRD1
Non-HA (control) Leukocyte mediated C3, CD1D, CD300A,
Group D immunity; regulation of CRI1, NLRPS, SYK,
T-cell activation VSIR, ZC3H8
Hypoxia response AGTRAR ANG,
ANGPTL4, BNIP3L,
HK2, VEGFA
Regulation of C3, LRP1, SYK, VEGFA,
vesicle-mediated DYSF, RAB3D, CD300A,
transport BACET, SNX33

"FVill-stimulated PBMCs from the HA (past inhibitor) = Group A cohort showed differential
expression of only 15 genes, which was not a sufficient number to identify GO processes.
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Subject #

D10

n/a, sample or data not available.

HA
severity

Severe
Severe
Severe
Severe
Severe
Severe
Severe
Severe
Severe
Severe
Severe
na

na

wa

wa

HA
mutation

na

na

na
Int22-Inv
n/a

na
Int22-inv
wa

na
Frameshift
na

na

na

na

na

m
outcome

Success
Success
Success
Failed
Failed
Failed
Partial
Failed
na
na
n/a
na
n/a
na
n/a

Race/
ethnicity

Zoooog

=
3

oo0oo0g

na
na

na

Age
(vears)

25
21
25
24
19
17
10
56
25
61
12
18+
18+
18+
18+

Peak titer
(BU/mL)

<06

<06

<06
na
na

na

Recent titers
(BU/mL)

<06
<06
<06
221051
13
168-193
06t025
na
<06
<06
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na
na
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Subject # HA HA Im Race/ Age #PBMC Peak titer Recent titers Current titers

severity mutation  outcome ethnicity (vears) samples  (BU/mL)* (BU/mL)* (BU/mL)*
A1 Severe na Success AA 25 1 4 <06

%3 Mid wa Success c 76 1 17 <06

A3 Severe wa Success AL 33 1 69 <08

A4 Severe na Success AA 2 1 6 <06

A5 Severe Int22-Inv Success c 27 1 na <08

A6 Severe na No ITI (o} 24 1 1.4 <0.6

AT Severe N19228 NolTi AL 50 1 wa <06

A8 Severe Frameshift Success (o} 27 1 high <0.6

A9 Moderate ~ Y1680S Success c 30 1 35 <06

A10 Severe Int22-Inv Success C+H 20 1 12 <06

Al Severe frameshift ~ Success c 1 1 25 <06

B1 Severe Int22-Inv Ongoing c 10 1 320 151087 16
B2 Severe Int22-Inv Ongoing AL 4 1 347 106 to 620 250
B3 Severe large deln  Failed H 5 1 9462 710156 36
B4 Severe Int22-Inv Failed H 19 1 234 06,07,03 3
B5 Severe Largedeln  Ongoing H 3 1 243 2010243 2
B6 Severe Int22-Inv Failed c 24 1 8602 221051 24
B7 Severe na No ITI AA 35 1 191 25t0 136 25
B8 Severe Intt-nv Failed AA 27 1 80 061080 06
ct Moderate  N1922S wa AL 18 1 <06 <06

c2 Moderate ~ /a wa c 22 1 <06 <06

c3 Severe Int22-Inv wa c 59 1 <06 <08

c4 Moderate  N1922S wa AL 14 1 <06 <08

cs Severe R583X wa M 13 1 <06 <06

3 Severe wa wa c 25 1 <06 <08

c7 Severe Int22-Inv n/a AA 26 1 <0.6 <0.6

c8 Severe Int22-Inv wa c 29 1 <06 <08

co Severe frameshit ~ n/a c 61 1 <06 <06

cto Severe wa wa AL 34 1 <06 <06

cit Severe Int22-Inv wa AL 30 1 <06 <06

ci2 Severe frameshit  n/a c 29 1 <06 <06

ci3 Severe Int22-Inv wa c 12 1 <06 <06

D1 wa wa wa AA 184+ 1 na n/a

D2 wa wa wa wa 18+ 1 na n/a

D3 wa wa wa /a 18+ 1 a n/a

D4 na na n/a na 18+ 1 n/a n/a

D5 wa wa wa na 18+ 1 wa n/a

D6 na na n/a n/a 18+ 1 n/a n/a

o7 wa wa wa na 18+ 1 wa na

D8 na na n/a na 18+ 1 n/a n/a

Group A: HA with a past inhibitor (currently tolerant to FVII).

Group B: HA with a current inhibitor, 4 undergoing Immune Tolerance Induction therapy (IT).

Group C: HA with no inhibitor history.

Group D: Non-HA healthy control subjects.

n/a, sample or data not avaiable. Int22-Inv, intron 22 inversion; Int1-Iny, intron 1 inversion; deln, deletion; A, African American; G, Caucasian; H, Hispanic.

“peak and recent inhibitor titers from clinical charts; current titers from chromogenic Bethesda assay with Njmegen modification, expressed as Bethesde Units (BUYmL. 1 BU s the
mount of inhibitor that redluces FVIIlclotting activity in 1 mL of plasma by 50%.

current” titers for subjects B7 and B8 are the most recent available, but not from same date as PBMC sample.
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