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Ad Hoc Scientific Committee on Epigenetics and Genomics
Enhancers and Chromatin Landscapes in Development and Cancer

This session will review state-of-the-art data and approaches to assess how alterations in chomatin state and higher order chromosomal structure contribute to gene regulation, and how this process is altered in cancer. 

Dr. Wysocka will review our current understanding of the role of enhancer-mediated interactions in regulating transcriptional output, and how this process is altered in different cancer contexts. 
Dr. Aifantis will focus on how higher order chromosomal structure is altered in leukemia and how key regulators of this process are involved in hematopoietic function and gene expression.  

Dr. Ren will present data on state-of-the-art approaches to map human genomic architecture and how this process is altered during malignant transformation.
Chair:
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Speaker:
Joanna Wysocka, PhD, Stanford University, Stanford, CA

Enhancers and Transcriptional Regulation

Interactions between the genome and its cellular and signaling environments, which ultimately occur at the level of chromatin, are the key to comprehending how cell-type-specific gene expression patterns arise and are maintained during development or are misregulated in disease. Central to the cell type-specific transcriptional regulation are distal cis-regulatory elements called enhancers, which function in a modular way to provide exquisite spatiotemporal control of gene expression during development. We are using a combination of genomic, genetic, biochemical, and single-cell approaches to investigate how enhancers are activated in response to developmental stimuli, how they communicate with target promoters over large genomic distances to regulate transcriptional outputs, what is the role of chromatin modification and remodeling in facilitating or restricting enhancer activity and how regulatory sequence change leads to the phenotypic divergence in humans. I will discuss our latest results on the mechanisms underlying enhancer function and gene regulation in development and disease.
Disclosures:
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Iannis Aifantis, PhD, New York University, New York, NY

The Impact of 3D Chromosomal Topology in Acute Leukemia

Acute myeloid leukemia (AML) is the most common adult leukemia characterized by excessive proliferation of abnormal myeloid progenitors. AML continues to have a dismal survival rate amongst all subtypes of leukemia (<50% five-year overall survival rate), which can largely be attributed to limited advances in treatment regimens that, for the last decades, have relied on the use of two non-targeted cytotoxic drugs: cytarabine and anthracycline. Large-scale sequencing efforts have shed new light on genetic and epigenetic determinants of AML. Interestingly, these studies identified a frequent co-occurrence of somatic mutation between genes encoding cohesin complex subunits (such as STAG2, SMC1A, RAD21 and SMC3) and well-characterized AML oncogenic triggers, such as FLT3-ITD, TET2, and NPM1. Recent work has demonstrated an important role for the cohesin complex in normal stem/progenitor self-renewal and differentiation, gene regulation, and suppression of myeloproliferative neoplasms and AML, despite the precise mechanisms underlying these functions remaining poorly understood. It is believed that cohesin may suppress tumor formation by regulating chromatin looping at loci critical for self-renewal and myeloid progenitor differentiation. Utilizing established models of murine and human AML, this we will focus on the molecular mechanisms of cohesin-dependent myeloid tumor-suppression, with an emphasis on understanding novel treatment approaches that can exploit these functions. Using established protocols for identifying genome-wide changes in chromatin topology and gene expression, we propose undertaking an extensive characterization of cohesin-regulated chromatin changes driving AML. Furthermore, we investigate the application of targeted agents in cohesin-deficient AML whilst extensively mapping the mechanisms-of-action underlying these specific treatments. Ultimately, our work aims to generate novel, pre-clinical disease models of cohesin-mutated AML with strong mechanistic insights into the tumor-suppressive function of this complex.

Disclosures:
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Bing Ren, PhD, University of San Diego, La Jolla, CA

Organization and Regulation of the Human Genome

The 3-dimensional (3D) chromatin organization plays a critical role in gene regulation. Great strides have been made recently to characterize and identify cis regulatory elements from epigenome profiles in different cell types and tissues, but efforts have just begun to functionally characterize these long-range control elements. Mapping interactions between enhancers and promoters, and understanding how the 3D landscape of the genome constrains such interactions is fundamental to our understanding of genome function. I will present recent findings related to 3D genome organization in mammalian cells, with a particular focus on how chromatin organization contributes to transcriptional regulation. I will describe higher-order organizational features that are observed at the level of both the whole chromosome and individual loci. I will highlight changes in genome organization that occur during the course of differentiation, and discuss the functional relationship between chromatin architecture and gene regulation. Taken together, mounting evidence now shows that the genome organization plays an essential role in orchestrating the lineage-specific gene expression programs through modulating long- range interactions between enhancers and target genes.
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Joint Session: Scientific Committee on Blood Disorders in Childhood and Scientific Committee on Red Cell Biology
Red Cell Biology: Understanding and Repairing Faulty Red Blood Cells 

For decades, erythroid cells have provided an experimental platform for illuminating many aspects of cell biology. In recent years, fundamental insights into the relationships between gene structure and transcriptional control, gained using erythroid cell systems, have driven the development of novel therapeutic approaches to red blood cell diseases, including sickle cell anemia and thalassemias. The development of these approaches represents a paradigm for future molecularly targeted therapies. This special session will combine presentations of newly elucidated, fundamental mechanisms of cell signaling and gene expression control using cellular and animal model systems with demonstrations of ongoing, state-of-the-art, studies of gene therapy strategies aimed at treating and curing hemoglobinopathies in humans. This session should have broad interest to ASH attendees, from molecular and cell biologists to practicing hematologists.

Dr. Dean will focus on the biology of enhancers, gene regulatory elements that regulate transcription through long-range interactions with promoter regions and have highly tissue-specific functions, including in erythroid cells, as well as roles in promoting pathologic gene expression in disease states.

Dr. Lodish will present ongoing work focused on harnessing an integrative, mechanistic understanding of erythroid progenitor cell signaling pathways that control self-renewing cell divisions to envision novel therapies for anemias.

Dr. De Franceschi will describe the development of non-gene therapy strategies for clinical application, including approaches currently under clinical evaluation.

Dr. Cavazzana will present novel therapeutic approaches in an effort to cure the more prevalent inherited blood diseases worldwide. Results of ongoing clinical trials as well as of promising gene editing strategies will be summarized.

Co-Chairs:
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Alex Minella, MD,  BloodCenter of Wisconsin, Milwaukee, WI
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New Concepts in Genome Regulation

Manipulating gene regulation to favor gamma-globin transcription over beta-globin transcription has been a goal of research in erythropoiesis for decades because of its relevance to amelioration of the pathophysiology of sickle cell disease and beta-thalassemia. A fundamental unanswered question in biology is how the unique pattern of gene expression, the transcriptome, of the many different individual mammalian cell types arises from the same genome blueprint and changes during development and differentiation. There is a growing appreciation that genome organization and the folding of chromosomes is a key determinant of gene transcription. Within this framework, enhancers function to increase the transcription of target genes over long linear distances. To accomplish this, enhancers engage in close physical contact with target promoters through chromosome folding, or looping. These long range interactions are orchestrated by cell type specific proteins and protein complexes that bind to enhancers and promoters and stabilize their interaction with each other. We have been studying LDB1, a member of an erythroid protein complex containing GATA1, TAL1 and LMO2. The LDB1 complex activates erythroid genes through occupancy of virtually all erythroid enhancers. LDB1 engages in homo- and heterotypic interactions with proteins occupying the promoters of erythroid genes to bring them into proximity with their enhancers. We find that enhancer long range looping activity can be redirected. Both targeting of the beta-globin locus control region to the gamma-globin gene in adult erythroid cells by the tethering of LDB1 or epigenetic unmasking of a silenced gamma-globin gene lead to increased locus control region (LCR)/gamma-globin contact frequency and reduced LCR/beta-globin contact. The outcome of these manipulations is robust, pan-cellular gamma-globin transcription activation with a concomitant reduction in beta-globin transcription. These examples suggest that chromosome looping can be considered a therapeutic target for gene activation or gene silencing to ameliorate genetic diseases such as sickle cell disease and beta-thalassemia.

Co-Authors:
Jongjoo Lee, National Institutes of Health, Bethesda, MD; Ryan Dale, National Institutes of Health, Bethesda, MD; Ivan Krivega, PhD, NIDDK, NIH, Bethesda, MD
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Marina Cavazzana, MD, PhD, Hôpital Necker – Enfants Malades, Paris, France

Gene Therapy Studies in Hemoglobinopathies: Successes and Challenges

Allogeneic hematopoietic stem cell transplantation (HSCT) from bone marrow or umbilical cord blood is currently the only curative treatment for hemoglobinopathies. However, only a small percentage of patients can undergo this procedure because (i) it can only be performed in specialized units, and (ii) the populations affected by these diseases are poorly represented in the international registry of HSC donors. Gene therapy using autologous HSC is a powerful alternative to allogeneic HSCT. It circumvents the need for a matched, unrelated donor and thus avoids the risk of graft–versus-host disease and graft rejection after HSCT. Furthermore, the conditioning regimen required to allow the engraftment of genetically modified cells does not include immunosuppressive drugs responsible for infectious complications. Hence, the gene therapy procedure can be performed by many pediatric and adult hematological units - even those with limited or no expertise of allogeneic HSCT. The absence of any treatment-related deaths in gene therapy trials to date and the increasing safety of this therapeutic approach are now enabling its rapid, broad application worldwide. Lentiviral vectors (LVs) fulfill the complex criteria required for a successful outcome in gene therapy for β-hemoglobinopathies. The use of self-inactivating (SIN) LVs (generated by the deletion of viral promoters/enhancers in the U3 region of the 3’ long terminal repeat) has greatly improved vector safety. In view of the results obtained since 2007, SIN LVs vectors appear to be associated with a much lower risk of insertional mutagenesis than first-generation gamma retroviral vectors. Clinical trials of globin-expressing LVs are now under way at several sites in Europe (Paris and Milan) and the United States. The initial results are encouraging with regard to the achievement of transfusion-independence. Despite these promising results, some issues deserve further investigation (e.g. optimization of the conditioning regimen, mobilization protocol, vectors and transduction protocol). The objective of the conditioning regimen is to efficiently destroy the diseased hematopoietic stem cells (using toxic and/or depleting monoclonal antibodies) while avoiding off-target toxicity in other organs. This should protect the patient’s fertility, and prevent mucositis and liver toxicity. Secondly, the characteristic dyserythropoeisis in the patients’ bone marrow must also to be taken into account when seeking to obtain the requisite number of hematopoietic stem cells. The hypercellular erythroid bone marrow compartment and the microenvironment are key parameters in this setting. There is currently an intense, fruitful debate as to the best mobilizing factor for these patients. Furthermore, the characteristic inflammatory context in Hb SS patients should allow the use of anti-inflammatory molecules before harvesting. Lastly, genome editing and homologous recombination technologies have undergone spectacular developments over the last couple of decades. In view of the impressive progress recently reported for the gene addition strategy, offering gene editing approaches to patients affected by β-hemoglobinopathies would pose a number of ethical and medical questions.

Disclosures:
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Harvey Lodish, PhD., Whitehead Institute for Biomedical Research, Cambridge, MA

PPARα Agonists and TGFβ Inhibitors Stimulate Red Blood Cell Production by Enhancing Self-Renewal of BFU-E Erythroid Progenitors

The production of red blood cells (RBCs) in mammals is tightly regulated by erythropoietin (Epo), which stimulates erythropoiesis by promoting survival, proliferation, and terminal differentiation of the colony-forming unit erythroid progenitors (CFU-Es). Several acute and chronic anemias, including hemolysis, severe trauma-induced anemia and genetic bone marrow failure disorders such as Diamond-Blackfan anemia (DBA), are not treatable with Epo because the CFU-E erythroid progenitors that respond to Epo are either too few in number or are not sensitive enough to Epo to maintain adequate RBC production. Treatment of Epo-resistant anemias requires a drug that acts earlier than Epo in erythropoiesis and that enhances the formation of CFU-Es. One attractive approach is to devise strategies to promote self-renewal of the upstream burst-forming unit erythroid progenitors (BFU-Es). We recently showed that, like transient amplifying cells in other stem-cell rooted developmental pathways, BFU-Es can undergo a limited number of self- renewal divisions before entering a differentiation pathway leading to formation of CFU-Es. Over time BFU-E self-renewal increases the number of CFU-Es and, after ~2-3 additional days, results in increased numbers of reticulocytes produced from each initiating BFU-E. We showed that glucocorticoids increase the probability that a BFU-E undergoes a self-renewal division and over time increase the numbers of red cells formed from a BFU-E. Recently we showed that activation of two other nuclear receptor/transcription factors – PPARα (by the lipid - lowering drugs fenofibrate and GW7647) and HIF1α((by two clinically- tested Prolyl Hydroxylase 2 (PH2) inhibitors) synergize with low corticosteroid concentrations to further enhance BFU-E self-renewal and red cell production. “Early” BFU-E cells forming large BFU-E colonies presumably have higher capacities for self-renewal than do those forming small BFU-E colonies. In order to understand the mechanism underlying this heterogeneity, we conducted single cell transcriptome analysis on BFU-E cells purified from mouse embryos. Our analyses showed that there are two principal subgroups of mouse BFU-E cells and that expression of the Type III TGFβ receptor (TGFβ RIII) is markedly elevated in “late” relative to “early” BFU-Es. Expression of TGFβ RIII is correlated with that of GATA1, a gene encoding an erythroid transcription factor induced during the BFU-E to CFU-E transition. Both mouse and human BFU-E sub populations (TGFBR310%lo) expressing the 10% lowest amount of surface TGFβ RIII are indeed enriched for early BFU-Es, and are significantly more responsive to glucocorticoid stimulation, which promotes BFU-E self-renewal, as compared to the total BFU-E population. The TGFBR310%lo BFU-E subpopulation presumably represents earlier BFU-Es with maximal capacity for self-renewal. Consistent with this notion, signaling by the TGFβ receptor kinases RI and RII increases during the transition from early (TGFBR310%low) to late (TGFBR310%hi) BFU-Es and then decreases in CFU-E cells. Blocking TGFβ signaling by receptor kinase inhibitors increases TGFBR310%lo BFU-E cell self-renewal and increases total erythroblast production, suggesting the use of this type of drug in treating EPO unresponsive anemias.

Disclosures:
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Lucia De Franceschi, MD, University of Verona, Verona, Italy

New Therapeutic Options: Alternates to Gene Therapy for Treating Hemoglobinopathies

Hemoglobinopathies are chronic, invalidating globally distributed hereditary red cell disorders, which impact patient survival and quality of life. Sickle cell disease (SCD) and β-thalassemias are the more frequent hemoglobinopathies worldwide. In both SCD and β-thalassemias, novel therapeutic strategies might be divided into (1) pathophysiology related therapies and (2) innovative curative therapeuties such as hematopoietic stem cell transplantation and gene therapy, the latter discussed in another presentation in this session. In the last two decades, studies have highlighted the biocomplexity of SCD and β-thalassemias and the need for the development of new therapeutic options targeting one or more of the mechanisms involved in their pathogenesis. In SCD, the pathophysiology related novel therapies might be divided into: (i)Molecules targeting sickling and red cell dehydration; (ii) Molecules targeting SCD vasculopathy and sickle cell-endothelial adhesive events; (iii) Molecules modulating SCD related oxidative stress. Since inflammatory vasculopathy is a key factor in SCD related organ damage, major efforts have been made to develop agents that interfere with SCD vasculopathy and adhesion events, involving sickle red cells, neutrophils and endothelial interplay. β-thalassemic syndromes are characterized by ineffective erythropoiesis, which plays a crucial role in anemia and in the development of extramedullar erythropoiesis. In β-thalassemic syndromes, pathophysiology related novel therapies might be divided into: (i) Agents reducing the ineffective erythropoiesis such the TRAP ligands, targeting the GDF11 pathway (sotatercept or luspatercept); (ii) Agents affecting Jak2 activation to reduce splenomegaly in β-thalassemia and (iii) Agents modulating hepcidin – erythropoiesis axis such as minihepcidins. The main goal of these molecules is to ameliorate the ineffective erythropoiesis resulting in increased hemoglobin levels with reduction of transfusion requirement, iron overload, and facilitating iron chelation therapy. This review highlights new therapeutic strategies in SCD and β-thalassemia and discusses future development, research implications, and possible directions toward future clinical trials.

Disclosures:
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Joint Session: Scientific Committee on Hematopoiesis and Scientific Committee on Myeloid Biology

Clonal Development of Hematopoietic Stem Cell Specification and Differentiation at Single Cell Resolution
Hematopoiesis is thought to involve hierarchical cell state transitions through canonical stem cell-progenitor-precursor stages.  Single-cell analyses are providing pivotal insight into both the cellular and molecular mechanisms underlying hematopoiesis; challenging long held assumptions about the structure of the hierarchy, the genetic and epigenetic nature of the cell states, as well as transitions through rare intermediates.  This session will focus on cutting edge integrated single cell genomic and genetic analysis, coupled with single cell biology.  Together, these approaches provide new knowledge of the molecular networks which resolve hematopoietic cellular processes in both human and model systems, expanding our understanding of how clonality is achieved and dynamically controlled in both normal and disease states of blood cell development. The described work will expand our understanding of clonal selection/clonal dominance, and lineage fate decisions at the single-cell level.   

Dr. Dick will describe clonal evolution of human hematopoiesis at single cell resolution.
Dr. Gottgens will present single cell molecular profiling experiments that reveal new aspects of blood stem cell regulation and their perturbation by leukemic factors.

Dr. Rothenberg will present a systems biology level understanding of the transcription networks that control lymphoid cell fate decisions.

Dr. Schroeder will present his work using transcription factor reporters to track myeloid lineage fate determination, and the instructive role of niche and environmental factors.

Chair:
H. Leighton Grimes, PhD, Cincinnati Children’s Hospital, Cincinnati, OH 
Yi Zheng, PhD, Cincinnati Children's Hospital, Cincinnati, OH
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Speaker:
John E. Dick, PhD, The Princess Margaret Cancer Centre, University Health Network, Toronto, ON, Canada

Molecular Events Defining Human Clonal Hematopoiesis at Single Cell Resolution

For decades, hematopoiesis has been described as a cellular hierarchy maintained by self-renewing hematopoietic stem cells (HSCs) that proceed through a series of multipotent, oligopotent and then unipotent progenitors to make blood. This can be regarded as the standard “textbook” model that is widely used as the basis to interpret molecular regulatory processes, disease processes, and develop therapeutic approaches. The presence of oligopotent intermediates is crucial to the model since they define the path from multipotent cells to unipotent cells. Common myeloid progenitors  represent the critical oligopotent progenitor from which all myeloid (My) (defined as granulocyte/monocyte), erythroid (Er), and megakaryocyte (Mk) cells arise. Although the standard model is still used extensively as an operational paradigm, further cell purification and functional clonal assays have led to key revisions of the model. Through the development of more efficient assays to monitor My and lymphoid fates in single cell stromal assays and an improved sorting scheme, we previously identified human multilymphoid progenitors  as the earliest lymphoid differentiation precursor with concomitant lymphoid (T, B, NK) and myelomonocytic potential, rather than common lymphoid progenitors¹. Murine studies came to the same conclusion. These results raise the question of whether the opposite arm of this lineage split (My, Er, and Mk fate) is also more complex than previously thought. Indeed strong evidence has emerged from murine studies for revision to the view of murine My-Mk-Er lineage development. Until recently considerable uncertainty remained concerning the myelo-erythroid branch of human hematopoiesis. Through a novel cell-sorting scheme and a more sensitive assay to assess multilineage My, Er, and Mk fate potential contemporaneously from single cells we have provided a new framework to understand normal and disease states of human hematopoiesis ². Single cell sequencing studies have pointed to the same conclusions³. These studies indicate that oligopotent progenitors are a negligible component of the human hematopoietic hierarchy of adult bone marrow and provide strong evidence that multipotent cells differentiate into unipotent cells directly. These data support the concept of a ‘two-tier’ human blood hierarchy composed of two-tiers: a top-tier containing multipotent cells such as HSCs and MPPs, and a bottom-tier composed of committed unipotent progenitors. Second, the blood hierarchy is not identical across development. In human fetal liver (FL), oligopotent progenitors with My-Er-Mk and Er-Mk activity were a prominent component of the hierarchy. By contrast, the adult bone marrow (BM) was dominated by unilineage progenitors with primarily My or Er potential. Finally, our study has documented multiple origins of where Mk cells arise. We found that Mk branching differs in FL and BM. In FL, Mk progenitors were enriched, but not restricted, to the stem cell compartment; while in BM, Mk fate was closely tied to multipotent cells. This result fits the two-tier model of adult hematopoiesis since branching of Mk occurs in the top tier, at the level of HSC/MPPs. To gain a deeper understanding of the molecular basis for the two tier hierarchy, we have undertaken low cell input RNA sequencing, Enhanced Reduced Representation Bisulfite Sequencing (ERRBS), and ATAC-seq to provide a comprehensive transcriptional and epigenetic roadmap of human HSPC across development.
References: 
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Bertie Gottgens, DPhil, University of Cambridge, Cambridge, United Kingdom

Defining Cellular States, Differentiation Trajectories, and Regulatory Networks through Single Cell Profiling

Transcription factor proteins have long been recognized as key regulators of blood stem cell function. They are thought to act as components of wider regulatory networks, with combinatorial interactions responsible for directing blood stem cell fate choices. However, the complexity of these networks coupled with the infrequency of stem cells have presented formidable challenges for past research efforts aiming to define blood stem cell regulatory networks. Importantly, recent innovations in single cell genomics and computational network inference technologies offer new opportunities to better understand the regulatory network control of blood cell development. The Göttgens group uses a combination of experimental and computational approaches to study how transcription factor networks control the function of blood stem cells and how mutations that perturb such networks cause leukemia. This integrated approach has resulted in the discovery of new combinatorial interactions between key blood stem cell regulators, as well as experimentally validated computational models for blood stem cells. Current research focuses on single cell genomics of early blood development and the development of computer models to chart the transcriptional landscape of blood stem and progenitor cell differentiation.

Disclosures:
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Ellen Rothenberg, PhD, California Institute of Technology, Pasadena, CA
Transcription Factor Gene Fluorescent Reporters Track Lineage Fate in Lymphoid Commitment

The transition from multipotency to lineage commitment can be followed with particular clarity for T cell precursors.  In this lineage, the role of environmental signals can be clearly separated from the role of intrinsic fate programming in individual cells and the cells’ developmental responses to changing conditions and can be tracked in real time.  The same cells that give rise to T cells after entering the thymus preserve, through multiple cell generations, the option to give rise to alternative cell types, provided that they are removed from the thymus and transferred to an environment free of Notch pathway signals.  
Then at a specific point of no return, the cells become unable to give rise to anything except T cells regardless of environment, and this is the point of commitment.  Commitment, defined this way, is clearly the readout of a change in internal transcriptional regulatory state.  We and others have charted both transcription factor expression changes across this interval and changes in chromatin modification and DNA accessibility that accompany the transition, and we have been able to use functional perturbation tests to narrow down the key regulators that catalyze and enforce this transition.  A particularly important factor is encoded by the Bcl11bgene, which is released from previously repressed chromatin and sharply activated at the transcriptional level just as the cells become committed, and the product of which is also required in all alpha beta and most gamma delta Tcells to enable the commitment process to occur.  Thus, Bcl11b is both a targetof upstream regulators of commitment and a quorum-completing member of this regulatory consortium that executes T-cell commitment. These properties make ithighly illuminating as an indicator of the regulatory state in individual differentiating T-cell precursors. To do this, we have generated a series of knock-in fluorescent reporter alleles to probe the correlation of Bcl11bexpression with changes in specific target genes, the transcription factor requirements for Bcl11b gene activation in the gene regulatory network controlling commitment, and the role of epigenetic modification of the Bcl11b locus onthe kinetics of transition from uncommitted to committed states.  These results and their implications will be presented. Importantly, the use of live-cell reporters reveals a level of all-or-none, stochastic regulation in the responses of individual cells to combinatorial transcription factor action at this developmental watershed1.
Reference: 
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Timm Schroeder, PhD, ETH Zurich, Basel, Switzerland

Long-term Live Single Cell Quantification of Transcription Factor Dynamics

Hematopoiesis is highly complex and dynamic, and consist of large numbers of different cells expressing many molecules. Despite intensive research, many long-standing questions in hematopoiesis research remain disputed. One major reason is the fact that we usually only analyze populations of cells - rather than individual cells - at very few time points of an experiment. Tracking of individual cells would be an extremely powerful approach to improve our understanding of molecular cell fate control. We are therefore developing imaging systems to follow the fate of single cells over many generations. We program new software to help recording and displaying the divisional history, position, properties, interaction, etc. of all individual cells over many generations. In addition, novel microfluidics devices are designed and produced to allow improved observation and manipulation of cells. Our technologies allow continuous long-term quantification of protein expression or activity in living cells. Among other approaches, we generate knock in models expressing transcription factor to fluorescent protein fusions from endogenous gene loci. This enables non-invasive long-term live quantification of transcription factor protein dynamics in single stem and progenitor cells throughout their differentiation. The resulting novel kind of continuous quantitative single cell data is used for the generation and falsification of models describing the molecular control of hematopoietic cell fates.
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Scientific Committee on Bone Marrow Failure
Ribosomes and Ribosomopathies

Mutations that affect the biogenesis or function of ribosomes are responsible for a collection of disorders known as ribosomopathies, the clinical features of which include bone marrow failure, anemia, and myelodysplastic syndrome. This session will describe the mechanisms by which mutations in genes involved in ribosome biogenesis alter the function of the translational machinery and contribute to the pathology of these syndromes. Animal models for ribosomopathies will also be described, as well as their application towards the discovery of novel therapeutics.

Dr. Barna will introduce the concept that not all ribosomes are created equal, and that translation by “specialized ribosomes” represents a separate layer of gene regulation that determines which mRNAs are effectively translated. Her work provides insights into how mutations in different ribosome proteins lead to a diverse spectrum of clinical features.

Dr. Warren will provide structural insights into the mechanism by which mutations that cause Schwachman-Diamond anemia affect ribosome assembly.

Dr. Zon will describe a zebrafish model of Diamond Blackfan Anemia, and how chemical suppressor screens may lead to the discovery of novel therapeutics to ameliorate clinical aspects of the syndrome.

Chair:

Nancy Speck, PhD, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA
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Specialized Ribosomes

TBD
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Alan J. Warren, MD, PhD, University of Cambridge, Cambridge, United Kingdom

Shwachman-Diamond Syndrome and the Quality Control of Ribosome Assembly

The synthesis of new ribosomes is a fundamental conserved process in all cells. Ribosomes are pre-assembled in the nucleus and subsequently exported to the cytoplasm where they acquire functionality through a series of final maturation steps that include formation of the catalytic center, recruitment of the last remaining ribosomal proteins and the removal of inhibitory assembly factors. Surprisingly, a number of key factors (SBDS, DNAJC21, RPL10 (uL16)) involved in late cytoplasmic maturation of the large (60S) ribosomal subunit are mutated in both inherited and sporadic forms of leukemia. In particular, biallelic mutations in the SBDS gene cause Shwachman-Diamond syndrome (SDS), a recessive bone marrow failure disorder with significant predisposition to acute myeloid leukemia. By using the latest advances in single-particle cryo-electron microscopy to elucidate the function of the SBDS protein, we have uncovered an elegant mechanism that couples final maturation of the 60S subunit to a quality control assessment of the structural integrity of the active sites of the ribosome. Further molecular dissection of this pathway may inform novel therapeutic strategies for SDS and leukemia more generally.
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Modeling Diamond Blackfan Anemia and p53 Activation in the Zebrafish

Marrow dysplasias are pre-leukemic conditions that include ribosomopathies, a group of rare genetic diseases, or myelodysplasia preceded by clonal expansion in older adults with somatic mutations. To discover novel therapies for ribosomopathies, we performed two chemical suppressor screens using a ribosomal protein mutant zebrafish and human induced pluripotent stem cells (iPSCs) derived from ribosomopathy patients. In the zebrafish screen, we found calmodulin inhibitors rescued the anemia in zebrafish and also rescued the erythroid defect of the mouse (in vivo) and human (in vitro) models of marrow failure. The screen in RPS19 mutant human iPSCs identified a compound, SMER28, which enhanced erythropoiesis in anemia models through an autophagy-dependent mechanism. The compounds identified in our chemicals screens have provided new insight into the etiology of marrow failure, and calmodulin inhibitors will soon be studied in a clinical trial with adult Diamond-Blackfan anemia patients. To study the abnormal clonal hematopoiesis associated with myelodysplasia, we have generated a new system using the zebrafish in which single stem cells and their progeny express unique combinations of fluorescent proteins, allowing them to be tracked over time by their specific color. Mosaic mutagenesis induced by clustered regularly interspaced short palindromic repeats /cas9 and/or gene overexpression in this system led to expansion of specifically colored blood, modeling the clonal hematopoiesis of human myelodysplasia. Our studies should provide new insight into the ribosomopathies and myelodysplasia.
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Scientific Committee on Hematopathology and Clinical Laboratory Hematology

Minimal Residual Disease in Hematology: Why, When, and How?

This session will describe several technical approaches to investigate minimal residual disease in hematology. In the upcoming era of precision medicine an increasing number of targets at diagnosis and for specific treatments are detectable. They may also be useful to guide clinical decisions in complete hematologic remission. However, the increasing need for individualized post-remission treatment requires definitions when and how to test best for minimal residual disease in order to reliably identify patients warranting change of therapeutic approach or even of early termination of treatment.

Dr. Wood will describe the key immunophenotypic principles that underlie minimal residual disease detection by flow cytometry and illustrate their application and clinical significance to the monitoring of acute leukemia.

Dr. Valk will discuss minimal residual disease detection in acute myeloid leukemia by means of polymerase chain reaction approaches using the multitude of available molecular markers in the context of clonal hematopoiesis.

Dr. Druley will focus on current strategies for using RNA sequencing as a modality for minimal residual disease detection. As we now move into the era of single-cell transcriptomes and error-corrected sequencing, we may move beyond simple quantitation of chromosomal rearrangements to identify also allele- and transcript-specific profiles of cancer cells as a tool for diagnostics, therapy and mechanistic understanding.

Chair:

Torsten Haferlach, MD, PhD, MLL, Münchner Leukämielabor GmbH, Munich, Germany

Disclosures:

Haferlach: MLL Munich Leukemia Laboratory: Employment, Equity Ownership

Speaker:
Brent Wood, MD, PhD, Seattle Cancer Care Alliance, Seattle, WA

Multiparameter Flow Cytometry as a Powerful Tool

Minimal residual disease (MRD) detection following therapy is rapidly becoming the standard of care for patients with acute leukemia.  Flow cytometry is one of the principal technologies employed for MRD monitoring due its rapid turnaround time, similarity to diagnostic immunophenotyping, and widespread availability of instrumentation in clinical laboratories.  Theimmunophenotypic identification of neoplastic cells relies on the altered expression of proteins or antigens by neoplastic cells in comparison to their normal counterparts of similar lineage and maturational stage, and represents an integration of alterations in the underlying genetic program that are responsible for neoplasia.  However, important technical and interpretative differences exist between diagnostic immunophenotyping and MRD monitoring that require special attention to ensure consistent quality, not the least of which is appropriate assay validation.  In addition, there is also significant variability in the methods of sample preparation, reagent panels used, and data analysis strategies employed in clinical flow cytometry laboratories and this variability extends to MRD testing.  The consequence is variability in quality between laboratories for MRD testing, even laboratories considered knowledgeable or experienced.  This lack of standardization represents a major challenge to widespread implementation of MRD monitoring by flow cytometry. Consequently, on-going efforts by the Childrens Oncology Group and Foundation of the National Institute of Health are focused on improving standardization of B lymphoblastic leukemia MRD testing for clinical trials and ultimately all patients.  Nevertheless, in experienced laboratories using a standardized protocol, MRD monitoring by flow cytometry in B lymphoblastic leukemia has been shown to be capable of producing reproducible results at both the technical level and relative to patient outcomes on clinical trials, emphasizing that the technology itself allows for reproducible testing and that the current variability is largely due to implementation details and interpretive skills.  Whether this degree of comparability can be achieved for T lymphoblastic leukemia or acute myeloid leukemia remains to be demonstrated.  A related issue is the level of sensitivity that is both achievable and desirable for MRD monitoring at particular time points after therapy.  Current flow cytometric assays have a routine limit of detection at early time points after therapy of roughly 0.01% of nucleated cells for acute lymphoblastic leukemia and 0.1% for acute myeloid leukemia with a higher sensitivity possible for subsets of patients having either more frankly aberrantimmunophenotypes or reduced background populations of similar immunophenotype.  Interestingly, our recent comparison of flow cytometry with high throughput sequencing  in B lymphoblastic leukemia suggests that increased assay sensitivity does not necessarily improve risk stratification at early time points and that the moderate sensitivity of current flow cytometricassays is adequate for this purpose.  However, higher sensitivity assays will likely be more important at later time points further from therapy.  Multiple studies have now demonstrated the prognostic significance of MRD detection in acute leukemia after therapy or prior to bone marrow transplantation using flow cytometry.  This raises the possibility as to whether the assessment of MRD after therapy can be used not only to assess response to therapy, but as a surrogate biomarker for outcome to expedite the new drug approval process.
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Molecular Minimal Residual Disease Detection in Acute Myeloid Leukemia

Minimal residual disease (MRD) detection based on the standardized molecular monitoring of the t(9;22)-related BCR-ABL1 fusion transcript is well established for patients with chronic myeloid leukemia (CML). The levels of BCR-ABL1 serve as a guide to tailor treatment of the CML patient. In acute myeloid leukemia (AML) MRD detection based on polymerase chain reaction (PCR) approaches targeted towards the acquired molecular abnormalities is less well established. MRD measurement of the CBFB-MYH11 and RUNX1-RUNX1T1 fusion transcripts after induction therapy has been shown to be of some clinical importance. However, these transcripts can persist during long term complete remission, without having an effect on treatment outcome. In contrast, sequential MRD monitoring of the PML-RARA fusion transcript in acute promyelocytic leukemia (APL) is a strong predictor of relapse. Initial molecular MRD studies were limited to these favorable AML subtypes. Due to the discovery of novel recurrent abnormalities in AML the potential of molecular MRD detection has increased substantially. Although, certain acquired mutations, such as those in NPM1, are known for a number of years, only recently the application of these molecular abnormalities for MRD detection has been investigated in larger clinical trials. By NPM1 mutant MRD detection we can now recognize patients with higher risk of relapse. Highly sensitive targeted detection of the hotspot mutations in AML subsets is feasible by means of real-time PCR, but detection of patient specific mutations with this technology is still challenging. Next generation sequencing (NGS) revealed that AML is an extremely heterogeneous disease, as illustrated by the multitude of acquired mutations, but this technology has also opened possibilities for detection of MRD in virtually every patient. With NGS there is no need for patient specific assays since practically all mutations are detected. These molecular abnormalities, as single marker or in combination, will most certainly improve MRD monitoring of AML. However, it remains yet to be determined how MRD levels are assessed and which combination of markers in a MRD detection result in clinically relevant information, requiring extensive validation in large clinical AML trials. Smaller studies already demonstrated the variable dynamics of MRD during treatment and associations between somatic mutations persistence and risk of relapse. However, clonal hematopoiesis of undetermined potential, i.e., preleukemic mutations that may persist after treatment, provides an extra layer of complexity to the applicability of MRD detection. For example, the clinical applicability of MRD detection in the setting of mutant DNMT3A and IDH mutations is likely less effective due to the persistent DNMT3A and IDH mutant preleukemic cells following treatment. However, should all mutations be cleared after treatment or can preleukemic mutations in otherwise normal hematopoiesis persist without resulting in relapse? Taken together, there is need for molecular approaches to understand the dynamics of residual disease in AML during treatment.
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Novel Technologies to Detect Minimal Residual Disease

The widespread use of ribonucleic acid (RNA) analysis as a measure of minimal residual disease (MRD) in leukemia has primarily been performed via real-time quantitative polymerase chain reaction (PCR) (RQ-PCR) for common translocations, insertions/deletions and duplications (e.g. FLT3-ITD, MLL-PTD). While RQ-PCR for known rearrangements can offer a limit of detection as low as 1:106, these make up a minority of the total leukemia cases. MLL-rearrangements are generally not amenable to RQ-PCR due to the many fusion partners and breakpoints in these translocations. The ability to use quantitative RNA sequencing (RNA-seq) for MRD assessment would enable detection of allele-specific gene expression, alternative splicing and cryptic splice forms in addition to common rearrangements. While a few institutions are performing reflexive genome, transcription and methylome sequencing for cancer patients, standard RNA-seq library preparation is relatively low efficiency, which causes loss of rare transcripts1 required for meaningful MRD assessment. Three methods currently employed to overcome this inherent bias in RNA-seq are targeted RNA sequencing of cancer-related genes to reduce off target, non-specific sequencing which improves read depth and mutation detection2; single cell transcriptomes to obtain a digital readout of gene expression in single cells rather than a population-based average; and the addition of unique molecular indexes (UMI) to normalize amplification bias and obtain digital quantitation of transcripts in populations of cells. None of these methods have been carefully studied for their applicability to diagnostic testing, but single cell transcriptome profiling has been applied to solid tumor biology3,4. In this presentation, we explore whether digital RNA-seq can serve as a viable modality for MRD either as a stand-alone method or in conjunction with other methods of genomic profiling or immunophenotyping. While single-cell RNA profiling allows for co-localization of mutations within the same cell and is now capable of surveying hundreds to thousands of cells in a single experiment for reasonable costs, this scale remains far below the throughput necessary for MRD detection of cells present at 1:105. One would need to process tens of thousands of cells and analyze the resulting data to confidently identify any residual leukemia cells, which is not currently feasible in timescales amenable to clinical decision making. We present data from the combination of targeted RNA sequencing of a pan-cancer gene expression array with the addition of UMIs to normalize amplification bias and computationally eliminate errors introduced by the sequencing platform while specifically sequencing cancer-associated genes to high read depths. This enables high-throughput detection of allele and isoform-specific transcripts at frequencies below 1:5,000. This method can be coupled with an equivalent DNA sequencing analysis from the same sample to ascertain the relative expression of leukemia-associated mutant alleles. However, one significant drawback to the addition of UMIs compared to single-cell RNA-seq is that the ability to co-localize mutations is lost. As epigenetic modifiers and targeted agents continue to permeate cancer therapy, these evolving technologies should offer more than direct quantification of residual leukemia cells, but a rich series of data on expression differences in healthy and cancer cells before, during and after therapy.
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Scientific Committee on Hemostasis
Emerging Therapeutics to Alter Hemostasis and Thrombosis

This session will present basic science discoveries that have led to development of new therapeutic strategies to treat disorders of thrombosis and hemostasis.

Dr. Lenting will describe studies of the molecular interactions between factor VIII and von Willebrand factor. Detailed understanding of these interactions has recently been uncovered and can be used for development of improved long-acting factor VIII replacement therapies for treatment of hemophilia A.

Dr. Arruda will describe the discovery and biochemical characterization of factor IX Padua and translational studies. This form of factor IX has enhanced procoagulant activity and is being advanced into gene therapy trials for treatment of hemophilia B.

Dr. Coughlin will describe the discovery and characterization of protease-activated receptors (PARs). The work explained how the coagulation protease thrombin activates platelets and other cells and led to the development of the platelet inhibitory drug, vorapaxar. A crystal structure of a PAR-vorapaxar complex has helped to explain properties of the drug.
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Von Willebrand Factor Interaction with FVIII: Development of Long Acting FVIII Therapies

Coagulation factor VIII (FVIII) and von Willebrand factor (VWF) both play a central role in hemostasis, illustrated by the severe bleeding disorders associated with their functional absence. Despite their different functionalities in hemostasis and being products from two different genes, both proteins circulate in a tight, non-covalently linked complex. The physiological consequences of complex formation are many, including stabilization of FVIII heterodimeric structure, protection of FVIII from protelytic degradation, and modulation of FVIII immunogenicity. Another relevant issue relates to the chaperone function of VWF, allowing FVIII to survive in the circulation. FVIII levels are markedly reduced in patients with no detectable VWF protein or with a defect in VWF-FVIII complex formation, indicating that VWF prevents FVIII from premature clearance. Moreover, evidence points to FVIII actually being predominantly cleared as part of the VWF-FVIII complex rather than as a separate protein. First, it is possible to predict FVIII half-life fairly accurately by knowing antigen levels of VWF and its propeptide in combination with blood group. Second, when FVIII and VWF are co-injected in Vwf​-deficient mice, FVIII is targeted to the same macrophages as is VWF. Since the end of the 1990s, our knowledge on the clearance mechanism of FVIII and VWF has started to emerge, and multiple clearance receptors for both proteins have now been identified. Interestingly, there exists a large overlap in receptor-repertoire between FVIII and VWF. These findings have taught us that it will be difficult to design single-mutant FVIII or VWF variants that have prolonged half-lives. How then to prolong the half-life of FVIII to improve treatment of hemophilia A? Several novel bioengineered FVIII variants have been developed, including PEGylation, Fc fusion and single-chain design, aiming to increase FVIII half-life. These approaches have so far achieved only moderate increases in half-life (1.5- to 2-fold compared to marketed FVIII products), significantly less than when similar modifications are being applied to factor IX. Indeed, it seems as if in designing these FVIII variants, the role of the significant other in the complex has been overlooked, since FVIII clearance is principally determined by VWF. Could we instead use VWF as a tool to prolong half-life of FVIII? This option is actually limited by the nature of the interaction between VWF and FVIII. Although of high affinity, the interaction is characterized by high association- and dissociation-rates. Infusing FVIII in combination with long-acting VWF variants will therefore result in a rapid redistribution of FVIII to endogenous VWF, as has elegantly been shown by the group of Ginsburg. To overcome this limitation, we have designed a FVIII variant (FVIII-KB013bv) in which we have replaced the B-domain by a single-domain, llama-derived antibody fragment (nanobody) that recognizes the D’D3-region of VWF. Consequently, the dissociation-rate of the VWF/FVIII complex is reduced 100-fold. Preliminary studies revealed that FVIII-KB013bv has a two-fold prolonged half-life compared to FVIII, likely due to improved VWF binding properties. Combination of the FVIII-nanobody fusion protein with long-acting VWF variants is anticipated to prolong its half-life well beyond the limit of the current long-acting FVIII variants.
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Valder Arruda, MD, PhD, The Children's Hospital of Philadelphia, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA

Factor IX Padua: From Biochemistry to Gene Therapy

Novel approaches to enhance the biologic activity of therapeutic proteins have the potential to improve protein- and gene-based therapy for hemophilia. We have identified the variant Factor IX Padua (FIX) (R338L) with 8-fold increase in specific activity compared to wild-type FIX as well as additional strategies to identify other modifications with a positive effect on the biological activity of FIX. FIX-Padua is already in early phase gene therapy clinical trials for hemophilia B. However, it is notable that the field is moving forward even though the molecular basis for its enhanced function has remained elusive.

The increased specific activity of FIX Padua compared to FIX wild-type resides in the activated protease as purified recombinant FIX Padua displays enhanced clotting activity as both a zymogen and activated protease. This augmentation of FIX Padua zymogen and protease is observed in both clotting and thrombin generation assays. However, preliminary biochemical characterization suggests that that the increased activity is most pronounced in plasma-based assays, while differences in enzyme kinetic parameters measured in reconstituted systems are more modest. Intriguingly, we have found that most amino acid substitutions at position 338, result in a FIX variant with comparable or enhanced clotting activity with the Padua substitution resulting in the most active variant, suggesting that R338 in FIX wild-type forms an unfavorable interaction that can be relieved by most amino acid substitutions. The wild-type variant is actually the least active variant at this position that is not known to cause hemophilia B. Since, R338 is strictly conserved among mammalian FIX orthologues, there may be an evolutionary pressure to maintain the unfavorable interactions of R338 and limit FIX activity. The corollary to this speculation is that other FIX mutations that relieve deleterious interactions will also increase clotting activity. The characterization of FIX Padua suggests small biochemical improvements may result in substantial increases in plasma based clotting activity. Promising preclinical studies on efficacy and safety, including thrombogenicity and immunogenicity, in small and large animal models provide the basis for translational studies using these proteins. These studies support the concept that the thrombotic risk of FIX Padua activity is similar to FIX wild-type activity. The immunogenicity of FIX Padua is comparable to FIX wild-type in either an adeno-associated virus-based muscle- or liver-directed gene therapy in canine models of hemophilia B. In the last 18 months, results from first 10 men with severe hemophilia B enrolled in two ongoing AAV liver-directed gene therapy clinical trials using a FIX Padua as a transgene were reported. No subject in either study developed inhibitors to FIX Padua or thrombotic complications. In subjects with sustained FIX Padua expression, FIX activity was greater than 10%. These promising early phase results demonstrate the potential of utilizing variants with increased specific activity in gene therapy allowing for lower therapeutic vector doses. It remains to be seen if curative factor levels can be safely achieved with further vector refinements including improved FIX variants.
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PAR1 Antagonists Development and Clinical Utility

Thrombin is a potent activator of platelets and other cells. The mechanism by which thrombin, a protease, regulates cellular behaviors like a hormone was revealed by expression cloning of a G protein-coupled receptor now known as protease-activated receptor-1 (PAR1). Thrombin activates PAR1 by cleaving its N-terminal ectodomain to reveal a new N-terminus that then serves as a tethered peptide ligand, binding to the heptahelical domain to trigger G protein activation. A synthetic hexapeptide mimicking this new N-terminus activates PAR1 without receptor cleavage. Point mutations that prevent receptor cleavage render PAR1 unactivatable by thrombin without altering activation by exogenous tethered ligand peptide. Replacement of the thrombin cleavage site with sites for other proteases allows PAR1 to signal in response to those other proteases. Removal of sequence N-terminal to the cleavage site and creation of the new protonated amino group at N-terminal of the tethered ligand sequence is necessary for its function, explaining how the tethered ligand is silent in the intact receptor and activated by receptor cleavage. Thus, PARs are, in essence, peptide receptors that carry their own ligands, which can be unmasked by receptor cleavage. Mammalian cells utilize four PARs to respond to coagulation proteases and other proteases with trypsin-like specificity. Three, PAR1, PAR3 and PAR4 can mediate responses to thrombin, with PAR3 and PAR4 mediating platelet activation by thrombin in mice and PAR1 and PAR4 platelet activation in humans.  Inhibition of thrombin signaling via PARs in platelets decreases thrombus formation in animal models of platelet-dependent thrombosis. These and other studies led to development of the PAR1 antagonist vorapaxar (Zontivity), a first-in-class antiplatelet agent approved for secondary prevention of atherothrombotic events in selected patients with prior myocardial infarction and peripheral arterial disease. What was and was not learned from animal and human studies and remaining questions related to clinical utility of PAR inhibition will be discussed. The structure-function studies outlined above support the tethered ligand model, but a structure that reveals how the tethered ligand binds and how binding leads to transmembrane signaling and G protein activation is needed.  Vorapaxar provided a tool for stabilizing PAR1 protein during solubilization, purification and crystallization. In collaboration with Brian Kobilka and colleagues, we solved a crystal structure of off-state PAR1 in complex with its antagonist vorapaxar, which explains pharmacological properties of vorapaxar and efforts to solve a complementary on-state structure are ongoing.
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Scientific Committee on Immunology and Host Defense
Innate Immunity: The Green Light to Adaptive Responses

Recent advances in cancer immunotherapy have focused on manipulating adaptive T-cell responses to promote tumor eradication. Innate immune pathways provide a vital link to the development of effective adaptive immunity to pathogens and it is increasingly clear that manipulations of innate immune cells and signaling pathways are important in anti-tumor immunity. This session will review recent advances that have elucidated critical innate immune pathways that are involved in and can be therapeutically targeted to enhance anti-tumor immunity.

Dr. Trinchieri will discuss the role of inflammation, innate resistance and commensal microbiota in carcinogenesis, cancer progression and cancer therapy.

Dr. Gajewski will discuss innate immune sensing of cancer via the host stimulator of interferon genes  pathway and how this presents therapeutic opportunities to activate effective anti-tumor immunity.

Dr. Merad will discuss strategies for activating and expanding critical dendritic cell subsets in the local tumor microenvironment in combination with checkpoint blockade to enhance anti-tumor immunity.
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Innate Immune Signaling in Regulation of Immunity

Innate resistance, as an integral part of inflammation, and adaptive immunity participate in oncogenesis and tumor surveillance. For a long time, innate resistance was considered a primitive nonspecific form of resistance to infections that was eclipsed by the potent and specific acquired immunity of higher organisms. More recently, it has been recognized that innate resistance is not only the first line of defense against infections but also sets the stage and is necessary for the development of adaptive immunity. Advances in cancer biology have revealed that the defensive mechanisms of innate resistance and inflammation are indeed manifestations of tissue homeostasis and control of cellular proliferation that have many pleiotropic effects on carcinogenesis and tumor progression and dissemination. The interaction of innate and adaptive immunity with carcinogenesis and tumor progression is complicated and results in effects that either favor or impede tumor progression. Innate immune receptors both sense and regulate the composition of the microbiota, the large number of commensal microorganisms that colonize the barrier surfaces of all multicellular organisms, including those of humans. The microbiota affects many functions of our body and the two together comprise one metaorganism. Microbial imbalance particularly in the gut plays a critical role in the development of multiple diseases, such as cancer, autoimmune conditions and increased susceptibility to infection. Alteration in innate immune signaling and immunity may change the composition of the microbiota affecting tumor initiation both at the barrier sites (e.g. in the gut) and systemically. The commensal microbes not only may affect the development and progression of cancer but they have also important effects on the response to cancer therapy. Mostly through their interaction with innate receptors, commensal microorganisms modulate the ability of the organism to respond to cancer immunotherapy and chemotherapy by affecting the threshold of response of tumor-associated myeloid cells and their ability to sustain anti-tumor immunity.
Disclosures:
Trinchieri: No relevant conflicts of interest to declare.

Thomas Gajewski, MD, PhD, University of Chicago Medical Center, Chicago, IL

Innate Immune Sensing in Anti-Tumor Immunity and Cancer Immunotherapy

Most cancers express tumor antigens that can be recognized by T cells of the host. The fact that cancers that become clinically relevant grow, nonetheless implies that immune escape must occur to allow cancer outgrowth. We have observed two major subsets of human melanoma metastases based on gene expression profiling and confirmatory assays. One subgroup of patients has a T cell-inflamed phenotype that includes expression of chemokines, T cell markers, and a type I interferon (IFN) signature. In contrast, the other major subset lacks this phenotype and appears to display immune “exclusion”. The mechanisms of immune escape are likely distinct in these two phenotypes, and therefore the optimal immunotherapeutic interventions necessary to promote clinical responses may be different. The T cell-inflamed tumor microenvironment subset shows the highest expression of negative regulatory factors, including PD-L1, IDO, and FoxP3+ Tregs, and evidence for T cell-intrinsic anergy has also emerged aided by a recently defined functional role of EGR2. In addition, the mechanism of induction of these inhibitory mechanisms has been elucidated—PD-L1 and IDO are induced by IFN-g, and Tregs are largely recruited by the chemokine CCL22, both being produced by activated CD8+ effector T cells. Preclinical experiments have confirmed a critical role for each of these mechanisms in limiting anti-tumor T cell efficacy in vivo, giving candidate treatment strategies for translation back into the clinic. These include anti-PD-1/PD-L1 mAbs, IDO inhibitors, and approaches to deplete CD25+ Tregs and/or reverse anergy. The presence of multiple inhibitory mechanisms in the same tumor microenvironment argues that combination therapies may be advantageous. Preclinical data have indicated synergy between anti-CTLA-4 +/- anti-PD-L1 +/- IDO inhibition. Clinical translation of multiple combination immunotherapies is promising and ongoing. In contrast to the T cell-inflamed melanomas, a new paradigm may be needed to promote de novo inflammation in cases of the non-T cell-infiltrated tumor microenvironment. Natural innate immune sensing of tumors appears to occur via the host STING pathway, type I IFN production, and cross-priming of T cells via CD8a+ dendritic cells. . New strategies are being developed to engage or mimic this pathway as a therapeutic endeavor, including STING agonists. A phase I study of intratumoral injection of the first STING agonist is ongoing. As an environmental variable, recent work has implicated the commensal microbiota as a regulator of DC activation status and systemic anti-tumor immunity, and clinical analysis of microbiota sequencing in the context of checkpoint blockade is ongoing.
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Tumor Associated Myeloid Cells and their Contribution to Tumor Outcome

My laboratory studies the mechanisms that control the development, homeostasis and function of tissue resident myeloid cells, which mostly consists of macrophages and dendritic cells (DC).

Macrophages are hematopoietic cells that perform tissue-specific functions critical for regulating and maintaining organ homeostasis. In contrast to most other hematopoietic cells, macrophages that reside in quiescent tissues originate from early hematopoietic precursors that take residence in tissues prior to birth. In this presentation, I will discuss how tissue cues control macrophage functional diversity to ensure tissue integrity. I will also discuss recent data from our laboratory showing that developmental diversity contributes to shaping macrophage functional specialization and that ontogenically distinct macrophages differently regulate tumor response to radiation therapy.

In contrast to macrophages, DC are constantly repopulated by DC restricted precursors that are recruited from the blood circulation. Our laboratory has contributed to the mapping of the regulatory network of DCs, and the identification of a lineage of DC, the CD103+ DC, which are specialized in the induction of CD8+ T-cell immunity. Here I will discuss recent data from the laboratory that revealed the critical role for tumor-associated CD103+ DC in tumor response to checkpoint blockade and argue for the need to study human CD103+ DC equivalent in clinical Cancer Immunotherapy.
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Scientific Committee on Iron and Heme
From Iron Trafficking to Iron Traffic Jam

Systemic iron homeostasis is regulated along the hepcidin/ferroportin axis, acting in a paracrine manner at the sites of iron absorption, recycling and storage. Dysregulation of iron metabolism contributes to various human pathologies. The hepcidin/ferroportin axis also operates in an autocrine fashion to regulate cellular iron homeostasis in the heart and other organs. Given the clinical relevance of disrupted iron homeostasis in the cardiovascular, renal, neurodegenerative and developmental settings, it would be important to dissect the function of the local hepcidin/ferroportin axis in these tissues, and to understand the impact of therapeutic iron repletion and iron depletion on local iron levels. Several new proteins have been identified as crucial in iron trafficking and chaperons with important role in humans. Ferroptosis is a unique cell death pathway that is iron-dependent, non-apoptotic, non-necroptotic and non-autophagic.

Dr. Carlomagno will discuss recent findings on the importance of ferritinophagy to maintain iron homeostasis in vivo. She will also present new data on the role of iron in regulating cell cycle progression and genome stability”

Dr. Lakhal-Littleton will discuss the studies in tissue-specific and global hepcidin/ferroportin gene knockouts; offering insight into the interplay between cellular and systemic mechanisms in the regulation of iron levels in the heart and in its healthy functioning. Her studies raise the possibility that the hepcidin/ferroportin axis may also be important in other hepcidin and ferroportin-expressing tissues such as the kidney, the brain and the placenta. 

Dr. Knutson will present recent insights from studies of knockout mouse models that aim to identify how various cells and organs, including the heart, take up non-transferrin-bound iron.
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Ferritinophagy and Cell Cycle Control

The autophagic degradation of the iron-storage macromolecule ferritin, called ferritinophagy, is critical to restore the appropriate cellular iron levels and influences systemic iron homeostasis. Under low iron conditions, nuclear receptor coactivator 4 (NCOA4) protein accumulates and promotes, as cargo receptor, ferritinophagy. We have recently demonstrated that mice carrying genetic ablation of NCOA4 were unable to mobilize iron from deposits, featuring tissue iron overload as well as mild anemia. Because of impaired ferritinophagy, NCOA4 null mice displayed a severe microcytic hypochromic anemia and ineffective erythropoiesis when fed with an iron low diet. Conversely, they poorly tolerated an iron rich diet, dying prematurely from iron toxicity. Since in previous studies we discovered that nuclear NCOA4 is a chromatin binding protein that acts as a negative regulator of DNA replication origin activation, inhibiting the MCM2-7 DNA helicase, we also investigated whether NCOA4 could regulate DNA replication as a function of iron bioavailability. Treatment with iron chelators promoted a G1 phase cell cycle arrest, blocking DNA replication origins activation. In cell fractionation experiments, we observed that iron depletion induced not only cytosolic but also nuclear NCOA4 stabilization, and by chromatin immunoprecipitation (CHIP) and co-immunoprecipitation assays, we demonstrated that NCOA4 enriches at canonical DNA replication origins increasing the binding to MCM2-7 complex. Silencing of NCOA4 induced an unscheduled activation of DNA replication under iron-depleted conditions that promotes replication stress and impairs cell viability. In conclusion, our data indicate NCOA4 as a novel key iron responsive protein able to couple DNA replication origin activation to cellular iron levels.
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Samira Lakhal-Littleton, DPhil, University of Oxford, Oxford, United Kingdom

Ferroportin Mediated Control of Iron Metabolism and Disease

Ferroportin, the only known mammalian iron export protein, releases iron from the duodenum, reticuloendothelial system and liver, the sites of iron absorption, recycling and storage respectively. By downregulating ferroportin, the liver-derived hormone hepcidin controls systemic iron availability in response to erythroid demand and inflammation. This ferroportin/hepcidin axis has long been recognized as essential for systemic iron homeostasis. However, both ferroportin and hepcidin are found in tissues not recognized for their role in systemic iron control, such as the heart, the kidney, the brain and the placenta. Co-existence within the same tissue suggests a possible function for hepcidin and ferroportin in local iron homeostasis. However, this hypothesis has not been formally explored. Using mouse models with cardiac-specific manipulation of hepcidin and ferroportin, we have uncovered a role for the cardiac hepcidin/ferroportin axis in cell-autonomous iron homeostasis within cardiomyocytes. Disruption of this cardiac pathway leads to fatal cardiac dysfunction, even against a background of normal systemic iron homeostasis. One the one hand, loss of cardiac ferroportin causes by fatal cardiac iron overload that is preventable by dietary iron restriction 1. On the other hand, loss of cardiac hepcidin or of cardiac hepcidin responsiveness causes fatal cardiomyocyte iron deficiency that is preventable by intravenous iron administration. Comparative study of cardiac iron homeostasis and function in cardiac versus systemic models of ferroportin /hepcidin disruption provides insight into the interplay between systemic and cellular iron homeostasis. A role for the hepcidin/ferroportin axis in cell-autonomous iron control, demonstrated here in the context of the heart, has not previously been described in any other tissue. A pertinent question is whether our findings in the heart extend to other tissues that express both hepcidin and ferroportin, such as the kidney, brain and placenta. Disturbances in iron homeostasis are of clinical importance in cardiovascular disease, renal failure, neurodegeneration and developmental defects. Our findings have two clinically relevant implications: a) that disruption of the local hepcidin/ferroportin axis may in itself have a disease-modifying effect, and b) that therapeutic strategies developed to target the systemic hepcidin/ferroportin axis may have off-target effects relating to local iron control within some tissues.
Reference
1. Lakhal-Littleton S, Wolna M, Carr C, et al.  Cardiac ferroportin regulates cellular iron homeostasis and is important for cardiac function. PNAS. 2015; 10;112(10):3164-3169.
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Mitchell Knutson, PhD, University of Florida, Gainesville, FL

Non-Transferrin-Mediated Iron Delivery

In iron overload conditions such as thalassemia major and hereditary hemochromatosis, the iron-carrying capacity of plasma transferrin is exceeded, giving rise to non-transferrin-bound iron (NTBI). NTBI is taken up preferentially by the liver, and to a lesser extent, the kidney, pancreas, and heart. How NTBI is taken up by various tissues has been elusive. We recently demonstrated that the plasma membrane metal-ion transporter SLC39A14 (ZIP14) mediates NTBI uptake and iron loading of the liver and pancreas, but not the kidney, heart or most other tissues¹ Given that the heart is particularly susceptible to iron-related toxicity, we are currently investigating the contribution of other iron transporters to iron loading of this organ. Possible alternative cardiac iron importers include L-type and T-type calcium channels, divalent metal transporter 1 (DMT1), and SLC39A8 (ZIP8). To examine the role of DMT1 and ZIP8 in cardiac iron metabolism, we generated mice with cardiomyocyte-specific disruption of DMT1 (Dmt1heart/heart) or ZIP8 (Zip8heart/heart). The mice were then crossed with hemojuvelin knockout (Hjv-/-) mice, a model of juvenile hemochromatosis characterized by high circulating levels of NTBI. Dmt1heart/heart mice were found to have cardiac non-heme iron concentrations that were 30% lower (P<0.01) than those of wild-type littermate controls at 6 weeks of age. Interestingly, however, double mutant Hjv-/-; Dmt1heart/heart mice accumulated more cardiac non-heme iron (3.9X control) than did single-mutant Hjv-/- mice (2.3X control) at 6 weeks of age. Cardiac-specific disruption of Zip8 did not affect cardiac non-heme iron concentrations under basal conditions or when mice were crossed with Hjv-/- mice. Collectively, these data indicate that DMT1 and ZIP8 are dispensable for iron loading of the heart in a mouse model of hemochromatosis. Our data additionally suggest that DMT1 may play a role in normal cardiac iron metabolism.
Reference:
1. Jenkitkasemwong S, Wang C, Coffey R, et al. SLC39A14 is required for the development of hepatocellular iron overload in murine models of hereditary hemochromatosis.Cell Metabolism.2015; 22(1):138-150.
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Scientific Committee on Lymphoid Neoplasia
Emerging Biology Leading to New Therapies in Follicular Lymphoma

This session will cover the genetic mechanisms involved in the pathogenesis, progression and prognosis of follicular lymphoma and the emerging biological insights that are informing new personalized treatment approaches. 

Dr. Nadel will describe the cell of origin in follicular lymphoma and the mechanisms associated with disease indolence and progression. He will examine both the interaction of the tumor cells within the nodal microenvironment and the genetic events that result in stepwise progression of the disease from a subclinical state to a pathological entity.

Dr. Fitzgibbon will provide an introduction to genomic discovery in follicular lymphoma.  He will review the next generation sequencing tools that are being used to identify genetic predisposition factors and to perform molecular profiling to identify signaling mutations that may be targeted therapeutically and which provide insights into disease prognosis. 

Dr. Smith will focus her discussion on emerging new treatment approaches for follicular lymphoma based on the novel concepts and new targets described by Drs. Nadel and Fitzgibbon.  She will focus on the disease heterogeneity and prognosis, the clinical unmet needs, and how clinical integration of the new molecular tools is leading to an evolution in the therapeutic regimens for patients with follicular lymphoma.
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Early Steps of Follicular Lymphoma Pathogenesis

Follicular lymphoma (FL) is the second most common non-Hodgkin lymphoma in the Western world, generally characterized by a disseminated disease at diagnosis, an indolent clinical course and recurrent, increasingly chemo-resistant relapses. Overt FL is preceded by an insidious phase of asymptomatic growth and might emerge from common precursor clones (CPCs), evolving over decades, and which might participate to subsequent relapses. Consequently, the cell of origin remains ambiguous. From the clinical standpoint, morphological, histological and molecular evidences all indicate that FL results from the malignant transformation of germinal center (GC) B-cells. Nevertheless, it is now clear that the natural history of FL does not initiate in the GC, and that FL precursors emerge much earlier in B-cell ontogeny. The hallmark t(14;18)(q32;q21) translocation, present in 85-90% of FL patients, results from repair failures during V(D)J recombination in bone marrow pre-B cells, and the ensuing constitutive expression of the BCL2 oncogene is thus considered the necessary early first hit to transformation. However, BCL2 as such is a very weak driver, as evidenced by the detection of t(14;18) in peripheral blood from a large fraction of the adult healthy population, and the long latency and low penetrance observed in various BCL2 mouse models. Intriguingly, circulating t(14;18)+-carrying cells in healthy individuals are mostly clonally expanded GC-experienced B cells, and show imprints of early illegitimate genomic events. Recent data of clonal dynamics in human and mouse models strongly suggest that such illegitimate events likely accumulated over iterative passages through successive GC reactions. Because GCs constitute a very particular environment, highly and purposely prone to genomic reshuffling and somatic mutations, such chronic “GC addiction” combined with BCL2-mediated decoupling from the GC selection checkpoint would create a highly mutagenic dynamics linked with slow oncogenic progression. Thus, the path to transformation appears as a complex multi-hit process occurring along B cell ontogeny, escalating along successive derailments of B cell receptor diversification mechanisms, and subversion of specific immunological properties of B cells. Combined with the power of next generation sequencing, molecular interrogations of t(14;18)+ clones in healthy individuals and FL patients recently provided new insights into CPCs, their commitment to malignant development years ahead disease manifestation, and into candidate genes paving the transformation process. Intriguingly, it is now envisioned that some of the recurrent alterations found in FL patients (such as KMT2D loss of-function) might occur in CPCs or earlier in B cell ontogeny and might even precede and/or condition t(14;18) occurrence or BCL2-mediated transformation. An exciting era is now opening in deciphering the kinetics of transformation and in decrypting the genomic status of FL CPC. With the prospective arrival of the chemo-free era in hematology and a flourishing landscape of novel therapeutic agents, it is today more important than ever to correctly understand the underlying FL biology in order to deliver efficient tailored therapies at the right time and in the right patients.
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Jude Fitzgibbon, PhD, Queen Mary University of London, London, United Kingdom

Genomic Discovery, Prognosis, and Target Therapy Development

For over three decades now, the t(14;18)(q32.3;q21.3) has been synonymous with the indolent B cell malignancy, follicular lymphoma (FL). Through the widespread uptake of next generation sequencing, we recognize that these tumors acquire many additional genetic aberrations, targeting several distinct signaling pathways (HVEM, mTORC1, NOTCH, NF-κB and JAK-STAT) all of which fall onto a backbone of epimutations that arise in nearly all FL tumors and preferentially target the histone methyl (KMT2D) and acetyl (CREBBP) transferase machinery. We are still in the early stages of understanding how these mutations impact on the biology of FL, their weight of contribution to FL initiation, progression and transformation and indeed whether we can harness this new knowledge to improve on existing treatment. At the very least, we now realize that the acquisition of these mutations and onset of FL may occur several years earlier from the study of rare examples of clonally-related tumors developing post bone marrow transplantation in both donor and recipient. This has helped formulate the notion of an uncharacterized common progenitor pool of B cells (CPC) that are capable of seeding each new genetically distinct episode of disease and providing an explanation for the relapsing remitting nature of FL. We can also now infer the nature of the apparent early driver mutations that seemingly propagate the disease in all FL clones, including the CPC, by using a gene’s mutation load or clonal composition as a surrogate marker. It is apparent that many epimutations represent early events and appear to alter normal B cell programming by favoring sets of genes that promote proliferation and survival while switching off anti-tumor mechanisms, with CREBBP-mutated FLs for example showing a decreased antigen presentation gene signature. The prospect of following a precision medicine approach informed by a patient’s mutation composition should be encouraged given the frequency of activating EZH2 mutations, an underappreciated role of the NF-κB pathway and mutations in the mTORC1 pathway, that are unique to FL, together with the availability of targeted therapeutic agents. There is of course a need to focus efforts on the 20% of patients that succumb to early disease relapse, and the emergence of a new clinical-genetic risk model (m7-FLIPI), as an outcome predictor offers a promising first step in developing a robust risk stratification approach. We do however need to embrace these new opportunities and embed biomarker discovery and validation studies as part of all FL trial programs. Indeed, a case can be made for utilizing material from specific retrospective studies, where updated mutation analysis may demonstrate a potential novel predictive and therapeutic biomarker (e.g. RRAGC mutations/mTOR inhibitors). Altogether, while the genetic portrait of FL is still far from complete, we are now much closer to delivering a final canvas and with it the prospect of changing the landscape of future FL treatment.
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Sonali M. Smith, MD, The University of Chicago Medicine, Chicago, IL

Follicular Lymphoma Therapy Based on Biological Insights and Novel Concepts

The majority of patients with follicular lymphoma experience a protracted course with survival estimates measured in decades. However, there are several critical unmet needs, including pre-emptive identification of high-risk patients, management of early relapse, and treatment of patients with multiply relapsed or rituximab-refractory disease. While exact numbers are not known, approximately 15-20% of patients will have early relapse and the bulk of patients will become rituximab-refractory with time; since there are 30,000 newly diagnosed patients with follicular lymphoma annually in The United States, this constitutes a substantial cancer and societal burden. Unfortunately, the overall possibility for widespread cure remains elusive. Clinical prognostic tools including the FLIPI and FLIPI-2 are difficult to apply at an individual level, and, to date, there are no prospectively validated biologic tools capable of identifying the highest risk groups. The M7-FLIPI, which integrates seven gene mutations (EZH2, ARID1A, MEF2B, EP300, FOXO1, CREBBP, CARD11) with performance status and the FLIPI, is prognostic in patients receiving chemoimmunotherapy, and merits further study. There are currently no pathobiologic predictors of outcome in patients treated with monoclonal antibodies or non-cytotoxic therapies. While prognostication in treatment-naïve patients remains elusive, there are now several time-to-event based observations following initial therapy that define a high-risk subset of patients with inferior survival; these include CR30 and EFS24 which will be further described. As discussed by the previous speakers, a provocative emerging theme is that many somatic mutations and epigenetic and genetic changes occur relatively early in the evolution of the disease and could potentially shape the subsequent clinical course. The possibility that early progression (as defined by EFS24, for example) is directly related to these events affords the exciting prospect of identifying high-risk patients before they receive standard treatment; furthermore, if confirmed, these aberrations are ripe targets for new agents. Moving from prognostication to prediction of response to individual agents or regimens is badly needed in this disease, particularly since there are a plethora of new drugs and new targets being identified. An important and poorly understood component of FL biology that is likely to impact clinical behavior is the tumor microenvironment. The non-malignant milieu of follicular lymphoma is comprised of several cell types, and their composition and interaction with the malignant compartment probably evolves with the disease course. The relationship between the microenvironment and the malignant cell is also a valid target, with both immunomodulatory agents and immunotherapy drugs actively being tested. Overall, the incorporation of biologic insights into treatment of follicular lymphoma will drive the next generation of clinical investigations and move to limit the impact of unmet needs in this disease.
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Scientific Committee on Myeloid Neoplasia
Focusing on Myeloid Neoplasia Through Splicing

Spliceosome alterations are assuming a focal role in human malignant and non-malignant diseases. The discovery of spliceosome gene mutations has opened up new avenues in diagnosis, prognostic stratification and treatment of myeloid neoplasia, particularly Myelodysplastic Syndromes (MDS). Experts will discuss splicing biology and its relevance in gene expression, spliceosome gene mutations, their epidemiology, clinical impact and the potentialities for innovative treatments.

Dr. Krainer will update the audience on the spliceosoma complex and splicing machinery. He will discuss functional implications in normal and pathological conditions.

Dr. Halene will focus on the pathogenetic mechanisms underlying specific mutations in MDS.

Dr. Walter will discuss the clinical implications of spliceosome gene mutations in MDS, their distribution in diverse subgroups and their prognostic significance. He will explore novel therapeutical approaches based on use of drugs that modulate splicing to treat spliceosome mutant MDS.
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Spliceosome: Physiology and Disease Pathogenesis

Pre-mRNA splicing is an essential step for the expression of intron-containing genes, i.e., the majority of genes. Splicing is a high-fidelity process, as required for the correct expression of proteins. However, there is flexibility in the selection of competing splice sites, which gives rise to alternative splicing, a regulated process that greatly increases the diversity of the proteome. Splicing is catalyzed in a stepwise manner by the spliceosome, a macromolecular machine that consists of 5 small RNAs and more than 100 proteins. Key insights about the structure and dynamics of spliceosomal complexes have recently been obtained through cryo-electron microscopy studies. Dysregulated splicing can arise from mutations in the splice sites or regulatory elements of individual genes, from alterations in the levels of regulatory splicing factors (activators and repressors), or from mutations in splicing-factor genes. All of these scenarios can give rise to various cancers, depending on the affected gene and the cellular context. Interestingly, recurrent somatic heterozygous mutations in particular splicing factors involved in branchpoint-sequence and 3’-splice-site recognition have emerged as key drivers of certain myeloid neoplasias. This presentation will review relevant features of the spliceosome machinery, the functional implications for normal and pathological conditions, and the potential for novel therapies.
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Stephanie Halene, MD, PhD, Yale University School of Medicine, New Haven, CT

Functional Consequences of Spliceosome Mutations

Mutations in key factors of the spliceosome occur in over 50% of patients with myelodysplastic syndromes (MDS) and thus splicing represents the most frequently affected pathway in MDS. The vast majority of mutations cluster in four genes: SF3B1, SRSF2, U2AF1, and ZRSR2. Mutations occur in a mutually exclusive manner suggesting a common mechanism by which they cause disease, and yet they segregate to specific subtypes of myeloid malignancies suggesting unique, mutation-specific functions. With the exclusion of ZRSR2, mutations occur at highly restricted residues and are strictly heterozygous, suggestive of gain of function mutations. We and others have shown that mutations affect RNA binding affinity and specificity, and can lead to a variety of outcomes including exon inclusion or skipping, alternative splice site selection, intron retention, and most recently alternative polyadenylation. Overall, these splice changes are subtle: only a small subset of all splice events is affected by these mutations and changes in isoform usage are < 10% for most alternative splice events identified. Furthermore, a direct connection between alternatively spliced transcripts and differentially expressed genes is often not seen. However, these alternative splice events affect genes critical to cellular function and hematopoiesis. Examples include EZH2, ABCB7, macroH2A1, and ATG7. Mutations in SRSF2 result in inclusion of a poison exon in EZH2 resulting in reduced protein levels of this critical epigenetic regulator. Mutations in SF3B1 cause alternative splicing of ABCB7 slating its RNA for non-sense mediated decay. Intriguingly, mutations in U2AF1 promote usage of a distal polyadenylation site in an essential autophagy factor, ATG7, resulting in inefficient translation and decreased protein levels. As a consequence, autophagy is impaired, which can promote cellular transformation, providing a possible explanation for the clonal advantage of cells with splicing factor mutations. Additional research is critical to further determine how alternative splicing contributes to the MDS phenotype with impaired hematopoietic differentiation and cellular function and eventual malignant transformation. Latest findings will be presented here with a focus on mechanistic, functional, and biologic effects of splicing factor mutations.
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Matthew J. Walter, MD, Washington University in St. Louis, St. Louis, MO

Clinical Implications of Spliceosome Mutations: Epidemiology, Clonal Hematopoiesis, and Potential Therapeutic Strategies

Somatic mutations in genes that are involved in pre-mRNA splicing (i.e., spliceosome genes) occur in ~50% of patients with myelodysplastic syndromes (MDS). Commonly mutated spliceosome genes (e.g., SF3B1, SRSF2, and U2AF1) have variable prognostic significance in patients with myeloid malignancies. For example, SRSF2 and U2AF1 mutations are associated with worse and SF3B1 mutations with better clinical outcomes compared to patients without a spliceosome gene mutation. While multiple groups have shown that RNA splicing is altered in patients with spliceosome gene mutations, the contribution of these alterations to disease pathogenesis is largely unknown. Several groups have recently reported that RNA splicing and hematopoiesis are altered in mutant expressing mouse models, providing direct evidence that spliceosome gene mutations contribute to some MDS phenotypes. Spliceosome gene mutations have also been detected in the blood cells of healthy elderly individuals with clonal hematopoiesis who are at an increased risk of developing hematopoietic cancer, further implicating these mutations as early genetic drivers in MDS. Consistent with this possibility, spliceosome gene mutations tend to occur in the founding clone (i.e., present in every tumor cell in a patient) of myeloid malignancies. Collectively, these observations indicate that targeting mutant cells could have a large clinical impact. Several observations indicate that spliceosome gene mutations may create a genetic vulnerability in cells that could be exploited therapeutically. Spliceosome gene mutations are typically heterozygous and mutually exclusive of each other in patients, implying either a redundancy in pathogenic function of mutant genes or that a cell cannot tolerate two spliceosome perturbations at once. Accumulating evidence now suggests that heterozygous mutant cells require appropriate expression levels of the non-mutant residual allele or other splicing factors to maintain cell viability. Therefore, we and others hypothesize that cells harboring spliceosome mutations will have increased sensitivity to pharmacological perturbation of the spliceosome, providing a new treatment approach for patients with these mutations. To examine this, we used sudemycin compounds that bind the SF3B1 protein to modulate pre-mRNA splicing. We show that treatment of U2AF1 mutant mice with sudemycin results in attenuation of mutant-associated hematopoietic progenitor cell expansion compared to control treated mice. Collectively, data from our group and others suggest that cells expressing mutant spliceosome genes have an increased sensitivity to pharmacologic perturbation of splicing. Clinical trials are being designed to treat spliceosome mutant hematological cancers with splicing modulator compounds.
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Scientific Committee on Plasma Cell Neoplasia

New and Emerging Immune-Based Approaches

After several decades of promise, immune-based approaches are beginning to revolutionize cancer therapy. This session will describe new and emerging immune based therapies in the therapy of myeloma. These strategies include new monoclonal antibodies targeting tumor or immune cells, as well as cellular therapies.

Dr. Borrello will discuss new insights from studies of adoptive transfer of T- cells in myeloma patients, as well as strategies to block immune checkpoints.

Dr. Malavasi will discuss the biology behind antibody based targeting of CD38 as therapy for myeloma. He will also discuss newer insights into the underlying mechanism of action of these therapies.

Dr. Kochenderfer will discuss advances in the application of chimeric antigen receptor (CAR) T-cells and update recent studies utilizing this approach in the therapy of myeloma.
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Adoptive Cell Therapies

Despite several decades of research with limited clinical successes, immunotherapy is now establishing a permanent presence in the clinical arena for several malignancies including multiple myeloma. The ability to understand the mechanisms mediating tumor-induced tolerance as well as the availability of reagents to target them have facilitated the clinical development of several immune-based strategies. The efficacy of adoptive cell therapies has already been demonstrated by the clinical benefit observed with allogeneic bone marrow transplantation where the immune-mediated graft vs. tumor effect accounts for the deeper and more durable clinical responses when compared to autologous stem cell transplantation. Recently, adoptive T cell approaches have focused on ex vivo manipulation of cells with the goal of increasing their tumor specificity. To date, the approaches can be divided into three groups: unmodified cells; T cells expressing transgenic T cell receptors; and cells modified with chimeric antigen receptors (CARs). Each has its own benefits. Historically, adoptive T cell therapy utilized peripheral blood lymphocytes in large part because of their ease of access. Early studies in myeloma demonstrated their ability to augment immune reconstitution and effectively transfer vaccine-specific responses. However, their lack of tumor specificity has prompted our group to evaluate the role of marrow infiltrating lymphocytes (MILs). These cells possess a broad endogenous tumor specificity and are enriched for central memory T cells that make them a more suitable source of cells for adoptive T cell approaches.

T cell receptor (TCR) modified T cells represent an approach to specifically target HLA-restricted peptide of both intra- as well as extra-cellular antigens. One benefit is the possibility for a higher affinity TCR towards the targeted peptide compared to the native, endogenous TCR. This has the benefit of targeting unique tumor antigens with low expression or low affinity. A clinical study with NY-ESO-1 demonstrated trafficking, persistence, cytotoxicity and measurable clinical efficacy. Of note, no significant clinical toxicity was reported with this construct. However, an example underscoring the enhanced affinity of TCR was observed with the MAGE-A3 TCR ultimately revealing significant cross-reactivity with another antigen, titin, resulting in cardiac death. Genetically modified T cells have seen their greatest impact with chimeric antigen receptors (CARs). In contrast to TCRs, the extracellular domain of these constructs consists of a single chain fragment of the variable (scFv) region of an immunoglobulin capable of recognizing only cell surface proteins. This is fused to intracellular domains of a TCR generally consisting of the z-chain with either CD28 or 4-1BB signaling domains. CARs developed to date in myeloma have targeted the B cell maturation antigen (BCMA) present on the vast majority of myeloma. Another approach being examined is with CD19 CARs. Although there is little expression of CD19 on mature plasma cells, significant data exists to suggest that the myeloma progenitor is a post-germinal memory B cell which expresses CD19. As such, this approach could potentially induce long-term remissions were it to effectively eliminate the clonogenic precursor.
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Fabio Malavasi, MD, University of Torino Medical School, Turin, Italy

CD38 and Antibody Therapy: What Can Basic Science Add?

Human CD38 is a target of different therapeutic antibodies and the results from in vivo applications are favorable. However, the use of CD38 targeting be improved due to insights still being gleaned from basic research, also covering its paralogue CD157. Myeloma was adopted to confirm in vivo our in vitro models of CD38, which is a receptor and an ectoenzyme. Our hypothesis is that ectoenzymes involved in NAD+ metabolism are part of the myeloma escape strategy. Extracellular nucleotides (ATP, NAD+), high in tumor environments, also serve as intracellular signal transducers, with their degradation products modulating the communications between myeloma and normal cells. Hypoxia helps reprogram the local metabolism. In the extracellular milieu, nucleotides bind purinergic type P2 receptors or are metabolized by ectoenzymes and converted to adenosine (ADO), an immunosuppressor that may also bind different P1 receptors. The resulting anergic status helps the tumor evade the host immune response by promoting Tregs and MDSC and depressing NK and T effectors. Another question is whether therapeutic antibodies interfere with the survival mechanisms of myeloma. The unprecedented fact that anti-CD38 antibody therapy targets not only a molecule expressed by the tumor but also by effectors and inhibitory cells is a further source of complication.The direct action of the antibodies on the tumor is being investigated in depth, but little is known about their presentation to the target cells. The steps of Fc domain presentation of the antibodies to the target molecule were broken down in vitro using CHO cells expressing 4 distinct human FcRs. Exposure of CD38 to Daratumumab (DARA) bound to CHO/FcRs causes at 37° C a selective aggregation to one pole of the myeloma cells. Such aggregations (rich in CD38 and bound DARA) are released as microvesicles (MVs) into the culture medium or in vivo into biological fluids. These MVs differ from those spontaneously released simply in the presence of the antibody on their surface. In conclusion, MVs are equipped with an enzymatic network potentially capable of metabolizing both ATP and NAD+ to produce ADO. Secondly, they may fuse with neighboring cells and leave the myeloma niche, eventually reaching the blood. The therapeutic IgG on their surface acts as a link which favors the capture by FcRs+ cells.This model was confirmed by tracking the migrated MVs which accumulate around NK cells (>30%) and monocytes (>90%). The same MVs then enter the cytoplasm of NK, monocytes and MDSCs, even if the functional effects induced by their internalization remain to be defined. Preliminary results conducted on purified NK cells exposed in vitro to MV from myeloma membranes treated with DARA indicate that they contain gene products of potentional relevance. Indeed, a set of genes involved in the immune response and in the regulation of cell death is up-modulated. Instead, another set of genes related to mitosis and cell cycle is down-modulated. Under evaluation is what happens when MVs are taken up by FcR+-dendritic cells, which may reveal possible vaccinal effects. The transfer of the results of basic research on CD38 to therapy is just beginning: exploration of its multiple functions are expected to provide new, valuable insights.
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James N. Kochenderfer, MD, National Cancer Institute, National Institutes of Health, Bethesda, MD

Chimeric Antigen Receptors/Genetically Modified T-Cells

Multiple myeloma (MM) is a usually incurable malignancy of plasma cells. While the therapy of MM has improved greatly in the past 15 years, therapies with novel mechanisms of action are needed for MM. Allogeneic stem cell transplantation has been shown to have a potent anti-myeloma effect, and allogeneic donor lymphocyte infusions can cause remissions of MM. These results from allogeneic transplantation show that MM can be vulnerable to cellular immunotherapies, but allogeneic transplants have substantial rates of mortality and morbidity. Anti-CD19 CAR T cells have been shown to have powerful activity against B-cell malignancies. The success of anti-CD19 CAR T cells against B-cell malignancies has motivated investigators to develop genetically-modified T-cell therapies for MM. CD19 has been targeted as a therapy for multiple myeloma. A clinical trial of anti-CD19 CAR T cells for MM is underway. Part of the rationale for targeting CD19 is that CD19 might be expressed on a myeloma stem cell, which might be a mature B cell. The NY-ESO antigen has been targeted by human-leukocyte-antigen-restricted T cells in a clinical trial enrolling MM patients. B-cell maturation antigen (BCMA) is expressed by most cases of MM. We conducted the first-in-humans clinical trial of CAR T cells targeting BCMA at the National Cancer Institute. T cells expressing the CAR used in this work (CAR-BCMA) specifically recognized BCMA-expressing cells. Twelve patients received CAR-BCMA T cells on this dose-escalation trial. Among the 6 patients treated on the lowest two dose levels, limited anti-myeloma activity and mild toxicity occurred. On the third dose level, one patient obtained a very good partial remission. Two patients were treated on the fourth dose level of 9x106 CAR+T cells/kg bodyweight. Before treatment, the first patient on the fourth dose level had chemotherapy-resistant MM making up 90% of bone marrow cells. After treatment, bone marrow plasma cells became undetectable by flow cytometry, and the patient’s MM entered a stringent complete remission that lasted for 17 weeks before relapse. The second patient on the fourth dose level had chemotherapy-resistant MM with 80% bone marrow plasma cells before treatment. Twenty-eight weeks after this patient received CAR-BCMA T-cells, bone marrow plasma cells were undetectable by flow cytometry, and the serum monoclonal protein had decreased by >95%. Both patients treated on the fourth dose level had toxicity consistent with cytokine-release syndrome including fever, hypotension, and dyspnea. Both patients also had prolonged cytopenias. In summary, our findings demonstrated strong anti-myeloma activity of CAR-BCMA T cells. One of the best attributes of the CAR T-cell field is that there are multiple avenues for improving CAR T-cell therapies. New CAR designs are being tested. Any part of the CAR might be improved including development of new fully-human single chain variable fragments (scFv) for the antigen-recognition component of the CAR, testing different hinge and transmembrane domains, and defining the optimal costimulatory moieties. Another avenue for improving CAR T-cell therapies is improving T-cell culture methods. Optimizing clinical application of CAR T cells, especially enhancing toxicity management, is another important avenue of improving CAR T-cell therapies. Finally, identifying new CAR target antigens is a critically important area of CAR research. In summary, genetically-modified T cells hold great promise to make a profound improvement in the therapy of multiple myeloma.
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Scientific Committee on Platelets

Progress in Identifying the Causes of Congenital Platelet Disorders

Over the last decade, extraordinary progress has been made in identifying the genes mutated in inherited platelet disorders. Recent estimates suggest that the causative genetic lesions have now been pinpointed for almost half of all cases, a huge advance over the approximately 10 percent that were known in the early 2000s.

Dr. Freson will discuss recent progress in the UK BRIDGE Bleeding and Platelet Disorder whole genome sequencing project. Topics will include novel genes, the use of Human Phenotype Ontology coding for gene discovery, and the exploration of non-coding space. 

Dr. Di Paola will focus on the use of RNAseq and exome sequencing for the discovery of Mendelian thrombocytopenias. He will specifically discuss the genetics of Gray Platelet Syndrome and ETV6-related thrombocytopenia, as well as novel animal models of these diseases. 

Dr. Soranzo will discuss powerful genome wide association study (GWAS) approaches to the discovery of novel genetic variants affecting platelet traits. Combining data from the UK 10,000 genome project with epigenome and gene expression data from the BLUEPRINT project, causal variants and their functional impact at a large number of the novel loci are being identified.
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Clinical Next Generation Sequencing to Identify Novel Platelet Disorders

Inherited platelet disorders (IPDs) comprise a heterogeneous group of disorders with a complex genetic etiology, characterized by impairments in platelet formation, morphology and function. Since the implementation of next generation sequencing (NGS) in 2009, the gene list for diagnosis of IPDs rapidly expanded from 39 to 53 genes. A diagnostic high-throughput targeted NGS platform (referred to as ThromboGenomics; www.thrombogenomics.org.uk) was very recently described as an affordable DNA-based test of 76 genes to diagnose patients ‘suspected of having a known inherited platelet, thrombotic or bleeding disorder’ (BPD). When the phenotype is strongly indicative of the presence of a particular disease etiology but the variants are unknown, sensitivity remains high (>90% based on 61 samples) while patients included with an uncertain disease such as delta storage pool disease, mostly receive no genetic diagnosis (only 10% a genetic diagnosis was obtained). Such IPDs should be included in gene discovery NGS programs such as the BRIDGE-BPD2 study. For this study, whole genome sequencing results of the DNA samples of nearly 1000 probands with uncharacterized IPDs, analyzed using assigned Human Phenotype Ontology (HPO) terms have helped to identify pathogenic variants in almost 20% of cases. New clustering algorithms to group cases with similar phenotypes have been used to identify two novel IPD genes (DIAPH1 and SRC2) and several putative ones. Still many IPD patients don’t receive a genetic diagnosis. A majority of cases either harbor pathogenic variants in unknown genes or in regulatory regions or are the result of a digenic mode of inheritance. NGS combined with data from RNA-seq, ChIP-seq, gene regulatory network analysis, epigenome, proteomics and mouse knock-out studies amongst others will also help explore the non-coding regulatory space and gene-gene interactions. Given the existence of many non-pathogenic variants in any individual’s genome, the main challenge faced by researchers when interpreting NGS data of an IPD case is determining which variants are causing the disorder.3Interpreting the functional consequences of novel rare variants is not easy and it is extremely important to apply rigorous standards when assigning pathogenicity. Clinical genomic data are the same as other complex medical data and should be interpreted by a multidisciplinary team comprising typically a statistical geneticist, clinical geneticist, and genetic counselors, who have the skills to interpret these results in the context of the test methodology, the theoretical background of genetics, Bayesian reasoning, and a myriad of other factors.

1. Simeoni I, Stephens JC, Hu F, et al. A comprehensive high-throughput sequencing test for the diagnosis of inherited bleeding, thrombotic and platelet disorders. Blood. 2016 [Epub ahead of print]

2. Turro E, Greene D, Wijgaerts A, et al. A dominant gain-of-function mutation in universal tyrosine kinase SRC causes thrombocytopenia, myelofibrosis, bleeding, and bone pathologies. Sci Transl Med. 2016;8:328

3. Lentaigne C, Freson K, Laffan MA, et al. Inherited platelet disorders: towards DNA-based diagnosis. Blood. 2016 [Epub ahead of print]
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Jorge Di Paola, MD, University of Colorado School of Medicine, Aurora, CO

Novel Congenital Platelet Disorders

The processes of megakaryocyte differentiation, proplatelet formation, and the daily release of 1011 platelets into the bloodstream are tightly regulated. Genetic disturbances can lead to a cascade of downstream molecular alterations that markedly affect the function of megakaryocytes and platelets. Therefore, identifying new genes and their function in megakaryocytes and platelets is critical for understanding how these unique cells contribute to health and disease. Over the last decade advances in genomics, specifically next generation sequencing, have allowed for the discovery of several mutations and genetic variants that cause disease or influence associated hematological traits. By performing platelet RNA-Seq we were among the first to identify NBEAL2 as the causative gene for gray platelet syndrome (GPS) and showed that NBEAL2 regulates megakaryocyte development and platelet function.1-3 Mice carrying targeted Nbeal2 null alleles not only replicated the thrombocytopenia and lack of alpha granules observed in humans, but also provided new information about the role of platelets in thromboinflammation, wound healing, myelofibrosis and metastasis dissemination.4-7 More recently, we and others found that germline mutations in ETV6 lead to thrombocytopenia, red cell macrocytosis, and predisposition to lymphoblastic leukemia.8,9 ETV6 encodes an ETS family transcriptional repressor, which exerts its activity by binding a consensus sequence in the promoter regions of DNA. Mice with conditional Etv6 knockout in megakaryocytic-erythroid cells are thrombocytopenic indicating the involvement of Etv6 in thrombopoiesis.10 Several of the families recently described have a missense mutation in the central domain of ETV6 (p.P214L). This mutation results in aberrant cellular localization of ETV6, decreased transcriptional repression, and impaired megakaryocyte maturation. The bone marrow of individuals affected by this mutation show hyperplasia of immature megakaryocytes suggesting a differentiation arrest. Deep sequencing of the platelet transcriptome also revealed significant differences in mRNA expression levels between patients with the ETV6 p.P214L mutation and non-affected family members, indicating that ETV6 is critically involved in defining the molecular phenotype and function of platelets. Consistent with this notion, individuals with the ETV6 p.P214L mutation experience bleeding that is disproportionate to their mild thrombocytopenia. We have also used CRISPR/Cas9 technology to generate a mouse colony where the human p.P214L ETV6 mutation was inserted into the conserved site of Etv6. Mice with this mutation (Etv6H.P214L) have reduced platelet counts. In summary, advances in human genetics that led to the discovery of novel congenital platelet disorders coupled with relevant animal models will likely contribute to our understanding of megakaryopoiesis and platelet function.
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Nicole Soranzo, PhD, Wellcome Trust Sanger Institute, Cambridge, United Kingdom

Large Scale Discoveries of Genes and Polymorphisms Associated with Variation in Hematologic Traits

Hematopoiesis generates mature blood cells from hematopoietic stem cells (HSC) in distinct lineages to release of trillions of mature cells each day into the peripheral blood stream to perform essential functions such as oxygen transport, hemostasis and host defense. The formation and turnover of blood cells are tightly controlled and so the properties of blood cells, including their volume and count, have large heritabilities and are easily influenced by genetic variation. Here we describe the most statistically powerful genome wide association study (GWAS) of blood cell indices to date. We tested associations of 29.5 million polymorphic DNA sequence variants derived using the the Affymetrix axiom array with interpolation of 20 million variants using the UK 10000 genome data with 36 different hematological indices of red cells, white cells and platelets, some of which, such as the reticulocyte count, have been explored for the first time. We discovered significant associations at thousands of associated genetic variants, including hundreds of associations for low frequency genetic variants, thus identifying associations with larger effects on indices than those reported for common variants by previous discovery studies. We have described detailed follow-up studies of the novel associations. Using cell type-specific epigenome and gene expression data generated by the BLUEPRINT project and results from chromatin conformation capture in major blood cell types, we can identify the likely causal variants and their functional impact at a large number of the novel loci. Finally, we have evaluated the contribution of genetic variants to common and complex diseases. In conclusion, we have interrogated phenotypes across the whole hematopoietic tree and increased the number of traits associated with blood cell phenotypes by a order of magnitude. Overall, our results demonstrate widespread and powerful genetic influences on the formation and regulation of the major human blood cell types, identifying many novel genes involved and show the value of genome-wide functional annotation from relevant primary cell populations for interpreting genetic association results.
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Scientific Committee on Stem Cells and Regenerative Medicine

Mitochondria and Metabolism in Stem Cell Maintenance and Aging

The biology of hematopoietic stem cells (HSCs) changes throughout life and varies according to changes in microenvironmental tissue properties of the developing and aging organism. While fetal HSCs display active proliferation required for expansion of the HSC pool, HSCs in adult subjects are largely quiescent; this state permits the HSC to remained poised for prompt responsiveness to enhance overall blood cell production in stressed states, but generally limits HSC division to low rates required for homeostatic blood cell production. Such demands in regulating the HSC state imposes critical demands on cellular bioenergetics in general and mitochondria in particular.

Dr. Passegue will provide an overview of the numerous changes in cellular metabolism associated with HSC quiescence, self-renewal, and differentiation and offer some strategies to target metabolic drivers in the context of blood malignancies.

Dr. Ghaffari will discuss mitochondrial metabolism in hematopoietic stem cells and the role of specific transcription factors in maintaining properties of stemness.

Dr. Chen will discuss strategies to maintain stem cells ex vivo by reprogramming cellular metabolism.
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Emmanuelle Passegue, PhD, University of California – San Francisco, San Francisco, CA

Surviving Change: The Metabolic Journey of Hematopoietic Stem Cells

Hematopoietic stem cell (HSC) activation is accompanied by mitochondria activation and a shift in metabolic activity from glycolysis to OXPHOS, which provides energy and increases the production of ROS and other mitochondrial metabolites that can act both as signaling molecules and substrates/co-activators for epigenetic enzymes. Metabolically activated HSCs are poised to undergo lineage priming and produce different lineage-biased multipotent progenitors (MPP). However, activated HSCs must also return to quiescence to maintain the stem cell pool. In this context, autophagy plays an essential role by clearing activated mitochondria to allow OXPHOS-driven HSCs to efficiently revert to a mostly glycolysis-based quiescence metabolism. Without autophagy, HSCs display an overactive OXPHOS-driven metabolism that promotes myeloid-biased differentiation and loss of stemness, likely as a direct consequence of epigenetic reprogramming. At steady state, blood production reflects the differential generation by HSCs of a small number of myeloid-biased MPP2/3 and a large number of lymphoid-biased MPP4, which both contribute to myeloid output. In contrast, during blood regeneration, activated HSCs are induced to overproduce MPP2/3, and MPP4 are reprogrammed towards almost exclusive myeloid output in large part due to cytokine stimulations and the triggering of specific regulatory pathways. Altogether, the metabolic activation of HSCs and the remodeling of the MPP compartment represent emergency myelopoiesis pathways that are transiently activated during regeneration, and are continuously triggered in myeloid disease conditions.
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Regulation of Hematopoietic Stem Cell Mitochondrial Metabolism

Hematopoietic stem cells (HSCs) like most, if not all, adult stem cells are primarily quiescent but have the potential to become highly active on demand. HSC quiescence is maintained by glycolytic metabolism and low levels of reactive oxygen species (ROS), which indicate that mitochondria are relatively inactive in quiescent HSC. However, HSC cycling – and exit of quiescence state – require a swift metabolic switch from glycolysis to mitochondrial oxidative phosphorylation. To improve our understanding of mechanisms that integrate energy metabolism with HSC homeostasis, my laboratory has been focused on the transcription factor FOXO3, which is critical for the maintenance of HSC quiescence and redox state and is implicated in HSC aging. We showed recently that FOXO3 is key to HSC mitochondrial metabolism, independent of its inhibition of ROS or mTOR signaling. We also find that FOXO3 cooperates with the tumor suppressor p53 to maintain mitochondrial redox state and metabolism in hematopoietic stem and progenitor cells (HSPCs). Mitochondria divide and fuse constantly in part to segregate and dispose of their damaged counterparts. These processes are influenced by and highly linked to mitochondrial metabolism. We have recently developed imaging approaches to study HSC mitochondrial divisions. Mechanisms by which FOXO3 regulates HSC mitochondria and the impact of impaired FOXO3 on the HSC health and activity, and mitochondrial network will be discussed. Detailed understanding of the mitochondrial metabolism and divisions in HSC and their relationship to nuclear transcription are likely to have broad implications for the state of HSC fitness, regenerative capacity and aging.
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Danica Chen, PhD, University of California – Berkeley, Berkeley, CA

The Mitochondrial Metabolic Checkpoint and Reversing Stem Cell Aging

Cell cycle checkpoints are surveillance mechanisms in eukaryotic cells that monitor the condition of the cell, repair cellular damages, and allow the cell to progress through the various phases of the cell cycle when conditions become favorable. Recent advances in hematopoietic stem cell (HSC) biology highlight a mitochondrial metabolic checkpoint that is essential for HSCs to return to the quiescent state. As quiescent HSCs enter the cell cycle, mitochondrial biogenesis is induced, which is associated with increased mitochondrial protein folding stress and mitochondrial oxidative stress. Mitochondrial unfolded protein response and mitochondrial oxidative stress response are activated to alleviate stresses and allow HSCs to exit the cell cycle and return to quiescence. Other mitochondrial maintenance mechanisms include mitophagy and asymmetric segregation of aged mitochondria. Because loss of HSC quiescence results in the depletion of the HSC pool and compromised tissue regeneration, deciphering the molecular mechanisms that regulate the mitochondrial metabolic checkpoint in HSCs will increase our understanding of hematopoiesis and how it becomes dysregulated under pathological conditions and during aging. More broadly, this knowledge is instrumental for understanding the maintenance of cells that convert between quiescence and proliferation to support their physiological functions.
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Scientific Committee on Thrombosis and Vascular Biology

The Nuts and Bolts of TLRs: Network of TLRs, Expressed in What Vascular Cells, Targeted by Which Pathogens

Toll Like Receptors (TLRs) are membrane-spanning, evolutionarily conserved proteins that play a central role in the innate immune system by recognizing highly conserved structural motifs in pathogens, or danger-associated molecular patterns (DAMPs) released from necrotic cells. TLRs mediate signaling cascades towards cellular responses, such as production of pro-inflammatory cytokines and effector cytokines involved in the adaptive immune response. This session will focus on newly identified roles TLRs play in platelet and vascular function. Function of TLRs in regulating vascular homeostasis, beyond traditional immunity, will be discussed.

Dr. Li will present an overview on TLRs and realted siganlig mechanisms, as well as specific studies on TLR signalig pathways to thrombosis and/or vascular function. 

Dr. Kubes’s talk will focus on platelet TLRs and their role in bridging inflammation and immunity at the interface of thrombosis and vascular biology. 

Dr. Freedman will present newly identified mechanisms for TLR function, expression of TLRs in human populations, and in vivo Translational implications.
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MyD88-Dependent Interplay Between Myeloid and Endothelial Cells in the Initiation and Progression of Obesity-Associated Inflammatory Diseases
Low-grade systemic inflammation is often associated with metabolic syndrome, which plays a critical role in the development of the obesity-associated inflammatory diseases, including insulin resistance and atherosclerosis. Here, we investigate how Toll-like receptor–MyD88 signaling in myeloid and endothelial cells coordinately participates in the initiation and progression of high fat diet–induced systemic inflammation and metabolic inflammatory diseases. MyD88 deficiency in myeloid cells inhibits macrophage recruitment to adipose tissue and their switch to an M1-like phenotype. This is accompanied by substantially reduced diet-induced systemic inflammation, insulin resistance, and atherosclerosis. MyD88 deficiency in endothelial cells results in a moderate reduction in diet-induced adipose macrophage infiltration and M1 polarization, selective insulin sensitivity in adipose tissue, and amelioration of spontaneous atherosclerosis. Both in vivo and ex vivo studies suggest that MyD88-dependent GM-CSF production from the endothelial cells might play a critical role in the initiation of obesity-associated inflammation and development of atherosclerosis by priming the monocytes in the adipose and arterial tissues to differentiate into M1-like inflammatory macrophages. Collectively, these results implicate a critical MyD88-dependent interplay between myeloid and endothelial cells in the initiation and progression of obesity-associated inflammatory diseases.
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Paul Kubes, PhD, University of Calgary, Calgary, Canada

Platelets Toll-Like Receptors Bridging Inflammation and Immunity

Since the discovery that there is a series of pattern recognition receptors that allow the immune system to detect pathogens, there has been a lot of work to elucidate the signaling molecules that contribute to this detection system. Although the cell types involved would seem to be just as important, our understanding of which cells are critical remains less well explored. Using intravital imaging to visualize the different cell types, we were surprised to find that in almost all conditions that we examined, platelets were rapidly recruited to afflicted tissues. Under some conditions, platelets bound vascular macrophage including Kupffer cells and helped contain bacteria. These were instantaneous responses. At later times, platelets bound neutrophils and induced the production of neutrophil extracellular traps (NETs) that helped to catch bacteria as well as viruses but did induce some local vascular injury. In some scenerios, platelets bound endothelial cells and whether this was to wall off and contain infections or a hijacking of platelets by bacteria to induce vascular dysfunction and poor perfusion remains unclear. Visualizing platelets in sterile injury also revealed important contributions to helping recruit other immune cells that help to heal. The role of the platelet as an effector in infections and inflammation will be discussed.
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Jane Freedman, MD, University of Massachusetts, Worcester, MA

Toll-Like Receptors: Mechanism and Relation to Human Populations

Inflammation and infection are known to alter platelet count, production, and function and major studies have demonstrated that acute infection is associated with a transient 5-fold increased risk of thrombotic vascular syndromes including stroke, acute myocardial infarction, and peripheral vascular occlusion. Platelets play an intricate role in thrombosis, myocardial infarction, and thrombotic stroke and are now being appreciated for their functional innate immune receptors. More recently, platelets have been connected to the host’s immune system via their ability to trap bacteria and present them to leukocytes for destruction. This interaction appears crucial to the host’s immune defense. Platelets are known to express functional interleukin 1 receptor (IL1R), toll like receptor (TLR)2, TLR3, TLR4, TLR7, and TLR9 with other immune receptors under investigation. It is known that activation of TLR2, TLR7, or TLR4 leads to platelet-neutrophil interaction. Platelet-leukocyte communication has also been observed during different bacterial or viral infections.

We have used animal models and large-scale human clinical data to examine if platelets demonstrate specific immunity or broadly express TLRs and characterize how this expression is causative in immune responses. Our studies have included thousands of participants of the Framingham Heart Study in addition to investigations of active infection and inflammatory diseases. We have also examined if presence of immune receptors in platelets is associated with vascular inflammation and cardiovascular disease or risk factors. We have found widespread and varied immune and inflammatory platelet receptor and gene expression that varies remarkably between individuals and diseases.

Additionally, anucleate platelets contain transcripts that might relate to other physiological or pathophysiological conditions and are known to be released into the circulation, participate in protein formation, and engage in horizontal RNA transfer to other vascular cells. These platelet transcripts include microRNAs (miRNAs), which are small noncoding RNAs involved in many molecular processes, most notably regulation of gene expression and release of these noncoding RNAs also may be regulated by innate immune receptors. In platelets and their released exosomes, these noncoding RNAs seem to participate in vascular homeostasis, inflammation, and platelet immune function. In addition, they are associated with the presence or extent of cardiovascular diseases, such as atrial fibrillation and peripheral vascular disease. Thus, platelets are known to contain a myriad of receptors that regulate hemostasis and thrombosis; however, there is growing appreciation of the diverse expression of receptors traditionally associated with immune and inflammatory cells.

Disclosures:
Freedman: No relevant conflicts of interest to declare.

Scientific Committee on Transfusion Medicine

Genomics in Transfusion Medicine

Genomic profiling of red cell and platelet antigens will allow more precise transfusion therapy and is poised to change transfusion practice. This session will discuss applying SNP typing and whole genome and exome sequencing to transfusion, with emphasis on patients receiving chronic transfusions. Importantly, individuals with hematologic malignancies, chronic illness, pregnant women, and even healthy adults may soon get routine targeted next generation sequencing or whole genome sequencing for diagnosis, treatment, and disease risk stratification. Many may also need transfusion support. The availability of genomic information offers new approaches to pre-transfusion testing and selection of components for transfusion support.

Dr. Chou will discuss role of genomic blood group determination in patients with sickle cell disease on chronic transfusion therapy. Risk for alloimmunization and risk-reduction strategies for prevention of alloimmunization will be discussed.

Dr. Lane will present the application of Next Generation Sequencing for determination of red cell and platelet antigens. Algorithms are required for translating whole genome sequences to corresponding antigens and reference sequence comparisons have limitations.

Dr. Lo will define the application of cell-free fetal nucleic acids in maternal plasma for non-invasive fetal and neonatal diagnosis. This approach is useful for blood typing of the fetus and continued studies center on enhancing the resolution of noninvasive prenatal testing.
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Genomic Applications for Transfusion Support

Red blood cell (RBC) and platelet antigen determination by DNA methods (genotyping) has become an important part of the practice of transfusion medicine over the past decade. The results are reliable and highly correlated with serologic phenotyping results, and are superior in some situations. Application of RBC genotyping to provide more precise transfusion therapy for various patient populations will be discussed, with a particular emphasis on those requiring chronic RBC therapy or with complex serologic reactivity. Current DNA arrays can test for a large number of blood group antigens, but routine typing of the ABO and Rh systems is not currently feasible due to the large number of genetic mutations.

Patients with sickle cell disease (SCD) are one of the most challenging populations to safely transfuse, in part due to high rates of alloimmunization against Rh antigens despite prophylactic matching for D, C, and E antigens. Genotyping of the RH loci has revealed that RHD and RHCE variants are prevalent in African Blacks. Nearly 90% of patients with SCD have at least one altered RH gene and contributes to Rh alloimmunization in patients with SCD. The role of RH variation and alloimmunization in SCD will be reviewed, and the feasibility and approach to genetic RBC matching of patients and donors will be discussed. The use of targeted DNA arrays, whole exome sequencing, or whole genome sequencing to identify common and variant RH alleles will be addressed, including limitations of each method.

Disclosures:
Chou: No relevant conflicts of interest to declare.

William Lane, MD, PhD, Brigham and Women’s Hospital, Boston, MA

Next Generation Sequencing for Blood Group Antigen Profiling

There are over 300 serologically defined red blood cell (RBC) antigens and 33 serologically defined platelet antigens, most of which have known genetic changes in 45 RBC or 6 platelet genes that correlate with antigen expression. Exposure to non-self RBC antigens during transfusion or pregnancy can lead to the development of alloantibodies, which on re-exposure can lead to clinically significant and even fatal complications. Therefore, it is vital to know which antigens are present on RBCs. However, traditional serologic phenotyping methods are labor intensive, costly, sometimes unreliable, and reagents are not always available. As such, routine antigen typing is only done for ABO and D antigens.

A large percentage of blood is given for hematologic malignancies that will soon get routine whole genome sequencing (WGS). For a minor added cost this data could be used for RBC antigen prediction. However, there are no published reports of using WGS data to predict RBC antigens. This is likely for several reasons: (1) none of the existing WGS data sets have paired serologic RBC phenotypes, (2) there are no fully annotated and complete databases of genotypes to phenotypes, (3) all of the known alleles are defined using cDNAs numbered relative to the start codon without human genome coordinates, and (4) lack of software capable of automated RBC antigen prediction.

We have created a fully interactive web site of all known blood group genotype to phenotype correlations, fully annotated with relevant information, and mapped to and visually overlaid to their corresponding human reference genome gene sequences, with algorithms to predict antigen phenotypes from inputted sequences. These predictions are part of the General Genome Reports for the 100 patients getting WGS as part of The MedSeq Project. In addition, each patient is undergoing an extensive antigen phenotypic workup using traditional blood bank serology and currently available SNP PCR based assays, which are being used to validate and improve our prediction strategies.

As clinical WGS becomes pervasive we hope that comprehensive blood group prediction will be done on everyone, allowing for easy identification of rare donors and the prevention of alloantibody formation using extended upfront matching of antigens from sequenced recipients and donor.
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Yuk Ming Dennis Lo, MD, PhD, Chinese University of Hong Kong, Hong Kong, China

Genomic Analysis of Plasma DNA in Prenatal Medicine and Beyond

The discovery of cell-free fetal DNA in maternal plasma has enabled the development of noninvasive prenatal testing (NIPT). With the increased use of NIPT globally, there have been a number of reports of plasma DNA aberrations that have orignated from maternal malignancies, rather than signifying genomic aberrations in the fetus. In this regard, it would be highly desirable to develop a technology for tracing the tissue of origin of genomic aberrations observed in plasma. Hence, we have developed a technology called plasma DNA tissue mapping which allows this to be achieved. Through the development of over 5800 methylation markers, we are able to deduce the tissue of origin of plasma DNA molecules. We have demonstrated the utility of this approach by tracing genomic aberrations observed in the plasma of a pregnant woman during the course of NIPT to a B-cell lymphoma. We believe that this technology would be broad applications in medical research and diagnostics.
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Scientific Committee on Transplantation Biology and Cellular Therapies

Engineered and Non-Engineered T Cells as Immunotherapy Tools: Beyond Chimeric Antigen Receptor T Cells

Immunotherapy is one of the most promising new ways to fight cancer. This session will focus on the latest research in the field of T-cell biology, adoptive transfer of unmodified or genetically engineered antigen-specific T cells in therapy of hematologic malignancies.

Dr. Vahedi will discuss the biology of the regulation of T-cell differentiation and activation with emphasis on recent discoveries in transcriptional and epigenetic regulation of T-cells specification using computational methods to integrate high throughput data from genomic and proteomic technologies. T-cell differentiation occurs in the context of the extracellular cytokine milieu evoked by diverse stimuli along with T-cell receptor stimulation. The culmination of these signals results in specification of T-cell lineages. Master regulators work in conjunction with factors such as the signal transducer and activator of transcriptions (STATs) that sense the extracellular environment as well as chromatin modifications. In this session, recent advances in understanding T-cell lineage specification will be summarized with emphasis on comprehensive views of the dynamic T- cell epigenome.

Dr. Restifo will discuss antigen-specific T-cell based immunotherapies and acquired resistance to immunotherapy. Optimal adoptive immunotherapy for robust and long-term anti-tumoral responses require not only the definition of the best antigen targets but also the differentiation status of transferred T-cells, as well as overcoming inhibitory/resistance mechanisms. What T-cells must do to trigger the eradication of tumor cells will be addressed with focus on the use of stem cell-like anti-tumor T-cells to induce curative responses in patients who have failed other available forms of therapy. The goal is to reprogram the exhausted and senescent T-cells that are characteristic of the “escaping” tumoral microenvironment.

Dr. Bonini will address engineering of T-cells beyond chimeric antigen receptors (CAR) T-cells. To exploit tumor-specific T cells for cancer treatment, and overcome their paucity, it is today possible to transfer in patients’ T cells genes encoding for rare tumor-specific TCR. However, such genetically modified T cells express four different TCR chains, that might mispair, leading to unpredictable toxicity and to an overall dilution of the tumor specific TCR limiting their efficacy. To overcome these issues, TCR gene editing approaches are available and will be discuss in this session. Clinical implications and results in several tumor types, including multiple myeloma will be discussed.
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Regulation of T-Cell Activation and Differentiation

Enhancers regulate spatiotemporal gene expression and impart cell-specific transcriptional outputs that drive cell identity. Super-enhancers (SEs), also known as stretch-enhancers, are a subset of enhancers especially important for genes associated with cell identity and genetic risk of disease. CD4+ T cells are critical for host defence and autoimmunity. Here we analysed maps of mouse T-cell SEs as a non-biased means of identifying key regulatory nodes involved in cell specification. We found that cytokines and cytokine receptors were the dominant class of genes exhibiting SE architecture in T cells. Nonetheless, the locus encoding Bach2, a key negative regulator of effector differentiation, emerged as the most prominent T-cell SE, revealing a network in which SE-associated genes critical for T-cell biology are repressed by BACH2. Disease-associated single-nucleotide polymorphisms for immune-mediated disorders, including rheumatoid arthritis, were highly enriched for T-cell SEs versus typical enhancers or SEs in other cell lineages. Intriguingly, treatment of T cells with the Janus kinase (JAK) inhibitor tofacitinib disproportionately altered the expression of rheumatoid arthritis risk genes with SE structures. Together, these results indicate that genes with SE architecture in T cells encompass a variety of cytokines and cytokine receptors but are controlled by a ‘guardian’ transcription factor, itself endowed with an SE. Thus, enumeration of SEs allows the unbiased determination of key regulatory nodes in T cells, which are preferentially modulated by pharmacological intervention.
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Nicholas Restifo, MD, National Cancer Institute, National Institutes of Health, Bethesda, MD

Dissecting Antigen-Specific T-Cell Immunity in Human Cancer and Acquired Resistance to Immunotherapy

T lymphocytes are at the very center of the rapidly expanding universe of cancer immunotherapy. We now know that each T cell clonotype can in fact contain a stem cell-like system, which is capable of self-renewal and differentiation. We have described the identification of human T memory stem cells (TSCM). TSCM maintain robust replicative capacity and are multipotent in their ability to give rise to cytolytic effector and memory progeny. Stem-cell-like T cells are epigenetically distinct. From their poised epigenetic and metabolic states, TSCM efficiently can give rise to cells with a multiplicity of identities required for successful immune responses, and collectively provide protection against infections and cancer.

We have visualized the chromatin states of TSCM on a whole genome level. We have found that the transcription factor Bach2 is a repressor of T cell receptor-driven programs. These findings go a long way in identifying a molecular mechanism that enables T cells to maintain their stem cell-like state. We have direct evidence that sufficient T cell activation can overwhelm the repressive influence of Bach2 through the action of the Akt kinase. Akt mediates the core events of T cell differentiation and it is possible to selectively block the Akt pathway with an allosteric inhibitor enabling the creation of long-lived, less-differentiated T cells that are much more effective therapeutically in a mouse model of established tumor. These findings form the basis for a novel immunometabolomic approach to improve cell-intrinsic features of therapeutic T cells in the clinic.

Finally, we will describe how even the most effective T cells can be thwarted by mechanisms in place in the tumor microenvironment. Our recent and unpublished findings involve two elements from the periodic table – potassium and oxygen – that can be immunosuppressive under certain physiologic conditions. We have also described an internal T cell checkpoint mechanism called Cish. We furthermore seek to find ways of overcoming the powerful physiology that can enable tumors to grow and kill their hosts. These efforts can produce T cells that are capable of increased anti-tumor efficacy.
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Chiara Bonini, MD, Fondazione San Raffaele Del Monte Tabor, Milan, Italy

Engineering T-Cells Beyond Chimeric Antigen Receptor

Adoptive T cell therapy exploits the ability of T lymphocytes to recognize and destroy specific targets, on microbes or tumors, through their T cell receptors (TCR), leading to efficient killing and long-term protection against diseases. Unfortunately, tumor antigens are often overexpressed, unmodified self-antigens, subject to tolerance mechanisms; so tumor-specific T lymphocytes are rare cells. Conversely, neoantigens derive from oncogenic mutations can elicit productive T cell responses, but for tumors with a low mutational load, such as the majority of hematological malignancies, such tumor-specific T cells are rarely identified. These limitations can be overcome by genetic engineering of T lymphocyte specificity. Recently, unprecedented clinical results were obtained with chimeric antigen receptor (CAR) engineered T cells in patients affected by B-cell malignancies, raising high expectations among the scientific community, patient associations, biotech companies and general public.

While clearly proving the ability of redirected T cells to recognize and efficiently kill cancer cells, CAR therapy has also shown some limitations: the nature of CAR-mediated recognition imposes to restrict the array of targeted antigens to those expressed on the surface of cancer cells. As a consequence, antigens involved in the oncogenic process, that are often expressed as intracellular molecules, cannot be targeted by current CARs. Furthermore, when the natural counterpart of cancer cells cannot be spared, the identification of a proper CAR target on cancer cell surface might become a real challenge.

TCR genetic engineering represents a suitable alternative to CAR T cell therapy for several tumors. The core of this approach is the transfer in patients’ T cells of genes encoding for rare tumor-specific TCR. TCRs recognize antigen-derived peptides processed and presented on HLA molecules, thus allowing to largely increasing the array of potential targets. However, the simple transfer of tumor specific TCR genes into T cells is affected by other limitations: genetically modified T cells shall express four different TCR chains, that might mispair, leading to unpredictable toxicity and to an overall dilution of the tumor specific TCR on lymphocyte surface, thus limiting the efficacy of therapeutic cellular product.

To overcome these issues, we developed a TCR gene editing procedure, based on the knockout of the endogenous TCR genes by transient exposure to alfa and beta chain specific Zinc Finger Nucleases (ZFNs), followed by the introduction of tumor-specific TCR genes by lentiviral vectors (Provasi et al, Nature Medicine 2102). The TCR gene editing technology, proved safer and more effective than conventional TCR gene transfer in vitro and in animal studies. Early differentiated T cells, such as memory stem T cells and central memory T cells, cells endowed with long term persistence capacity, can be genetically engineered by TCR gene transfer and TCR gene editing, thus allowing to produce long-lasting living drugs, with the aim of eliminating cancer cells and patrol the organism for tumor recurrence

To enter the phase of clinical practice adoptive T cell therapy needs today to face several challenges: compliance to the dynamic and heterogeneous regulatory framework, susceptibility to automated processes, reproducibility, and sustainability shall be relevant variables in determining the fate of these innovative cellular products.
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Special Symposium on the Basic Science of Hemostasis and Thrombosis

This special symposium covers mechanisms linking thrombosis and organ failure medicated by two types of receptors, the purinergic and Toll-like receptors. Further, novel contrast agents and methods for imaging hemorrhage will be presented, including application of fluorescence and magnetic resonance-based modalities.

Dr. Gachet will provide a brief overview of the role of the platelet P2 receptors in thrombosis, followed by data on P2Y1 receptors in context of both acute and chronic vascular inflammation. Most recent studies will also be presented on the role of P2X1 receptors in LPS-induced endotoxemia and transfusion related acute lung injury (Title of talk: Purinergic Receptors at the Crossroad of Thrombosis and Vascular Inflammation)

Dr. Neal's talk will focus on innate immune mediated platelet dysfunction. Platelets are well recognized as critical first responders in hemostasis following injury, but the understanding of the role of the platelet as a sentinel innate immune cell is rapidly evolving. Dr. Neal and colleagues identified a critical role for the expression of the innate immune molecules, Toll-like receptor 4 (TLR4) and High Mobility Group Box 1 (HMGB1), on platelets following severe injury and have elucidated the signaling mechanism by which HMGB1 promotes platelet aggregation and thrombosis formation through TLR4 and downstream signaling partners. The presentation will investigate the link between innate immune induced platelet dysfunction, organ failure, and inflammation following severe injury with a focus on the design of personalized and targeted inhibitors of key, platelet-specific innate immune ligands in the setting of trauma. (Title of talk: Innate Immune Mediated Platelet Dysfunction: the Toll of Trauma)

Dr. Krishnaswamy will describe studies of factors V and Va that reveal new details of the structural correlates of (pro)cofactor function. Proteolysis of factor V to form factor Va is required for the assembly of the prothrombinase complex and rapid thrombin formation. The function of the cofactor within prothrombinase arises from its macromolecular interactions with membranes, factor Xa and also likely interactions with the substrate, prothrombin. High resolution x-ray structures combined with hydrogen-deuterium exchange and lower resolution x-scattering provide new insights into its ability to bind membranes and how activation likely imparts Xa binding function to factor Va that is absent in factor V. New and unexpected strategies follow from this work for how factors V and Va may be specifically targeted by ligands for the dual purpose of inhibiting thrombin formation to counteract thrombosis and enhancing its production to prevent bleeding.
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Purinergic Receptors at the Crossroad of Thrombosis and Vascular Inflammation

Under various physiological or pathological conditions, extracellular nucleotide levels may increase because of both active release and passive leakage from stressed or dying cells. Once in the extracellular compartment, nucleotides interact with plasma membrane receptors belonging to the P2 purinergic family, which consists of two classes: P2X ligand-gated cation channels and G protein–coupled P2Y receptors. To date, seven subtypes of mammalian P2X receptor (P2X1−7) and eight subtypes of P2Y receptor (P2Y1, 2, 4, 6, 11−14) have been identified. Virtually all circulating blood cells and most blood vessels express these receptors in different cell-specific combinations. These receptors play important roles in the cardiovascular cellular biology, including platelet and leukocyte activation, vasorelaxation or vasoconstriction − depending on the presence or the absence of the endothelium, respectively − and in the control of vascular tone by perivascular nerves. Blood platelets express the ATP-gated cation channel P2X1 and the two G protein–coupled ADP receptors, P2Y1 and P2Y12, which selectively contribute to platelet aggregation and thrombus formation. The P2Y12 receptor plays a central role in the growth and stabilization of a thrombus. It is therefore the target of potent antiplatelet drugs which, in combination with aspirin, are the cornerstone treatment of acute coronary syndromes. Studies in P2Y1 and P2X1 knockout mice and selective P2Y1 and P2X1 antagonists indicated that these receptors also could be potential targets for new antithrombotic compounds. Besides their role in thrombosis, platelets modulate inflammatory responses through (i) the release of mediators or compounds with trophic activity and (ii) the exposure and/or the subsequent release of P-selectin, CD40, and CD40 ligand. These molecules interact with immune cells and trigger their activation, resulting in the release of a wide range of inflammatory mediators and exposure of TF. Each of the P2 receptor subtypes expressed by platelets specifically contributes to chronic or acute vascular inflammation and related diseases, such as atherosclerosis, restenosis, endotoxemia, sepsis and asthma as has been shown using various animal models. Beyond platelets, the P2Y1, P2Y12 and P2X1 receptors are also expressed by immune and vascular cells, and are directly involved in the modulation of inflammation and in immune responses. Thus, the endothelial P2Y1 receptor has been shown to play an important part in atherosclerosis and in inflammatory events in arteries where it contributes to the TNFα-induced upregulation of adhesion molecules in a P38 MAPK-dependent manner, resulting in the recruitment of monocytes to the vascular wall. On the other hand, the P2X1 receptor expressed on blood neutrophils has been shown to facilitate their emigration from venules during endotoxemia in mice, thereby contributing to tissue damage, systemic inflammation and mortality. Finally, pharmacological studies indicated that the P2X1 receptor contributes to experimental TRALI (Transfusion-Related Acute Lung Injury), by acting on both the recruitment of neutrophils to lung tissues and their subsequent antibody-induced activation. Altogether, these observations point to the potential benefit of targeting the P2 receptors not only to prevent thrombosis but also to inhibit various inflammatory processes.
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Matthew D. Neal, MD, University of Pittsburgh, Pittsburgh, PA

Innate Immune-Mediated Platelet Dysfunction: The Toll of Trauma

 Traumatic injury remains a leading cause of death and disability worldwide. Trauma is characterized by a massive inflammatory response driven by innate immune activation, specifically through toll-like receptors (TLRs), on various cell types leading to multiple organ dysfunction and high rates of nosocomial infection. Additionally, significant coagulopathy in the severely injured patient is a major cause of morbidity and mortality and is linked to the inflammatory response. As many as 25% of severely injured patients present with coagulation disturbance including microvascular thrombosis, and trauma patients are at high risk for venous thromboembolic events. Extensive research into the resuscitation strategies to treat the acute coagulopathy of trauma (ACoT) has led to a modest reduction in mortality, however comparatively little effort has been dedicated to understanding the pathogenesis of this coagulopathy. The understanding of these mechanisms is key to the prevention of ACoT and subsequent organ injury. As part of this search for a mechanism of ACoT, the role of platelet dysfunction in trauma has recently been addressed. Platelets have been extensively studied as hemostatic regulators, however, a rapidly evolving concept is that platelets are also sentinel innate immune responders. We have shown that the critical innate immune receptor, toll-like receptor 4 (TLR4), regulates platelet response to sterile injury. Excessive TLR4 activation leads to impaired coagulation and platelet deposition in the lung and liver, contributing to organ failure. We have discovered that platelets release the endogenous danger signal, high mobility group box 1 (HMGB1), which regulates autocrine and paracrine signaling on platelets through initiation of a novel complex downstream of TLR4 involving MyD88 and guanylate cyclase, regulates cGMP production, and drives dynamic changes in platelet adhesion and spreading as measured by scanning ion conductance microscopy. We generated a transgenic mouse lacking HMGB1 specifically on platelets (HMGB1PF4) and were able to demonstrate that HMGB1 release from platelets promotes microvascular injury in trauma and directly drives coagulopathy and organ injury. The pro-inflammatory effects of platelet HMGB1 may be enhanced by direct recruitment of neutrophils and subsequent production of neutrophil extracellular traps, and HMGB1 appears to be released from platelets on pro-thrombotic microparticles through a process involving additional innate immune targets, although this remains an active area of investigation. Platelet HMGB1 may be a critical regulator in multiple thrombotic states, including acute coronary syndrome, deep vein thrombosis, and sepsis. These data suggest that platelets may act as a link between coagulation abnormalities and inflammation following trauma and make attenuation of platelet function through inhibition of TLR4 or HMGB1 potentially exciting therapeutic targets. We are actively seeking targeted therapies to regulate HMGB1 on platelets through the delivery of novel TLR4 and HMGB1 small molecule inhibitors using nanoparticles targeted to activated platelets.
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Sriram Krishnaswamy, PhD, Children’s Hospital of Philadelphia, Philadelphia, PA 
Insights Into the Structural Basis for Coagulation Cofactor Function 

Special Scientific Symposia

Cell of Origin and Leukemic Transformation 

This session will highlight recent developments in our understanding of the cells of origin of leukemia and how leukemogenic mutations accumulate in hematopoietic stem cells and downstream progenitors. These new insights will be discussed in the context of leukemia initiation vs. progression. The order of accumulation of various mutations in specific cell types is likely to affect the clonal composition of leukemia and response to therapy. These concepts have important ramifications for our approach to leukemia treatment and disease monitoring.

Dr. Shlush will discuss studies that assess the mutations found in hematopoietic stem and progenitor cells prior to the development of leukemia and the accumulation of mutations associated with leukemia progression.

Dr. Tenen will discuss which cell types are necessary for leukemia development in model systems and how this is influenced by hematopoietic differentiation.

Dr. Bonnet will describe recent studies that assess leukemogenic potential of various cellular populations in xenotransplant models and how these results are influenced by specific mutations.

Chair:Scott A Armstrong, MD, PhD, Dana Farber Cancer Institute, Boston, MA
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[PaperTitle]Pre-Leukemic Versus Leukemic Cell of Origin

[AbstractText]The evolutionary history of most types of leukemia (chronic and acute) start years before clinical presentation, during a prolonged, pre-leukemic stage of the disease. Evidence suggests that in AML, MDS, CLL, T cell lymphomas, and maybe other types of leukemia as well, the initiating events occur in preleukemic hematopoietic stem cells (preL-HSCs), cells which are still capable of multi-lineage differentiation, and moreover possess increased fitness compared to wild-type HSC. As a result, preL-HSCs gradually become the major clone contributing to the mature hematopoietic pool, a phenomenon termed clonal hematopoiesis. During the pre-leukemic phase, preL-HSCs acquire many mutations while maintaining clonal hematopoiesis for many years, in spite of the substantial amount of genetic insult. Overt leukemia will finally develop only in a small fraction of the pre-leukemic population. However, recent findings suggest that progression to fully-developed leukemia can also originate in mutated, more committed progenitors. For example in AML, the second major mutation, in the NPM1 gene occurs in a granulocyte macrophage progenitor; in MDS, preleukemic mutations in SF3B1 occurs in preL-HSCs while a subsequent hit in SUV420H1occurs in a multilymphoid progenitor. In leukemia of the myeloid lineage the mechanisms that underlie the sequential acquisition of mutations in specific cell type are not fully understood, and yet studies in lymphoid malignancies suggest that a certain pattern of mutations observed in specific cells, are characteristic of the enzymatic activity responsible for generating B cell diversity. Understanding the causes of leukemic and pre-leukemic mutations and the reason they are found in specific cells, is an important step for delineating the evolution of myeloid leukemia.
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Myeloid Progenitor Commitment and Leukemic Transformation

Leukemia initiating cells (LICs) are thought to be responsible for leukemia initiation, maintenance and recurrence. Elimination of the LIC compartment is an essential and potentially sufficient therapy for leukemia. Recent evidence in solid tumors reinforce the functional role for cancer initiating cells in endogenous tumor development. In leukemia, LICs can arise from self-renewing hematopoietic stem cells (HSCs) and also from committed progenitors. However, it remains unclear how leukemia-associated oncogenes instruct LIC formation from these different cells. Using an acute myelogenous leukemia (AML) mouse model induced by the fusion oncoprotein MLL-AF9, we examined the formation of LICs derived from either hematopoietic stem cells (HSC) or more differentiated common myeloid progenitors. We demonstrated that regardless of the initiating cell type, myelomonocytic differentiation through the granulocyte macrophage progenitor (GMP) stage is critical for LIC generation, and the formation of LIC undergoes processes that recapitulate the hierarchies of normal hematopoiesis. Blocking myeloid differentiation through disrupting a lineage-restricted transcription factor eliminates both normal granulocyte formation and AML development, and restoring myeloid differentiation "rescues" AML formation. Our findings define the process of cancer cell differentiation and identify myelomonocytic specification through the GMP stage as a critical step in LIC formation. Narrowing down the specific stage through which malignant transformation occurs provides entry points for therapeutic intervention.
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Insights from Xenotransplant Studies

Over the past several years, my group has employed the xenotransplantation model to study acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) and more specifically the leukemic initiating cell (LIC) compartment. We and others have demonstrated the phenotypic and molecular heterogeneity of LICs both between patients and within the same patients overtime (1-2). Combining next generation sequencing with functional xenotransplantation model, we show that we could use xenotransplantation studies to learn more about the subclonal variegation of the LIC pool overtime and inform us about the potential clonal dominance responsible for the relapse or for MDS, for their transformation into AML. Examples of this type of analysis will be presented. Nevertheless, it is also clear that not all primary AML and even less MDS patients could be studied using conventional NSG mice. Indeed, our lab and others have shown that not all AML samples are able to engraft and the engraftment ability of these samples is related to their clinical outcome [3-5]. Over the past few years, this has prompted the development of new mouse strains encoding human cytokines and has opened the door to a novel approach. By merging knowledge from biomaterials, tissue engineering and cell-implantation fields, investigators have generated new models to mimic the native human hematopoietic microenvironment within subcutaneous 3-dimensional (3D) structures [6]. In this context, our group focused on the development of an implantable tool where different niche components could be tested, both in vitro and in vivo, in order to study both normal and malignant primary human hematopoietic cells. We will summarize our recent work with this new model and present evidence of the leukemic engraftment of the “non-engrafter” samples in this scaffold model. Furthermore, using targeted re-sequencing of known myeloid-related gene mutations, we demonstrated that in the implanted scaffolds, leukemic burden could be largely maintained compared to the pre-implanted patient samples, indicating that the scaffold model retained the original subclonal architecture. This new model, not only will provide a new tool to study difficult to engraft samples in conventional NSG mice but also help us to decipher the role of different human stromal cell types (normal or malignant), as well as the importance of particular signalling pathways within the hematopoietic niche, to dissect the cross-talk between leukemic cells and their stroma.
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Genomic Instability in Lymphoid Development: Causes and Consequences

The session will describe new insights into the role of genomic instability in normal lymphoid development and in neoplasia. Recent investigations in mouse models and in clinical specimens shed new light on the regulation of recombination mediated by the RAG proteins, double strand breaks, the DNA damage response and cell-cycle check points.

Dr. Desiderio will discuss genomic instability in developing lymphocytes.

Dr. Sleckman will discuss the coordination of recombination and DNA repair in developing lymphocytes.

Dr. Müschen will discuss the clonal evolution of acute lymphoblastic malignancies.

Chair: Richard Ambinder, MD, PhD, The Johns Hopkins University School of Medicine, Baltimore, MD
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Suppression of Genomic Instability in Developing Lymphocytes

V(D)J recombination assembles antigen receptor genes from discrete gene segments during lymphocyte development. The accurate mobilization and rejoining of DNA sequences by V(D)J recombination is a source of immunologic diversity, while aberrant V(D)J recombination is implicated in the pathogenesis of lymphoid malignancies. To advance a better understanding of the molecular events linking V(D)J recombination to tumorigenesis we have defined mechanisms that protect the lymphocyte genome from the destabilizing effects of V(D)J recombination. V(D)J recombination is initiated by RAG, a heterotetramer comprised of RAG-1 and RAG-2, which cleaves DNA at recombination signal sequences that flank gene segments. Recombination is completed by non-homologous end joining (NHEJ), a form of double-strand DNA break repair. The DNA cleavage activity of RAG is confined to G1 by the periodic phosphorylation and destruction of RAG-2 at the G1-to-S transition. In mice bearing a mutation at this phosphorylation site (RAG-2 T490A), DNA cleavage is uncoupled from cell cycle and aberrant recombination is observed. Aberrant recombination junctions exhibit signs of replicative repair, including templated insertions, as observed at some translocation breakpoints in follicular and mantle cell lymphoma. In the absence of p53 the RAG-2 T490A mutation is associated with lymphomagenesis and with clonal translocations involving antigen receptor genes. Thus the restriction of RAG activity to G1 limits oncogenic genomic damage, perhaps by sequestering DNA breaks from homologous recombination, which is absent in G1, and enforcing repair by NHEJ. A second mode of regulation affects the genomic targeting of RAG, with possible implications for off-target, oncogenic events. V(D)J recombination acts in a locus-specific fashion during lymphoid development. The susceptibility of gene segments to cleavage by RAG is associated with histone modifications characteristic of active chromatin, including trimethylation of histone H3 at lysine 4 (H3K4me3). RAG-2 contains a plant homeodomain (PHD) finger that binds specifically to H3K4me3. Disruption of this PHD finger impairs V(D)J recombination in vivo. Peptides bearing H3K4me3 stimulate substrate binding and catalysis of DNA cleavage by RAG. This stimulation is dependent on an intact PHD finger, suggesting that H3K4me3 is an allosteric activator of the V(D)J recombinase. Consistent with this interpretation, we identified an autoinhibitory domain within RAG-2 whose disruption rescues the activity of RAG-2 lacking an intact PHD finger. Mutation of the autoinhibitory domain was associated with constitutive increases in recombination frequency, substrate affinity and catalytic rate. We have proceeded to obtain direct physical evidence for allosteric activation of RAG by H3K4me3. Substrate binding and catalysis are functions of RAG-1 but are stimulated by binding of H3K4me3 to RAG-2. Thus information regarding occupancy of the RAG-2 PHD must be transmitted to RAG-1. To detect H3K4me3-dependent conformational changes in RAG, we probed solvent accessibility of cysteine thiols by differential isotopic chemical footprinting. Binding of H3K4me3 to the RAG-2 PHD induces increases solvent accessibility of the RAG-2 autoinhibitory domain as well as conformational changes in RAG-1 within the DNA-binding domains and near the catalytic center. Thus engagement of H3K4me3 by the RAG-2 PHD is associated with dynamic conformational changes in RAG-1 and RAG-2, consistent with the interpretation that active chromatin directs the action of the V(D)J recombinase through allosteric control.
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Barry Sleckman, MD, PhD, Weill Cornell Medical College, New York, NY

The Role of DNA Damage Responses in Regulating of Immune System Development and Function

DNA double strand breaks (DSBs) are dangerous lesions that can lead to cellular transformation if resolved aberrantly as chromosomal translocations or deletions. DSBs are generated by genotoxic agents and as intermediates during important physiologic processes such as antigen receptor gene assembly in developing lymphocytes and the modification of antigen receptor genes in mature B lymphocytes. We have shown previously that through the activation of DNA damage responses (DDR), these DSBs can regulate cellular activities that are important for normal lymphocyte development and for the function of mature lymphocytes. We have also shown that DSBs generated by genotoxic agents produced by innate immune cells also activate a DDR that regulates important innate immune responses. Recent developments in these areas will be discussed.
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Clonal Evolution of Acute Lymphoblastic Leukemia

B cells are unique in their ability to generate antibodies against infectious pathogens and refine their specificity in multiple rounds of mutation and clonal selection. Through genetic mutation and recombination events, activated B cells can continuously adapt to antigen. Thereby, B cells undergo a Darwinian selection process, which favors clones that have evolved antibodies with the highest affinity to antigen derived from infectious pathogens. While this process is essential for adaptive immune responses, the same mechanisms of genetic diversification and Darwinian selection can also drive clonal evolution in cancer. The propensity of B cell affinity maturation to potentially deleterious genetic lesions led to the concept that repetitive or chronic infections will drive mutation and recombination events of immunoglobulin (Ig) genes in B cells to diversify the antibody repertoire but also increase the risk of malignant transformation. RAG genes mediate V(D)J recombination and AID drives somatic hypermutation and class-switch recombination of Ig genes. However, both RAG and AID can accidentally act outside of Ig loci and potentially target oncogenes and tumor suppressors. The activity of RAG and AID are typically segregated to early and late stages of B cell development, respectively. However, the two enzymes can be concurrently expressed under conditions of abnormal B cell activation by bacterial lipopolysaccharides (LPS) and potentiate the risk of acquiring genetic lesions when acting together. Initial genetic lesions spawning pre-leukemic clones in ALL usually arise in utero (e.g. ETV6-RUNX1). However, as evidenced from studies with unselected new born cord bloods and monozygotic twins with ALL, additional genetic changes, including recurrent copy number changes, are required for development of clinical ALL and these are post-natal in origin. Epidemiological evidence supports a ‘delayed infection’ hypothesis predicting that common infections promote those latter secondary genetic events, but only the context of prior deficits in infectious exposure of infants. Recent genetic studies in a mouse model provides additional support for this model and implicates cooperative activity of RAG and AID enzymes. Mouse B cell precursors carrying the ETV6-RUNX1 fusion alone failed to initiate leukemia in transplant recipient mice. However, when ETV6-RUNX1 B cells underwent repetitive hyperactivation with bacterial LPS, they acquired secondary lesions that enabled development of fatal leukemia in transplant recipients. Acquisition of these lesions was dependent on both RAG and AID. A comprehensive analysis of genetic lesions in patient-derived ETV6-RUNX1 ALL samples revealed a large number of deletions and gene rearrangements which targeted known RAG-specific recombination signal sequences (RSS) motifs and showed junctional insertions at break points that are characteristic of RAG-mediated recombination events. While previous work focused on RAG and AID as mechanistic drivers of secondary lesions, a new elegant study by the groups of Borkhardt and Sanchez-Garcia, directly demonstrates, in a model system, that common infections can be drivers of clonal evolution of pre-leukemic B cell clones. The identity of infectious pathogens responsible for the acquisition of postnatal genetic lesions leading towards childhood ALL, however, are still elusive. Together with previous work elucidating the role of Helicobacter pylori, HCV and Plasmodium falciparum as infectious drivers in B cell lymphoma, the new findings support a broader scenario in which chronic B cell activation increases propensity to malignant transformation. AID and RAG, mutagenic enzymes, that beneficially promote a diverse antibody repertoire, accidentally orchestrate this process.
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Scientific Spotlights 

Novel Approaches to Improve Cell Therapies for Hematologic Malignancies

After decades of scientific investigation with limited clinical success, cancer immunotherapy has recently proven to be a powerful treatment option.  Spearheaded by CD19 CAR therapy and the design of dual-signaling chimeric antigen receptors (CARs), the adoptive transfer of CD19-targeted T cells has resulted in remarkably high remission induction rates in B cell malignancies in early phase clinical trials, especially in acute lymphoblastic leukemia.  However, not all patients respond, and relapse due to loss of CD19 expression is increasingly recognized as a possible cause of treatment failure.  Furthermore, it remains to be seen whether success with cell-based immunotherapy will be limited to CD19 targeting of B cell malignancies. Thus, the ability to achieve durable responses in more patients and to extend T cell-based immunotherapy to other malignancies will require novel approaches to further advance this promising treatment modality.  

Chimeric Antigen Receptor Therapy Beyond the CD19 Paradigm

Michel Sadelain, MD, PhD, Memorial Sloan Kettering Cancer Center, New York, NY 

Dr. Sadelain will discuss novel T cell engineering approaches to augment the potency and safety of CAR T cells. These rely on optimized integration of costimulatory signals to augment T cell persistence and functionality, and the use of CRISPR/Cas9 to engineer T cells with enhanced features intended to overcome immune inhibition, offset T cell exhaustion and better control tumor targeting.

Beyond CD19: Alternative Targets for Cellular Therapy in Hematologic Malignancies

Terry Fry, MD, National Cancer Institute, National Institutes of Health, Bethesda, MD
Dr. Fry will discuss preliminary data from a clinical trial of CD22 targeted CAR T cells including observations from this trial related to response, relapse and target antigen expression.  He will then discuss approaches to combinatorial targeting of multiple antigens with the goal of reducing relapse associated with antigen loss that may increase the likelihood of durable remissions in B cell malignancies.  Finally, Dr. Fry will discuss novel mechanisms of leukemic resistance and other therapeutically promising leukemia targets.
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Novel Technologies to Query Single Cells in Hematopoiesis

The hematopoietic system comprises a complex hierarchy of cell lineages starting from hematopoietic stem cells to common myeloid and lymphoid progenitors and to all major blood cell types. Recent breakthroughs in single-cell omics technologies further revealed a high degree of cellular heterogeneity in each population, identified new subpopulations, and allowed to define their biological functions in normal hematopoiesis or hematologic malignancies. Single-cell genomic, transcriptomic, mass cytometric, and protein secretomic analyses allow us to query single cells in a high-throughput manner and at all the levels of the central dogma, providing unprecedented resolution toward improved understanding of hematopoiesis in human health and disease.  

Single Cell Approaches to Assess Transcriptional Output

Rahul Satija, PhD, New York Genome Center, New York, NY 

Dr. Satija will present recent developments in single-cell sequencing, and their application to hematopoiesis. Recent developments in single cell transcriptomics, for example, allow for the sequencing of tens of thousands of cells from complex tissues, and enable the unbiased identification of cellular subpopulations as well as the reconstruction of developmental hierarchies. Dr. Satija will discuss the application of Drop-seq to reconstruct lineages in human hematopoiesis, and highlight the potential for single cell sequencing to uncover key regulators of cell fate decisions in both health and disease.

Single Cell Analysis of Cytokine Production

Rong, Fan, PhD, Yale University, New Haven, CT 

Dr. Fan will discuss novel single-cell technologies for functional proteomic profiling including single-cell, 42-plex cytokine secretion measurement for interrogating hematopoietic cells from patients with myeloproliferative disease identified a polyfunctional pathogenic subpopulation. Single-cell data resolved that both “normal” and “malignant” hematopoietic cells show abnormal cytokine functions, contributing to pathogenesis and therapeutic response. The results underscore the importance of measuring functional proteomic heterogeneity even in phenotypically identical cell populations and provide a new tool potentially for more accurate diagnosis or monitoring of hematologic malignancies.
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Precision Medicine Trials as a Novel Approach to Drug Development

Chair: Louis Staudt, MD, PhD, National Cancer Institute, National Institutes of Health, Bethesda, MD 

This session will discuss the current state of precision medicine clinical trials that incorporate genomic profiling to understand the molecular basis of therapeutic response. Two general trial designs will be discussed. “Umbrella” trials include all patients with a particular histological subtype of cancer and assign subsets of patients to treatment arms based on molecular analysis of their cancers. “Basket” trials enroll patients with diverse cancer diagnoses and assign them to treatment arms solely on the basis of molecular abnormalities in their tumors.

Acute Myeloid Leukemia 

Brian Duker, MD, Oregon Health & Science University, Portland, OR

Dr. Druker will discuss progress in precision medicine approaches to treat acute myeloid leukemia. He will describe an umbrella trial design to identify rational therapies for AML based on recurrent molecular abnormalities in these leukemias.

MATCH Trial 

Keith Flaherty, MD, Massachusetts General Hospital, Boston, MA 

Dr. Keith Flaherty will discuss the NCI-MATCH basket trial that is enrolling patients with a wide range of cancer types and assigning them to treatment arms based on deep amplicon resequencing of known cancer genes.
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Genetics of Congenital Bleeding Disorders
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Benjamin L Ebert, MD, PhD, Brigham and Women's Hospital, Boston, MA
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Jude Fitzgibbon, PhD, Queen Mary University of London, London, United Kingdom

Genetics of Follicular Lymphoma
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Ann Mullally, MD, Brigham and Women's Hospital, Boston, MA

Role of Mutations in Chaperone Proteins in Myeloid Transformation
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Novel Agents for Treating Cold Agglutinin Disease
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Disclosures: Agios: Other: advisory board , Research Funding ; Celgene: Research Funding ; Abbvie: Research Funding ; Novartis: Other: advisory board , Research Funding ; Daiichi Sankyo:Other: advisory board , Research Funding

Harvey Lodish, PhD, Whitehead Institute for Biomedical Research, Cambridge, MA

Long Non-Coding RNAs in Normal and Malignant Hematopoiesis
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