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Preface

Hematopoietic cell transplantation (HCT) has become a well-established life-
saving treatment procedure for many patients with hematological malignan-
cies, inborn errors, or bone marrow failure syndromes. Starting more than 60
years ago as an “ultima ratio” option, HCT is now integrated as an essential
part in many treatment concepts and protocols. The rapid evolution in this
exciting field of medicine with innovative treatment concepts and the increas-
ing number of long-term survivors require a continuous education of physi-
cians, nurses, and healthcare providers who are involved in HCT and cellular
therapies.

This thoroughly revised second edition of the EBMT Handbook with its
new format is a major part of a broader educational strategy of the EBMT. This
Handbook addresses the most recent developments and innovations in HCT
and cellular therapy, presented by more than 200 authors, known as experts
and well-recognized authorities in the field. In 94 chapters, all types of hema-
topoietic cell and bone marrow transplantation including haplo-identical and
cord blood transplantation, indication for transplantation and management of
complications as well as the new rapidly evolving field of cellular therapies
are covered. Other important issues such as quality management and JACIE
accreditation, stem cell collection, conditioning, donor selection, HLA typ-
ing, graft manipulation, ethical issues, psychological support, and quality of
life are also thoroughly addressed.

The aim of this Handbook is, as the name implies, not an in-depth knowl-
edge base like a textbook but rather a hands-on and concise source of infor-
mation at bedside to present the state of the art and improve our practice
skills. Major key points are summarized at the end of each chapter for a quick
reference.

The EBMT Board wants to express their great gratitude to the strong effort
of the Working Party chairs and all authors in planning and writing the chap-
ters and the tremendous work of the project leader Isabel Sanchez-Ortega and
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Preface

the secretarial work of the EBMT executive office in Barcelona but also to
Karthik Periyasamy from Springer for the continuous support.

On behalf of the EBMT board, we hope this EBMT Handbook will be of
help in your daily practice.

Barcelona, Spain Anna Sureda
Regensburg, Germany Selim Corbacioglu
Milan, Italy Raffaella Greco
Catalunya, Barcelona, Spain Enric Carreras

Hamburg, Germany Nicolaus Kroger



Contents

Part1 Introduction
Topic Leaders: Anna Sureda and Jane Apperley

1

HCT: Historical Perspective. . .. ..........................
Noa Granot and Rainer Storb

The EBMT: History, Present, and Future ..................
Anna Sureda, Nicolaus Kroger, Jane Apperley,
and Alois Gratwohl

Registries: A Bridge Between Donor and Recipient ..........
Irina Evseeva, Lydia Foeken, and Juliana Villa

The HCT Unit .. ........... . .. . . i
Walid Rasheed, Dietger W. Niederwieser,
and Mahmoud Aljurf

JACIE Accreditation of HCT Programs. ... ................
Riccardo Saccardi, Tuula Rintala, Eoin McGrath,
and John A. Snowden

Statistical Methods in HCT and Cellular Therapies..........
Simona Iacobelli and Liesbeth C. de Wreede

Part II Biological Aspects
Topic Leaders: Chiara Bonini, Raffaella Greco and Jiirgen Kuball

7

Biological Properties of Hematopoietic Stem Cells:
Scientific Basis for Hematopoietic Cell Transplantation. . . . . ..
Alessandro Aiuti, Serena Scala, and Christian Chabannon

Biological Properties of Cells Other Than HSCs. ... .........
Attilio Bondanza, Ulrike Koehl, Andrea Hoffmann,
and Antoine Toubert

Histocompatibility. . . ....... ... .. .. .. .. ... ... ...
Eric Spierings, Alejandro Madrigal,
and Katharina Fleischhauer

Vii



viii

Contents

10 Clinical and Biological Concepts for Mastering Immune
Reconstitution After Hematopoietic Cell Transplantation:
Toward Practical Guidelines and Greater Harmonization. . . . . 85
Jurgen Kuball, Raffaella Greco, Stefan Nierkens,
and Jaap Jan Boelens

Part II Methodology and Clinical Aspects
Topic Leaders: Nicolaus Kroger, Arnon Nagler, Enric Carreras and
Selim Corbacioglu

11 Evaluation and Counseling of Candidates . ................. 99
Pere Barba and Alessandro Rambaldi

12 Donor Selection for Adults and Pediatrics . ... .............. 111
Francis Ayuk, Adriana Balduzzi, and Nina Worel

13 Conditioning . ........ .. ... ... . ... .. .. 125
Avichai Shimoni, Vera Radici, and Arnon Nagler

14 Selection of Stem Cell Source. . ........................... 135
Claire Horgan and David Valcarcel

15 Bone Marrow Harvesting for HCT . .. ..................... 143

Norbert Claude Gorin, Enric Carreras, Jests Ferndndez-Sojo,
and Juliana Villa

16 Mobilization and Collectionof HSC .. . .................... 151
Nina Worel, Yavuz M. Bilgin, and Patrick Wuchter
17 Mobilization and Collection of HSCs in Children............ 159

Volker Witt, Herbert Pichler, and Norbert Ahrens

18 Procurement and Management of Cord Blood

Unit for Allogeneic Transplantation ....................... 165
Sergio Querol, Vanderson Rocha, and Annalisa Ruggeri
19 Graft Manipulation. . . .......... ... .. .. ... . L 171

Peter Lang, Michael Schumm, Antonio Pierini,
and Rupert Handgretinger

20 Processing, Cryopreserving, and Controlling
the Quality of HSC . . ....... ... ... ... ... .. .. .. ... ... 179
Patrick Wuchter

21 Documentation of Engraftment and Chimerism

After HCT . .. ... e 183
Peter Bader, Hermann Kreyenberg, and Andrea Bacigalupo
22 Short- and Long-Term Controls After HCT ................ 189

Maria Suarez-Lled6 and Montserrat Rovira



Contents ix

Part IV General Management of the Patient

Topic Leaders: Selim Corbacioglu, Jan Styczynski and John Murray

23 Vascular ACCeSS . . . ...t 197
Simone Cesaro and Giulia Caddeo

24 Transfusion Support. . ....... .. ... ... ... ... . 203
Hubert Schrezenmeier, Sixten Korper, Britta Hochsmann,
and Christof Weinstock

25 Nutritional Support . ........ ... ... .. ... 211
Annic Baumgartner and Philipp Schuetz

26 GVHD Prophylaxis..................... ... ..., 219
Jaap Jan Boelens, Francesca Bonifazi, Lars Klingen Gjerde,
David Michonneau, Annalisa Ruggeri, Laura Saavedra,
and Gérard Socié

27 Infection Control and Isolation Procedures................. 229

Malgorzata Mikulska

28 General Management of the Patient: Specific Aspects
of Infectious Disease Supportive Care in Children ........... 237
Elio Castagnola and Andreas H. Groll

29 Vaccinations. ................. .. ... 249
Rafael de la Cdmara and Roland Meisel

30 Psychological Morbidityand Care ........................ 265
Alice Polomeni and Angela Scherwath

31 Clinically Relevant Drug Interactions in HCT. . ........... .. 273
Tiene Bauters and Adrin Dadkhah

32 TheRolesofthe HCT Nurse ............. ... .. .. ....... 281
Michelle Kenyon and John Murray

33 EthicalIssuesin HCT........ .. ... ... ... .. .. ......... 289

Khaled El-Ghariani and Jean-Hugues Dalle

34 Quality of Life Assessment After HCT for Pediatric
andAdults . ....... ... .. 295
Anna Barata and Heather Jim

Part V. HCT Complications and Management
Topic Leaders: Enric Carreras, Jan Styczynski and Per Ljungman

35 NeutropenicFever............. .. ... .. ... ... . . ... 303
Malgorzata Mikulska
36 Bacterial Infections............ ... .. ... .. .. . 311

Dina Averbuch



Contents

37 Invasive Fungal Diseases ................................
Johan A. Maertens

38 Virallnfections ............ ... ... ... . . ... . ...
Per Ljungman, Jose Luis Pifiana, Simone Cesaro,
and Rafael de la Camara

39 Other Life-Threatening Infections ........................
Rodrigo Martino

40 Bleeding and Thrombotic Complications. ..................
Rahul Shah, Bipin N. Savani, and Shruti Chaturvedi

41 GraftFailure . ... ...... ... ... ... . ... ...
David Valcarcel, Isabel Sanchez-Ortega, and Anna Sureda

42 Early Complications of Endothelial Origin .. ........... .. ..
Enric Carreras, M. Diaz-Ricart, S. Jodele, O. Penack,
and S. Vasu

43 Acute Graft-Versus-Host Disease .. .......................
Ernst Holler, Hildegard Greinix, and Robert Zeiser

44 Chronic Graft-Versus-Host Disease .......................
Daniel Wolff, Zinaida Peric, and Anita Lawitschka

45 Posttransplant Lymphoproliferative Syndromes. . ...........
Jan Styczynski and Sebastian Giebel

46 IronOverload ............. ... . ... ... ... ... ....
Emanuele Angelucci and Anna Maria Raiola

47 Secondary Neoplasia (Other Than PTLPS) .................
André Tichelli and Alicia Rové

Part VI Specific Organ Complications
Topic Leaders: Raffaella Greco and Enric Carreras

48 Ocular and Oral Complications ..........................
Philipp Steven, Jacqueline W. Mays, and Shahrukh K. Hashmi

49 Hepatic Complications . .. ........ ... ... ... .. .. ... ...,
Enric Carreras, Tapani Ruutu, Mohamad Mohty, Selim
Corbacioglu, and Rafael de la Cdmara

50 Gastrointestinal Complications...........................
Grzegorz W. Basak

51 Haemorrhagic Cystitis and Renal Dysfunction .. ............
Simone Cesaro

52 Noninfectious Pulmonary Complications...................
Anne Bergeron and Kenneth R. Cooke



Contents

Xi

53 Neurological Complications. . ............................ 481
Rémy Duléry, Martin Schmidt-Hieber, and Basil Sharrack

54 Skin, Hair, and Musculoskeletal Complications ............. 489
Francis Ayuk and Bipin N. Savani

55 Cardiovascular Diseases and Metabolic Syndrome. .. ...... .. 495
Elisa Roldan Galvan, John A. Snowden,
and Diana M. Greenfield

56 Endocrine Disorders, Fertility, and Sexual Health ........... 501
Nina Salooja, Alicia Rovo, and Jean-Hugues Dalle

Part VII Prevention and Management of Relapse
Topic Leaders: Nicolaus Kroger and Peter Bader

57 Monitoring Measurable Residual Disease in ALL
and AML . .. ... 513
Peter Bader, Hermann Kreyenberg, and Gert Ossenkoppele

58 Prevention and Treatment of Relapse by Drugs. . ............ 523
Nicolaus Kroger and Nico Gagelmann

59 Delayed Transfer of Immune Cells or the Art of Donor
Lymphocyte Infusion (DLI) 2.0........................... 531
J. H. Frederik Falkenburg, Christoph Schmid,
Hans Joachim Kolb, and Jiirgen Kuball

60 Cellular Therapy with Engineered T Cells, Efficacy,
and Side Effects: Gene Editing/Gene Therapy............... 541
Chiara Bonini, Marina Cavazzana, Fabio Ciceri, Boris Fehse,
and Michael Hudecek

61 Mechanisms of Immune Resistance ....................... 551
Luca Vago and Francesco Dazzi

62 Regulatory Aspects of ATMP Versus Minimally
Manipulated Immune Cells . . . ........................... 555
Christian Chabannon and Harry Dolstra

Part VIII  Specific Modalities of HCT and Management
Topic Leaders: Anna Sureda, Nicolaus Kroger and Andrew Gennery

63 At-Home HCT...... ... ... . ... . .. . .. . . . . .. 565
Francesc Fernandez-Avilés

64 Role of Umbilical Cord Blood Transplantation . ............. 571
Jaime Sanz and Vanderson Rocha

65 Haploidentical HCT . ........ ... ... ... .. .. .. ... ..... 577

Andrea Bacigalupo, Arjan Lankester, Fabio Ciceri,
and Alice Bertaina



xii

Contents

66 Photopheresis in Adults and Pediatrics. . ................... 587
Hildegard Greinix

67 Overweight and Obese Patients. . . ........................ 595
Claudia Langebrake

68 HCT in Elderly Patients. . ............................... 601

Rafael F. Duarte and Isabel Sanchez-Ortega

69 Feasibility and Experiences of HCT in
Resource-Constrained Settings .. ......................... 607
Alok Srivastava, Fernando Barroso Duarte,
and Lawrence Faulkner

Part IX Indications and Results
Topic Leaders: Selim Corbacioglu, Nicolaus Kroger, Anna Sureda,
Raffaella Greco and Arnon Nagler

70 AML inAdults. ............ ... . .. . 617
Jurjen Versluis, Jan J. Cornelissen, Charles Craddock,
Miguel A. Sanz, and Arnon Nagler

71 Acute Myeloid Leukaemia in Children. .................... 633
Brenda E. S. Gibson, Martin G. Sauer,
Subramaniam Ramanathan, and Persis J. Amrolia

72 Acute Lymphoblastic Leukemiain Adults . . ................ 649
Matthias Stelljes, David I. Marks, and Sebastian Giebel

73 Acute Lymphoblastic Leukaemia in Children

and Adolescents. .. ............ . ... 659
Christina Peters, Franco Locatelli, and Peter Bader
74 Myelodysplastic Neoplasms/Syndromes (MDS). ............. 669

Marie Robin and Carmelo Gurnari

75 Allogeneic Hematopoietic Cell Transplantation in Pediatric
MDS Including Refractory Cytopenia of Childhood and in
Juvenile Myelomonocytic Leukemia....................... 679
Charlotte M. Niemeyer and Brigitte Strahm

76 Myelodysplastic/Myeloproliferative Neoplasms. . ............ 685
Francesco Onida and Yves Chalandon

77 Myeloproliferative Neoplasms . .. ......................... 695
Nicolaus Kroger, Donal P. McLornan, and Yves Chalandon

78 Acquired Bone Marrow Failure: Severe Aplastic Anemia
and Paroxysmal Nocturnal Hemoglobinuria . ............... 707
Régis Peffault de Latour, Antonio Risitano,
Austin Kulasekararaj, and Carlo Dufour



Contents

xiii

79

80

81

82

83

84

85

86

87

88

89

90

91

92

Fanconi Anemia and Other Hereditary Bone Marrow

Failure Syndromes . ............... .. ... .. ... ... .......
Cristina Diaz-de-Heredia, Marc Bierings, Jean-Hugues Dalle,
Francesca Fioredda, and Brigitte Strahm

Hemoglobinopathies (Sickle Cell Disease

and Thalassemia). . ......... ... ... ... ... ... ............
Barbara Cappelli, Eliane Gluckman, Selim Corbacioglu,

Josu de la Fuente, and Miguel R. Abboud

Multiple Myeloma. . ............... .. ... ... ............
Mohamad Mohty, Benedetto Bruno, Nico Gagelmann,
and Maria-Victoria Mateos

Systemic Light Chain Amyloidosis . .......................
Monique Minnema and Stefan Schonland

Poems Syndrome and Disease Produced by Other
Monoclonal IGs. . . ......... .. ... ... ... .. .
Gordon Cook and Montserrat Rovira

Indolent Lymphoma . . ..................................
Yasmina Serroukh and Silvia Montoto

Chronic Lymphocytic Leukemia . . ........................
Johannes Schetelig and Peter Dreger

Large B-Cell Lymphoma .. ..............................
Leyre Bento, Bertram Glass, and Norbert Schmitz

Mantle Cell Lymphoma . ................................
Ben-Niklas Baermann and Sascha Dietrich

Other B- and T-Aggressive Lymphomas and Lymphomas
Associated with HIV . . ... .. ... ... ... ... .. ... ...
Kai Hiibel, Silvia Montoto, Mustafa Giiven,

and Rafael F. Duarte

Classical Hodgkin’s Lymphoma . .........................
Carmen Martinez, Ali Bazarbachi, and Anna Sureda

Inborn Errors of Immunity . .......... ... ... ... ... .. ...
Michael H. Albert, Arjan Lankester, Andrew Gennery,
and Bénédicte Neven

Inborn Errors of Metabolism and Osteopetrosis.............
Robert Wynn and Ansgar Schulz

Autoimmune Disease. . ... ...............................
Tobias Alexander, Basil Sharrack, Montserrat Rovira,

Riccardo Saccardi, Dominique Farge, John A. Snowden,

and Raffaella Greco



Xiv

Contents

93

94

CART Cells and Other Cell Therapies (ie MSC, Tregs)

in Autoimmune Diseases. . . ........... ... ... ... .. ....... 837
Raffaella Greco and Dominique Farge
Solid Tumours . . .......... .. i 849

Ruth Ladenstein, Paolo Pedrazzoli, and Giovanni Rosti



Editors and Contributors

About the Editors

Anna Sureda, MD, PhD is nowadays the Head of the
Clinical Hematology Department of Institut Catala
d’Oncologia—Hospitalet, Barcelona and Associate
Professor of the University of Barcelona. She had previ-
ously been a Senior Consultant in Hospital de la Santa
Creu i Sant Pau, Barcelona (from January 1991 to
December 2010) and a Senior Consultant focused in lym-
phomas and hematopoietic cell transplantation (HCT) at
Addenbrookes—Cambridge University Hospital, UK
(December 2010-December 2012). Anna Sureda has
focused her career on clinical investigations into the treatment of Hodgkin’s lymphoma,
non-Hodgkin’s lymphoma, and multiple myeloma patients evaluating novel therapies such
as immunotherapy combined with HCT. Anna Sureda was appointed Chairperson of the
Lymphoma Working Party (LWP) of the European Group for Blood and Marrow
Transplantation (EBMT) from March 2004 to March 2010 and Secretary of the same orga-
nization from March 2010 to March 2016. She was elected co-chair of the Lymphoma
Committee of the Center for International Blood and Marrow Transplant Research
(CIBMTR) and has served the organization in this position from February 2015 to February
2019. She was subsequently appointed as a member of a large non-US Transplant Center
in the Advisory Committee of the CIBMTR (from February 2019). Anna Sureda is
President of the Spanish Society of Hematopoietic Stem Cell Transplantation and Cellular
Therapy (GETH-TC) and, from March 2022, President of the EBMT. Anna Sureda is a
regular reviewer of several peer-reviewed journals (Blood, Annals of Oncology, Bone
Marrow Transplantation, The Hematology Journal, The European Journal of Hematology
y Annals of Hematology) and has co-authored more than 400 manuscripts.

Selim Corbacioglu is Professor and Chair of the
Department of Hematology, Oncology and Stem Cell
Transplantation at the Children’s Hospital in Regensburg,
Germany. His major research interest is focused on cura-
tive options for hemoglobinopathies and transplant-
related systemic endothelial complications. As the PI of
several multicenter interventional trials in children, he is
the PI for a prospective international trial to evaluate hap-
loidentical HCT in sickle cell disease. He was also one of
the lead investigators of the Crisp/Cas9-based gene edit-
ing trial in sickle cell disease and thalassemia, where this
new approach was successfully applied first-in-man in a
patient with thalassemia in his institution. The recipient of
the Van Bekkum Award of the EMBT in 2010 for his work
on defibrotide prophylaxis in children post-transplant is

XV



XVi

Editors and Contributors

author of numerous peer-reviewed articles published in the New England Journal of
Medicine, Lancet, Blood, Leukemia and Bone Marrow Transplantation among others.
During his term as the scientific council chair and the Chair of the Pediatric Disease
Working Party of the EBMT, one of his major contributions was the inauguration of the
Hemoglobinopathy Working Party (HGP) of the EBMT and the Dietrich-Niethammer
Award for outstanding scientific achievements in pediatric HCT.

Raffaella Greco Senior Physician in the Blood and
Marrow Transplant (BMT) Unit of the IRCCS San
Raffaele Hospital in Milano, Italy. Hematologist involved
in HCT and cellular therapies in all spectrum of hemato-
logical cancers and non-malignant indications. Her exper-
tise in this field encompasses allogeneic and autologous
HCT (for malignant and non-malignant diseases), cellular
therapies (CAR-T cells, Treg cell-based therapies),
immune reconstitution, biomarkers, transplant complica-
tions (i.e., graft-versus-host disease, infections). Her
career has been focused on several clinical research proj-
ects on HCT. She has (co-)authored many research arti-
cles in peer-reviewed journals as well as reviews, book
chapters, and best-practice guidelines in the field. She has
been significantly involved with the EBMT, as Working
Party Chair of the Autoimmune Diseases Working Party (ADWP), Scientific Council
Representative with the Education Portfolio, active member of the Cellular Therapy and
Immunobiology Working Party (CTIWP), co-chair of the Harmonization Committee.

Enric Carreras Degree in Medicine and Surgery
(1975), becoming specialist in Internal Medicine and
Hematology-Hemotherapy, and Doctor of Medicine
(1984) in the University of Barcelona. From 1993 to
2010, he was Director of the HCT Program at the Hospital
Clinic in Barcelona and, from 2010 to 2022, Director of
the Spanish Bone Marrow Donors Registry at the Josep
Carreras Foundation in Barcelona, Spain. During these
years, his main clinical/research fields of interest have
been focused in early complications and endothelial dysfunction after HCT, HCT in auto-
immune diseases, and at-home HCT. He is also founder of the Barcelona Endothelium
Team at the Hospital Clinic campus of the Josep Carreras Leukemia Research Institute and
the author of more than 400 peer-reviewed international publications mainly focused on
HCT. As a member of the EBMT since 1980, he participated actively in the Chronic
Leukemia Working Party, ADWP, and Late Complications Working Party. He was Chair of
the EBMT/ESH training course in 12 editions and Chair of the EBMT Educational
Committee. He is also editor of more than 12 books focused on hematology and HCT,
including the four last editions of the EBMT Handbook. In 2018, he was nominated
Honorary Member of the EBMT. In 2021, he was awarded with the IACH H.J. Khoury
Prize.

Nicolaus Kroger is Professor of Medicine and Medical
Director of the Department of Stem Cell Transplantation
at the University Medical Center Hamburg-Eppendorf,
Germany. He was the President of the EBMT from 2018
to 2022 and Chairman of the German Stem Cell Working
Group (DAG-KBT) and Past Chair of the Chronic
Malignancies Working Party and of the Scientific Council
of EBMT. He is also member of the Scientific Program
Committee and the Editorial Board of the European Hematology Association (EHA) and
member of the Scientific Committee of the European School for Hematology (ESH). His
research interests are on stem cell biology and stem cell transplantation, the detection and
treatment of minimal residual disease by adoptive immunotherapy or novel drugs, the




Editors and Contributors

XVii

impact of NK-cell alloreactivity, optimizing the outcome with HLA-mismatched donor,
improving conditioning regimen, and prevention and treatment of acute and chronic graft-
versus-host disease. For his research, he received several awards including the prestigious
EBMT Van Bekkum Award in 2015. Prof. Kroger has published extensively in his area of
expertise and has contributed to more than 850 publications in peer-reviewed journals such
as The New England Journal of Medicine (NEJM), The Lancet, Journal of Clinical
Oncology (JCO), Journal of the National Cancer Institute (JNCI), Proceedings of the
National Academy of Sciences of the United States of America (PNAS), Blood, and
Leukemia among others.



Contributors

Miguel R. Abboud Department of Pediatrics and Adolescent Medicine,
American University of Beirut Medical Center, Beirut, Lebanon

Norbert Ahrens Amedes Medical Centre for Laboratory Diagnostics
Raubling, Raubling, Germany

Institut fiir Clinical Chemistry and Laboratory Medicine, University Hospital
Regensburg, Regensburg, Germany

Alessandro Aiuti San Raffaele Telethon Institute for Gene Therapy
(SR-TIGET)/Pediatric Immunohematology and Bone Marrow Transplantation
Unit, IRCCS Ospedale San Raffaele, Vita-Salute San Raffaele University,
Milan, Italy

Michael H. Albert Pediatric SCT Program, Dr. von Hauner University
Children’s Hospital, Ludwig-Maximilians Universitit, Munich, Germany

Tobias Alexander Department of Rheumatology and Clinical Immunology,
Charite-University Medicine Berlin, Berlin, Germany

Mahmoud Aljurf King Faisal Specialist Hospital and Research Centre,
Riyadh, Saudi Arabia

Persis J. Amrolia Department of Bone Marrow Transplant, Great Ormond
St Children’s Hospital, London, UK

Emanuele Angelucci Hematology and Cellular Therapy Unit, IRCCS
Ospedale Policlinico San Martino, Genova, Italy

Jane Apperley Centre for Haematology, Hammersmith Hospital, Imperial
College London, London, UK

Dina Averbuch Faculty of Medicine, Hebrew University of Jerusalem,
Jerusalem, Israel

Pediatric Infectious Diseases Unit, Hadassah University Hospital, Jerusalem,
Israel

Francis Ayuk Department of Stem Cell Transplantation, University Medical
Center Hamburg-Eppendorf (UKE), Hamburg, Germany

Andrea Bacigalupo Istituto di Ematologia, Fondazione Policlinico
Universitario A. Gemelli, Universita’ Cattolica del Sacro Cuore, Roma, Italy

Xix



XX

Contributors

Peter Bader Division for Stem Cell Transplantation and Immunology,
University Hospital for Children and Adolescents, Goethe University
Frankfurt am Main, Frankfurt, Germany

Ben-Niklas Baermann Department of Hematology, University Hospital of
Diisseldorf, Diisseldorf, Germany

Adriana Balduzzi Pediatric Hematopoietic Transplant Unit, Fondazione
IRCCS San Gerardo dei Tintori, Monza, Italy

School of Medicine and Surgery, Milano-Bicocca University, Monza, Italy

Anna Barata Massachusetts General Hospital, Harvard Medical School,
Boston, MA, USA

Pere Barba Department of Hematology, Hospital Universitari Vall Hebron,
Barcelona, Spain

Fernando Barroso Duarte Hospital Universitdrio Walter Cantidio,
Universidade Federal do Ceara/Hemoce, Fortaleza, Brazil

Grzegorz W. Basak Department of Hematology, Transplantation and
Internal Medicine, Medical University of Warsaw, Warsaw, Poland

Annic Baumgartner Internal Medicine and Endocrinology/Diabetology/
Clinical Nutrition and Metabolism, Medical University Clinic of Kantonsspital
Aarau, University of Basel, Aarau, Switzerland

Tiene Bauters Pharmacy, Pediatric Hemato-Oncology and Stem Cell
Transplantation, Ghent University Hospital, Ghent, Belgium

Ali Bazarbachi BMT Program, Department of Internal Medicine, American
University of Beirut Medical Center, Beirut, Lebanon

Leyre Bento Department of Hematology, Son Espases University Hospital,
IdISBa, University of Balearic Islands, Palma, Spain

Anne Bergeron University Hospitals of Geneva, Geneva University, Geneva,
Switzerland

Université Paris Cité, UMR 1153 CRESS, ECSTRRA Team, Paris, France

AliceBertaina Divisionof Hematology, Oncology, Stem Cell Transplantation
and Regenerative Medicine, Department of Pediatrics, School of Medicine,
Stanford University, Stanford, CA, USA

Marec Bierings Department of Stem Cell Transplantation, Princess Maxima
Centre for Pediatric Oncology and University Children’s Hospital, Wilhelmina
Kinderziekenhuis, Utrecht, The Netherlands

Yavuz M. Bilgin Department of Internal Medicine/Hematology, Adrz, Goes,
The Netherlands

Jaap Jan Boelens Transplantation and Cellular Therapies, Memorial Sloan
Kettering Cancer Center, New York, NY, USA

Attilio Bondanza Innovative Immunotherapies Unit, Division of
Immunology, Transplantation and Infectious Diseases, University Vita-Salute
San Raffaele and Ospedale San Raffaele Scientific Institute, Milan, Italy



Contributors

XXi

Francesca Bonifazi Departmental Program of Advanced Cellular Therapies,
IRCCS Azienda Ospedaliero-Universitaria di Bologna, Bologna, Italy

Chiara Bonini Experimental Hematology Unit, Division of Immunology,
Transplantation and Infectious Diseases, University Vita-Salute San Raffaele
and IRCCS Ospedale San Raffaele Scientific Institute, Milan, Italy

Benedetto Bruno Department of Oncology, AOU Citta della Salute e della
Scienza, University of Torino, Torino, Italy

Department of Molecular Biotechnology and Health Sciences, AOU Citta
della Salute e della Scienza, University of Torino, Torino, Italy

Giulia Caddeo Pediatric Hematology Oncology, Department of the Mother
and Child, Azienda Ospedaliera Universitaria Integrata, Verona, Italy

Barbara Cappelli Eurocord-Monacord, Centre Scientifique de Monaco,
Monaco, Monaco

Eurocord, Hospital Saint Louis, University Paris-Diderot, Paris, France

Enric Carreras Josep Carreras Foundation and Research Institute Against
Leukemia, Hospital Clinic/University of Barcelona Campus, Barcelona, Spain

Elio Castagnola Pediatric Infectious Diseases Unit, IRCCS Istituto Giannina
Gaslini, Children’s Hospital, Genoa, Italy

Marina Cavazzana Biotherapy Department Necker -Enfants Malades
AP-HP, Groupe Hospitalier Universitaire Paris Centre, Université Paris Cité,
Clinical Investigational Center 1419, INSERM Paris, Imagine Institute Paris
AP-HP, Paris, France

Biotherapy Clinical Investigation Center, Groupe Hospitalier Universitaire
Paris Cité, Assistance Publique-Hopitaux de Paris, INSERM CIC 1416, Paris,
France

Imagine Institute, Université Paris Cité, Paris, France

Simone Cesaro Pediatric Hematology Oncology, Department of the Mother
and Child, Azienda Ospedaliera Universitaria Integrata Verona, Verona, Italy

Christian Chabannon Institut Paoli-Calmettes, Centre de Lutte Contre le
Cancer, Université d’ Aix-Marseille, Marseille, France

Inserm CBT 1409, Centre d’Investigations Cliniques en Biothérapie,
Marseille, France

Yves Chalandon Hematology Division, Department of Oncology, Hopitaux
Universitaires de Geneve, University of Geneva, Geneva, Switzerland

Shruti Chaturvedi Division of Hematology, Department of Medicine,
Johns Hopkins Hospital, Baltimore, MD, USA

Fabio Ciceri Department of Hematology, University Vita-Salute San
Raffaele and IRCCS Ospedale San Raffaele Scientific Institute, Milan, Italy



XXii

Contributors

Kenneth R. Cooke Department of Oncology, Pediatric Blood and Marrow
Transplantation Program, Sidney Kimmel Comprehensive Cancer Center,
Johns Hopkins University School of Medicine, Baltimore, MD, USA

Gordon Cook CRUK Clinical Trials Unit, University of Leeds & Leeds
Cancer, Centre, St James’s University Hospital, Leeds, UK

Selim Corbacioglu Department of Pediatric Hematology, Oncology and
Stem Cell Transplantation University Medical Center, Regensburg, Germany

Jan J. Cornelissen Department of Hematology, Erasmus Medical Center
Cancer Institute, Rotterdam, The Netherlands

Charles Craddock Centre for Clinical Haematology, University Hospitals
NHS Trust Birmingham, Birmingham, UK

University of Warwick, Coventry, UK

Adrin Dadkhah Hospital Pharmacy, Department of Stem Cell
Transplantation Hamburg, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany

Jean-Hugues Dalle Department of Pediatric Hematology-Immunology,
Hospital Robert-Debré, Assistance Publique-Hopitaux de Paris, Paris Diderot
University, Paris, France

Francesco Dazzi School of Cancer and Pharmacological Sciences, King’s
College London, London, UK

Rafael de la Camara Department of Hematology, Hospital de la Princesa,
Madrid, Spain

Josu de la Fuente Department of Paediatrics, St. Mary’s Hospital & Centre
for Haematology, Hammersmith Hospital, Imperial College Healthcare NHS
Trust, London, UK

Cristina Diaz de Heredia Division of Pediatric Hematology and Oncology,
Hospital Universitari Vall d’Hebron, Barcelona, Spain

Régis Peffault de Latour French Reference Center for Aplastic Anemia and
Paroxysmal Nocturnal Hemoglobinuria, Saint-Louis Hospital, Paris, France
Assistance Publique—Hopitaux de Paris, Saint-Louis Hospital, Paris, France
University Paris Cité, Paris, France

Liesbeth C. de Wreede Department of Biomedical Data Sciences, Leiden
University Medical Center, Leiden, The Netherlands

DKMS Clinical Trials Unit, Dresden, Germany

Maribel Diaz-Ricart Barcelona Endothelium Team Hematopathology Unit,
Department of Pathology, Hospital Clinic of Barcelona, Biomedical Diagnosis

Centre (CDB), Institute of Biomedical Research August Pi i Sunyer
(IDIBAPS), University of Barcelona, Barcelona, Spain



Contributors

xXiii

Sascha Dietrich Department of Hematology, University Hospital of
Diisseldorf, Diisseldorf, Germany

Harry Dolstra Department of Laboratory Medicine, Radboud University
Medical Center, Nijmegen, The Netherlands

Peter Dreger Department of Medicine V, Universititsklinikum Heidelberg,
Heidelberg, Germany

Rafael F. Duarte Hospital Universitario Puerta de Hierro Majadahonda,
Madrid, Spain

Carlo Dufour Hematology Unit, IRCCS Istituto G. Gaslini Children
Hospital, Genoa, Italy

Rémy Duléry Department of Clinical Hematology and Cellular Therapy,
Sorbonne University, Saint-Antoine Hospital, Assistance Publique—
Hopitaux de Paris, INSERM, UMRs 938, Centre de recherche Saint Antoine
(CRSA), Paris, France

Khaled El-Ghariani Department of Hematology, Sheffield Teaching
Hospitals Trust and NHSBT, The University of Sheffield, Sheffield, UK

Irina Evseeva Anthony Nolan, London, UK

J. H. Frederik Falkenburg Department of Hematology, Leiden University
Medical Center, Leiden, The Netherlands

Dominique Farge Unité de Médecine Interne (UF 04): CRMR MATHEC,
Maladies Auto-Immunes et Thérapie Cellulaire, Centre de Référence des
Maladies Auto-Immunes Systémiques Rares d’Ile-de-France FAI2R, EBMT
CIC 0461, Hopital St-Louis, AP-HP, Paris, France

Université de Paris-Cité, IRSL, URP 3518, Eq 3: MATHEC- EUROCORD,
Paris, France

Lawrence Faulkner Cure2Children Foundation, Florence, Italy

Boris Fehse Research Department Cell and Gene Therapy, Department of
Stem Cell Transplantation, University Medical Centre Hamburg-Eppendorf,
Hamburg, Germany

Francesc Fernandez-Avilés Department of Hematology, Bone Marrow
Transplantation Unit, Hospital Clinic de Barcelona, Universitat de Barcelona,
Barcelona, Catalonia, Spain

Jesus Fernandez-Sojo Stem Cells and CAR-T, Cell Therapy Unit, Banc de
Sang i Teixits, Barcelona, Spain

Francesca Fioredda Hematology Unit, IRCCS, Istituto Giannina Gaslini,
Genoa, Italy

Katharina Fleischhauer Institute for Experimental Cellular Therapy,
University Hospital, Essen, Germany



XXiv Contributors

German Cancer Consortium, partner site Essen/Diisseldorf (DKTK),
Diisseldorf, Germany

Lydia Foeken World Marrow Donor Association, Leiden, The Netherlands

Nico Gagelmann Department of Stem Cell Transplantation, University
Medical Center Hamburg-Eppendorf, Hamburg, Germany

Elisa Roldan Galvan Department of Haematology, Sheffield Teaching
Hospitals NHS Foundation Trust, Sheffield, UK

Division of Clinical Medicine, School of Population Health, School of
Medicine and Population Health, University of Sheffield, Sheffield, UK

Andrew Gennery Paediatric Inmunology + HSCT, Great North Children’s
Hospital, Newcastle University, Newcastle upon Tyne, UK

Brenda E. S. Gibson Haematology Department, Royal Hospital for
Children, University of Glasgow, Glasgow, UK

Sebastian Giebel Department of Bone Marrow Transplantation and Onco-
Hematology, Maria Sklodowska-Curie National Research Institute of
Oncology, Gliwice, Poland

Lars Klingen Gjerde Rigshospitalet, Copenhagen University Hospital,
Copenhagen, Denmark

Bertram Glass Department of Hematology and Stem Cell Therapy, Helios
Hospital Berlin-Buch, Berlin, Germany

Eliane Gluckman Eurocord-Monacord, Centre Scientifique de Monaco,
Monaco, Monaco

Eurocord, Hospital Saint Louis, University Paris-Diderot, Paris, France
Norbert Claude Gorin Department of Hematology and Cell Therapy,
EBMT Paris Office, Hopital Saint Antoine APHP, Paris, France

Paris Sorbonne University, Paris, France

Noa Granot Institute of Oncology, Chaim Sheba Medical Center, Ramat
Gan, Israel

Alois Gratwohl Hematology, Medical Faculty, University of Basel, Basel,
Switzerland

Raffaella Greco Unit of Hematology and Bone Marrow Transplantation,
IRCCS San Raffaele Hospital, Vita-Salute San Raffaele University, Milan,
Ttaly

Diana M. Greenfield Division of Clinical Medicine, School of Population
Health, School of Medicine and Population Health, University of Sheffield,
Sheffield, UK

Specialised Cancer Services, Sheffield Teaching Hospitals NHS Foundation
Trust, Sheffield, UK

Department of Haematology, Sheffield Teaching Hospitals NHS Foundation
Trust, Sheffield, UK



Contributors

XXV

Hildegard Greinix Division of Hematology, Medical University of Graz,
Graz, Austria

Andreas H. Groll Infectious Disease Research Program, Center for Bone
Marrow Transplantation and Department of Pediatric Hematology and
Oncology, University Children’s Hospital Miinster, Miinster, Germany

Carmelo Gurnari Department of Biomedicine and Prevention, University
of Rome Tor Vergata, Rome, Italy

Department of Translational Hematology and Oncology Research, Taussig
Cancer Institute, Cleveland Clinic, Cleveland, OH, USA

Mustafa Giiven School of Medicine, Yuzuncu Y1l University, Van, Turkey

Rupert Handgretinger Department of Hematology/Oncology and General
Pediatrics, Children’s University Hospital, University of Tuebingen,
Tuebingen, Germany

Shahrukh K. Hashmi Mayo Clinic, Rochester, MN, USA

Britta Hochsmann Institute of Clinical Transfusion Medicine and
Immunogenetics Ulm, German Red Cross Blood Transfusion Service Baden-
Wiirttemberg-Hessen and University Hospital Ulm, Ulm, Germany

Institute of Transfusion Medicine, University of Ulm, Ulm, Germany
Andrea Hoffmann Hannover Medical School, Hannover, Germany

Ernst Holler Department of Internal Medicine 3 (Haematology/Oncology),
University of Regensburg, Regensburg, Germany

Claire Horgan Department of Paediatric Bone Marrow Transplant and
Cellular Therapy, Royal Manchester Children’s Hospital, Manchester
University NHS Foundation Trust, Manchester, UK

Kai Hiibel Department I of Internal Medicine, University of Cologne,
Cologne, Germany

Michael Hudecek Chair of Cellular Immunotherapie, Department of
Internal Medicine II, University Hospital Wiirzburg, Wiirzburg, Germany

Simona Iacobelli Department of Biology, University of Rome Tor Vergata,
Rome, Italy

EBMT, Leiden, The Netherlands

Heather Jim Department of Health Outcomes and Behavior, Moffitt Cancer
Center, Tampa, FL, USA

Sonata Jodele Division of Bone Marrow Transplantation and Immune
Deficiency, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH,
USA

Michelle Kenyon Department of Haematological Medicine, King’s College
Hospital NHS Foundation Trust, London, UK

Ulrike Koehl University Hospital and Fraunhofer IZI, Leipzig, Germany



XXVi

Contributors

Hannover Medical School, Hannover, Germany

Hans Joachim Kolb Department of Hematology-Oncology Immunology
Infectious Diseases, Klinikum Miinchen-Schwabing, Munich, Germany

Sixten Korper Institute of Clinical Transfusion Medicine and
Immunogenetics Ulm, German Red Cross Blood Transfusion Service Baden-
Wiirttemberg-Hessen and University Hospital Ulm, Ulm, Germany

Institute of Transfusion Medicine, University of Ulm, Ulm, Germany

Hermann Kreyenberg Division of Stem Cell Transplantation and
Immunology, Center for Children and Adolescents, University Hospital
Frankfurt, Frankfurt, Germany

Nicolaus Kroger Department of Stem Cell Transplantation, University
Medical Center Hamburg-Eppendorf, Hamburg, Germany

Jiirgen Kuball Department of Hematology, UMC Utrecht, Utrecht, The
Netherlands

Department of Hematology and Center for Translational Immunology, UMC,
Utrecht, The Netherlands

Austin Kulasekararaj Department of Haematological Medicine, King’s
College Hospital NHS Foundation Trust, London, UK

Ruth Ladenstein Studies and Statistics for Integrated Research and Projects,
St. Anna Children’s Hospital, Department of Paediatrics and Children’s
Cancer Research Institute (CCRI), Medical University of Vienna, Vienna,
Austria

Claudia Langebrake Department of Stem Cell Transplantation and Hospital
Pharmacy, University Medical Centre Hamburg-Eppendorf, Hamburg,
Germany

Peter Lang Department of Hematology/Oncology and General Pediatrics,
Children’s University Hospital, University of Tuebingen, Tuebingen,
Germany

Arjan Lankester Willem-Alexander Children’s Hospital, Division of
Immunology, Infectious Diseases, Hematology and Stem Cell Transplantation,
Leiden University Medical Center, Leiden, The Netherlands

Department of Pediatrics, Stem Cell Transplantation Program, Willem-
Alexander Children’s Hospital, Leiden University Medical Center, Leiden,
The Netherlands

Anita Lawitschka St. Anna Children’s Hospital, Medical University Vienna,
Vienna, Austria

St. Anna Children Cancer Research Institute, Vienna, Austria
Per Ljungman Department of Cellular Therapy and Allogeneic Stem Cell

Transplantation, Karolinska University Hospital, Karolinska Comprehensive
Cancer Center, Stockholm, Sweden



Contributors

XXVii

Division of Hematology, Department of Medicine Huddinge, Karolinska
Institutet, Stockholm, Sweden

Franco Locatelli Department of Pediatric Hematology and Oncology,
IRCCS Bambino Gesu Children’s Hospital, Rome, Italy

Department of Pediatric Science, Catholic University of the Sacred Heart,
Rome, Italy

Alejandro Madrigal Royal Free Hospital, University College London
Cancer Institute, London, UK

Johan A. Maertens Department of Haematology, University Hospital
Gasthuisberg, Leuven, Belgium

David I. Marks Department of Haematology and BMT, Bristol Haematology
and Oncology Centre, Bristol, UK

University of Bristol, Bristol, UK

Carmen Martinez HCT Unit, Department of Hematology, Institute of
Hematology and Oncology, Hospital Clinic de Barcelona, Universitat de
Barcelona, Barcelona, Spain

Rodrigo Martino Hospital de la Santa Creu I Sant Pau, Autonomous
University of Barcelona, Barcelona, Spain

Maria-Victoria Mateos University Hospital of Salamanca/IBSAL/Cancer
Research Center-IBMCC (USAL-CSIC), Salamanca, Spain

Jacqueline W. Mays Oral Immunobiology Unit, National Institute of Dental
and Craniofacial Research, National Institutes of Health, Bethesda, MD,
USA

Eoin McGrath International Council for Commonality in Blood Banking
Automation (ICCBBA), Redlands, CA, USA

Donal P. McLornan Department of Haematology and Stem Cell
Transplantation, University College London Hospitals NHS Trust, London,
UK

Roland Meisel Division of Pediatric Stem Cell Therapy, Department of
Pediatric Oncology, Hematology and Clinical Immunology, Heinrich-Heine-
University, Dusseldorf, Germany

David Michonneau Hematology/Transplantation, AP/HP Hospital St Louis,
Paris, France

Université Paris Cité, Paris, France

INSERM UMR 976 Human Immunology, Pathophysiology, Immunotherapy,
Paris, France

Malgorzata Mikulska Division of Infectious Diseases, Department of
Health Sciences (DISSAL), University of Genova, Genova, Italy

IRCCS Ospedale Policlinico San Martino, Genova, Italy



XXVili

Contributors

Monique Minnema Department of Hematology, UMC Utrecht, University
Utrecht, Utrecht, The Netherlands

Mohamad Mohty Department of Clinical Hematology and Cellular
Therapy, Hospital Saint-Antoine, Sorbonne University, Paris, France

Silvia Montoto Department of Haemato-Oncology, St. Bartholomew’s
Hospital, Barts Health NHS Trust, London, UK

John Murray Haematology and Transplant Unit, Christie Hospital NHS
Foundation Trust, Manchester, UK

Arnon Nagler Hematology and BMT Division, Chaim Sheba Medical
Center, Tel-Hashomer, Israel

Bénédicte Neven Pediatric Immune-Hematology and Rheumatology Unit,
Necker Children Hospital, Assistance Publique Hopitaux de Paris, Paris City
University, Paris, France

Dietger W. Niederwieser University of Leipzig, Leipzig, Germany

Charlotte M. Niemeyer Division of Pediatric Hematology and Oncology,
Department of Pediatrics and Adolescent Medicine, University Medical
Center Freiburg, University of Freiburg, Freiburg im Breisgau, Germany

Stefan Nierkens Laboratory of Translational Immunology, UMC Utrecht,
Utrecht, The Netherlands
Princess Maxima Center for Pediatric Oncology, Utrecht, The Netherlands

Francesco Onida Hematology, ASST-Fatebenefratelli-Sacco, University of
Milan, Milan, Italy

Gert Ossenkoppele Department of Hematology, Amsterdam Universitaire
Medische Centra, Location VUMC, Amsterdam, The Netherlands

Paolo Pedrazzoli Department of Oncology, IRCCS Fondazione Policlinico
San Matteo, Pavia, Italy
Department of Internal Medicine and Medical Therapy, University of Pavia,

Pavia, Italy

Olaf Penack Medical Clinic, Department for Haematology, Oncology and
Tumor Immunology, Charité Universititsmedizin Berlin, Berlin, Germany

Zinaida Peric Department of Hematology, University Hospital Centre
Zagreb School of Medicine, University of Zagreb, Zagreb, Croatia

Christina Peters Stem Cell Transplantation Unit, St. Anna Children’s
Hospital; St. Anna Children’s Cancer Research Insitute, Vienna, Austria

Herbert Pichler Stem Cell Transplantation Unit, St. Anna Children’s
Hospital, Vienna, Austria

Antonio Pierini Division of Hematology, Department of Medicine and
Surgery, University of Perugia, Perugia, Italy



Contributors

XXiX

Jose Luis Pifiana Hematology Department, Hospital Clinico Universitario
de Valencia, Valencia, Spain

Fundacién INCLIVA, Instituto de Investigacién Sanitaria Hospital Clinico
Universitario de Valencia, Valencia, Spain

Alice Polomeni Service d’Hématologie clinique et thérapie cellulaire,
Hopital Saint Antoine, Assistance Publique-Hdopitaux de Paris, Paris, France

Sergio Querol Banc Sang i Teixits, Barcelona, Spain

Vera Radici Unit of Blood Diseases and Stem Cell Transplantation, ASST-
Spedali Civili, Brescia, Italy

Anna Maria Raiola Hematology and Cellular Therapy Unit, IRCCS
Ospedale Policlinico San Martino, Genova, Italy

Subramaniam Ramanathan Department of Paediatric Bone Marrow
Transplant, Great North Children’s Hospital, Newcastle-upon-Tyne, UK

Alessandro Rambaldi Department of Hematology-Oncology, Universita
Statale di Milano, Milano and Azienda Socio Sanitaria Territoriale Papa
Giovanni XXIII, Bergamo, Italy

Walid Rasheed King Faisal Specialist Hospital and Research Centre,
Riyadh, Saudi Arabia

Tuula Rintala European Society for Blood and Marrow Transplantation
(EBMT), Barcelona, Spain

Antonio Risitano Department of Clinical Medicine and Surgery, Federico I1
University of Naples, Naples, Italy

Marie Robin Department of Hematology—Transplantation, Hopital Saint-
Louis, Assistance Publique Hopitaux de Paris, Université de Paris Cité, Paris,
France

Vanderson Rocha Hematology, Transfusion and Cell Therapy Service,
Faculty of Medicine Hospital de Clinicas, University of Sdo Paulo, Sdo Paulo,
Brazil

University of Oxford, Oxford, UK

Giovanni Rosti Department of Oncology, IRCCS Fondazione Policlinico
San Matteo, Pavia, Italy

Montserrat Rovira Hematopoietic Stem Cell Transplantation Unit,
Hematology Department, Institute of Hematology and Oncology, Hospital
Clinic, Barcelona, Spain

August Pi 1 Sunyer Biomedical Research Institute, Barcelona, Spain
Institute Josep Carreras, Hospital Clinic, Barcelona, Spain

AliciaRovo Department of Hematology and Central Hematology Laboratory,
Inselspital, Bern University Hospital, Bern, Switzerland



XXX Contributors

Annalisa Ruggeri Hematology and BMT Unit, IRCCS San Raffaele
Scientific Institute, Milan, Italy

Tapani Ruutu Clinical Research Institute, Helsinki University Hospital,
Helsinki, Finland

Laura Saavedra Transplant Center “Dr. Abraham Sumoza”, Valencia,
Venezuela

Riccardo Saccardi Department of Cellular Therapies and Transfusion
Medicine, Careggi University Hospital, Florence, Italy

Nina Salooja Centre for Haematology, Imperial College, London, UK

Isabel Sanchez-Ortega Medical Officer, EBMT, Executive Office,
Barcelona, Spain

Jaime Sanz Department of Hematology, University Hospital La Fe,
University of Valencia, Valencia, Spain

Miguel A. Sanz Department of Medicine, University of Valencia, University
Hospital La Fe, Valencia, Spain

Instituto Carlos III, CIBERONC, Madrid, Spain

Martin G. Sauer Pediatric Hematology, Oncology and Blood Cell
Transplantation, Medizinische Hochschule Hannover, Hannover, Germany

Bipin N. Savani Hematology and Stem Cell Transplantation Section,
Division of Hematology/Oncology, Department of Medicine, Vanderbilt
University Medical Center and Veterans Affairs Medical Center, Nashville,
TN, USA

Serena Scala San Raffaele Telethon Institute for Gene Therapy (SR-TIGET),
IRCCS Ospedale San Raffaele, Milan, Italy

Angela Scherwath Department of Stem Cell Transplantation, University
Medical Center, Hamburg-Eppendorf, Hamburg, Germany

Johannes  Schetelig Medizinische  Klinik  und  Poliklinik I
Universitétsklinikum Carl Gustav Carus, Dresden, Germany

Medical Department 1, University Hospital Dresden, TU Dresden, Dresden,
Germany

Christoph Schmid Klinikum Augsburg, University of Munich, Munich,
Germany

Martin Schmidt-Hieber Hematology and Oncology, Carl-Thiem-Hospital,
Cottbus, Germany

Norbert Schmitz Department of Medicine A, Hematology, Oncology,
Pneumonology and Hemostaseology, University Hospital Miinster, Miinster,
Germany

Stefan Schonland Hematology, Oncology and Rheumatology, Medical
Department V, University Hospital of Heidelberg, Heidelberg, Germany



Contributors

XXXI

Hubert Schrezenmeier Institute of Clinical Transfusion Medicine and
Immunogenetics Ulm, German Red Cross Blood Transfusion Service Baden-
Wiirttemberg-Hessen and University Hospital Ulm, Ulm, Germany

Institute of Transfusion Medicine, University of Ulm, Ulm, Germany

Philipp Schuetz Department of Endocrinology, Diabetes and Metabolism
and Internal Medicine, Kantonsspital Aarau, University of Basel, Aarau,
Switzerland

Ansgar Schulz Department of Pediatrics, University Medical Center Ulm,
Ulm, Germany

Michael Schumm Department of Hematology/Oncology and General
Pediatrics, Children’s University Hospital, University of Tuebingen,
Tuebingen, Germany

Yasmina Serroukh Department of Haematology, Erasmus Medical Center
Cancer Institute, University Medical Center Rotterdam, Rotterdam, The
Netherlands

Rahul Shah Department of Medicine, Vanderbilt University Medical Center,
Nashville, TN, USA

Basil Sharrack Department of Neuroscience and Sheffield NIHR
Translational Neuroscience BRC, Sheffield Teaching Hospitals NHS
Foundation Trust, Sheffield, UK

Avichai Shimoni Division of Hematology and Bone Marrow Transplantation,
Tel Aviv University, Tel-Hashomer, Israel

John A. Snowden Department of Haematology, Sheffield Teaching Hospitals
NHS Foundation Trust and Division of Clinical Medicine, School of Medicine
and Population Health, The University of Sheffield, Sheffield, UK

Gérard Socié Hematology/Transplantation, AP/HP Hospital St Louis, Paris,
France

Université Paris Cité, Paris, France

INSERM UMR 976 Human Immunology, Pathophysiology, Immunotherapy,
Paris, France

Eric Spierings Laboratory for Translational Immunology and Central
Diagnostics Laboratory, University Medical Center, Utrecht, The Netherlands
Matchis Foundation, Leiden, The Netherlands

Alok Srivastava Christian Medical College, Vellore, India

Matthias Stelljes Department of Hematology and Oncology, University
Hospital of Miinster, University of Miinster, Miinster, Germany

Philipp Steven Competence Center for ocular GVHD, Center for Integrated
Oncology (CIO) and Department of Ophthalmology, Medical Faculty,
University of Cologne and University Hospital Cologne, Cologne, Germany



XXXii

Contributors

Rainer Storb Clinical Research Division, Fred Hutchinson Cancer Research
Center and University of Washington, School of Medicine, Seattle, WA, USA

Brigitte Strahm Division of Pediatric Hematology and Oncology,
Department of Pediatrics and Adolescent Medicine, University Medical
Center Freiburg, University of Freiburg, Freiburg im Breisgau, Germany

Jan Styczynski Department of Pediatric Hematology and Oncology,
Nicolaus Copernicus University Torun, Collegium Medicum, Bydgoszcz,
Poland

Maria Sudrez-Lledéo HSCT Unit, Hematology Department, Institute of
Hematology and Oncology, IDIBAPS, Hospital clinic, University of
Barcelona, Josep Carreras Leukaemia Research Foundation, Barcelona,
Spain

Anna Sureda Hematology Department and Stem Cell Transplantation
Program, Institut Catala d’Oncologia—Hospitalet, Barcelona, Catalunya,
Spain

André Tichelli Department of Hematology, University Hospital Basel,
Basel, Switzerland

Antoine Toubert University Paris Diderot and Hopital Saint Louis, Paris,
France

Luca Vago Unit of Immunogenetics, Leukemia Genomics and
Immunobiology, Hematology and Bone Marrow Transplantation Unit,
IRCCS San Raffaele Scientific Institute, Milan, Italy

David Valcarcel Department of Hematology, Vall d’Hebron Institute of
Oncology (VHIO), Vall d’Hebron University Hospital, Universitat Auténoma
de Barcelona, Barcelona, Spain

Sumithira Vasu Division of Hematology, Ohio State University, Columbus,
OH, USA

Jurjen Versluis Department of Hematology, Erasmus Medical Center
Cancer Institute, Rotterdam, The Netherlands

Juliana Villa REDMO, Josep Carreras Foundation against Leukeamia,
Barcelona, Spain

Christof Weinstock Institute of Clinical Transfusion Medicine and
Immunogenetics Ulm, German Red Cross Blood Transfusion Service Baden-
Wiirttemberg-Hessen and University Hospital Ulm, Ulm, Germany

Institute of Transfusion Medicine, University of Ulm, Ulm, Germany

Volker Witt Department of Pediatric Hematology and Oncology, St. Anna
Kinderspital, Medical University Vienna, Vienna, Austria

Daniel Wolff Department of Internal Medicine III, University Hospital
Regensburg, Regensburg, Germany



Contributors

XXXiii

Nina Worel Department of Transfusion Medicine and Cell Therapy, Medical
University of Vienna, Vienna, Austria

Patrick Wuchter Institute of Transfusion Medicine and Immunology,
Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany
German Red Cross Blood Service Baden-Wiirttemberg—Hessen, Mannheim,
Germany

Robert Wynn Blood and Marrow Transplant Unit, Royal Manchester
Children’s Hospital, University of Manchester, Manchester, UK

Robert Zeiser Division of Tumor Immunology and Immunoregulation,
University Hospital Freiburg, University of Freiburg, Freiburg, Germany



Abbreviations

AA

Ab

ADA
ADR
ADV

Ag
aGVHD
AID
AIHA
AKI

AL
ALEM
ALG
ALL
Allo-BMT
Allo-HCT
AML
ANC
APL
Ara-C
ARDS
ASBMT
ATG
ATRA
AUC
Auto-BMT
Auto-HCT
BAL
BCNU
BM
BMDW
BMF
BMI
BMT

BO
BOOP
BOR

Aplastic anemia

Antibody

Adenosine deaminase

Adriamycin

Adenovirus

Antigen

Acute graft-versus-host disease
Autoimmune disease

Autoimmune hemolytic anemia

Acute kidney injury

Amyloid light-chain

Alemtuzumab

Antilymphocyte globulin

Acute lymphoblastic leukemia

Allogeneic BMT

Allogeneic HCT

Acute myeloid leukemia

Absolute neutrophil count

Acute promyelocytic leukemia

Cytosine arabinoside

Acute or adult respiratory distress syndrome
American Society for Blood and Marrow Transplantation
Antithymocyte globulin

All-trans-retinoic acid

Area under the curve

Autologous BMT

Autologous HCT

Bronchoalveolar lavage
1,3-Bis(2-chloroethyl)-1-nitrosourea (carmustine)
Bone marrow

Bone Marrow Donors Worldwide

Bone marrow failure

Body mass index

Bone marrow transplantation

Bronchiolitis obliterans

Bronchiolitis obliterans organizing pneumonia
Bortezomib

XXXV



XXXVi Abbreviations

BOS Bronchiolitis obliterans syndrome

BSA Body surface area

BU Busulfan

BUN Blood urea nitrogen

BW Body weight

CAR Chimeric antigen receptor

CB Cord blood

CBT Cord blood transplantation

CBU Cord blood unit

CcC Complete chimerism

CCI Charlson Comorbidity Index

CFU Colony-forming unit

CGD Chronic granulomatous disease

cGVHD Chronic graft-versus-host disease

CHF Congestive heart failure

CI Comorbidity index

CIBMTR Center for International Blood and Marrow Transplant
Research

CKD Chronic kidney disease

CLL Chronic lymphoid/lymphocytic leukemia

CML Chronic myeloid/myelogenous leukemia

CMML Chronic myelomonocytic leukemia

CMV Cytomegalovirus

CMV-IP CMV-associated interstitial pneumonia

CNI Calcineurin inhibitor

CNS Central nervous system

COP Cryptogenic organizing pneumonia

CR Complete remission

CR1 First complete remission

CRS Cytokine release syndrome

CSA Cyclosporine A

CSF Cerebrospinal fluid

CT Computed tomography

CTN Clinical Trials Network

CvC Central venous catheter

CVD Cardiovascular disease

CY Cyclophosphamide

d Days

DAH Diffuse alveolar hemorrhage

DAMP Damage-associated molecular pattern

DC Dendritic cell

DEX Dexamethasone

DFS Disease-free survival

DIC Disseminated intravascular coagulation

DLBCL Diffuse large B-cell lymphoma

DLCL Diffuse large cell lymphoma

DLCO Diffusion capacity of the lung for carbon monoxide

DLI Donor lymphocyte infusion
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DLT
DM
DMSO
DNA
DSA
EBMT
EBNA
EBV
ECG
ECIL
ECP
EEG
EFS
ELISA
ELN
EN
EORTC
EPO
ET
EWOG
FA
FACS
FACT
FDA
FEV1
FFP
FFS
FISH
FL
FLIPI
FLU
FVC
G-CSF
GF
GFR
GI

GM
GM-CSF
GNB
GVH
GVHD
GVL

HAART
HADS
hATG
HAV
HBV

Dose-limiting toxicity

Diabetes mellitus

Dimethyl sulfoxide

Deoxyribonucleic acid

Donor-specific antibody

European Society for Blood and Marrow Transplantation
Epstein—Barr (virus) nuclear antigen

Epstein—Barr virus

Electrocardiogram

European Conference on Infections in Leukemia
Extracorporeal photopheresis
Electroencephalogram

Event-free survival

Enzyme-linked immunosorbent assay

European LeukemiaNet

Enteral nutrition

European Organisation for Research and Treatment of Cancer
Erythropoietin

Essential thrombocythemia

European Working Group

Fanconi anemia

Fluorescence-activated cell sorter

Foundation for the Accreditation of Cellular Therapy
Food and Drug Administration

Forced expiratory volume in 1 s

Fresh frozen plasma

Failure-free survival

Fluorescence in situ hybridization

Follicular lymphoma

Follicular Lymphoma International Prognostic Index
Fludarabine

Forced vital capacity

Granulocyte colony-stimulating factor

Graft failure

Glomerular filtration rate

Gastrointestinal (tract)

Galactomannan

Granulocyte—macrophage colony stimulated factor
Gram-negative bacilli

Graft-versus-host

Graft-versus-host disease

Graft-versus-leukemia

Hours

Highly active antiretroviral therapy

Hospital Anxiety and Depression Scale

Horse ATG

Hepatitis A virus

Hepatitis B virus
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HC Hemorrhagic cystitis

HCT Hematopoietic cell transplantation
HCT-CI HCT-Comorbidity Index

HCV Hepeatitis C virus

HDAC High-dose Ara-C

HDT High-dose therapy

HEPA High-efficiency particulate air
HEV Hepatitis E virus

HHV Human herpesvirus

HIB Haemophilus influenzae type B
HIV Human immunodeficiency virus
HL Hodgkin lymphoma

HLA Human leukocyte antigen

HLH Hemophagocytic lymphohistiocytosis
HPV Human papillomavirus

HR Hazard ratio

HRCT High-resolution chest tomography
HRT Hormone replacement therapy
HSC Hematopoietic stem cell

HSV Herpes simplex virus

HTLV Human T-cell lymphotropic virus
HU Hydroxyurea

HUS Hemolytic uremic syndrome
HVG Host-versus-graft

IA Invasive aspergillosis

IBW Ideal body weight

ICU Intensive care unit

IDM Infectious disease markers

IFI Invasive fungal infection

IFN Interferon

Ig Immunoglobulin

1eG Immunoglobulin G

IL Interleukin

IMID Immunomodulatory drug

IND Investigational new drug

INR International normalized ratio

P Interstitial pneumonia

IPI International Prognostic Index
IPS Idiopathic pneumonia syndrome
IPSS International Prognostic Scoring System
IRB Institutional Review Board

IS Immunosuppressive

IST Immunosuppressive therapy

ITT Intent-to-treat

v Intravenous

IVIg Intravenous immunoglobulin
JACIE Joint Accreditation Committee of ISCT-Europe and EBMT

ICV

JC virus
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JMML
KIR
KM
KPS
L-asp
LAF
LBL
LDH
LENA
LES
LN
LPS
LVEF
M protein
MA
MAC
MCL
MDS
MEL
Mesna
methylPRD
MF
MFD
MGUS
MHC
MIC
min
MIPI
miRNA
MLC
MM
MMF
MMRD
MMSD
MMUD
MoAb
MODS
MOF
MPN
MRC
MRD
MRI
MRSA
MS
MSC
MSD
MTX
MUD

Juvenile myelomonocytic leukemia
Killer immunoglobulin-like receptor
Kaplan—-Meier

Karnofsky Performance Score
L-asparaginase

Laminar air flow

Lymphoblastic lymphoma

Lactate dehydrogenase
Lenalidomide

Leukemia-free survival

Lymph node

Lipopolysaccharide

Left ventricular ejection fraction
Monoclonal protein

Myeloablative

Myeloablative conditioning

Mantle cell lymphoma
Myelodysplastic syndrome
Melphalan

Sodium 2-mercaptoethanesulfonate
Methylprednisolone

Myelofibrosis

Matched family donor

Monoclonal gammopathy of undetermined significance
Major histocompatibility complex
Minimum inhibitory concentration
Minutes

Mantle Cell Prognostic Index
Micro-RNA

Mixed leukocyte culture

Multiple myeloma

Mycophenolate mofetil
Mismatched related donor
Mismatched sibling donor
Mismatched unrelated donor
Monoclonal antibody
Multiple-organ dysfunction syndrome
Multiorgan failure
Myeloproliferative neoplasm
Medical Research Council
Minimal residual disease

Magnetic resonance imaging
Methicillin-resistant Staphylococcus aureus
Multiple sclerosis

Mesenchymal stem cell

Matched sibling donor
Methotrexate

Matched unrelated donor
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NAT
NC
NCI
NGS
NHL
NIH
NIMA
NK
NMA
NMDP
NRM
NSAID
OR
oS
PAM
PB
PBSC
PBHCT
PCR
PERDS
PET
PFS
PFT
Ph
PHQ-9
PICC
PID
PIP
PK
PMF
PMN
PN
PNH
PO
POEMS

PR
PRCA
PRD
PRES
PT-CY
PTLD
PUVA
PV
QLQ
QOL
qRT-PCR
QW

Nucleic acid amplification test

Nucleated cell

National Cancer Institute

Next-generation sequencing

Non-Hodgkin lymphoma

National Institutes of Health

Non-inherited maternal antigen

Natural killer (cell)

Non-myeloablative

National Marrow Donor Program
Non-relapse mortality

Non-steroidal anti-inflammatory drug

Odds ratio

Overall survival

Pretransplant assessment of mortality
Peripheral blood

Peripheral blood stem cell

Peripheral blood HCT

Polymerase chain reaction

Peri-engraftment respiratory distress syndrome
Positron emission tomography
Progression-free survival

Pulmonary function test

Philadelphia (chromosome)

Patient Health Questionnaire-9

Peripherally inserted central venous catheter
Primary immunodeficiency disease
Pneumocystis jirovecii pneumonia
Pharmacokinetic

Primary myelofibrosis

Polymorphonuclear neutrophil

Parenteral nutrition

Paroxysmal nocturnal hemoglobinuria

Per os

Polyneuropathy, organomegaly, endocrinopathy, M protein,
skin changes

Partial remission or partial response

Pure red cell aplasia

Prednisone

Posterior reversible encephalopathy syndrome
Post-HCT cyclophosphamide
Post-transplant lymphoproliferative disorder
Psoralen—ultraviolet A irradiation
Polycythemia vera

Quality of Life Questionnaire

Quality of life

Quantitative reverse transcription polymerase chain reaction
Once weekly
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RA
RAEB
RAEB-T
RARS
RBC
RCMD
RFS

RI
RIC
R/R
RR
RRT
RSV
RT-PCR
RTx
RTX
SAA
SARS
SC
SCD
SCF
SCID
SD

SE
SIR
SLE
SNP
SOP
SOS
SOT
SPECT
SR

SS

SSc
SSOP
t-AML
t-MDS
TA-GVHD
TAC
TAI
TAM
TBI
TCD
TED
TGF-p
THAL
TKI

Refractory anemia

Refractory anemia with excess blasts
Refractory anemia with excess blasts in transformation
Refractory anemia with ringed sideroblasts
Red blood cell

Refractory cytopenia with multilineage dysplasia
Relapse-free survival

Rhesus

Relapse incidence

Reduced-intensity conditioning
Relapsing/resistant

Relapse rate/Relative risk

Regimen-related toxicity

Respiratory syncytial virus

Real-time polymerase chain reaction
Radiotherapy

Rituximab

Severe aplastic anemia

Severe acute respiratory syndrome
Subcutaneous

Sickle cell disease

Stem-cell factor

Severe combined immunodeficiency syndrome
Standard deviation

Standard error

Sirolimus

Systemic lupus erythematosus

Single nucleotide polymorphism

Standard operating procedure

Sinusoidal obstruction syndrome

Solid organ transplantation

Single-photon emission computed tomography
Standard risk

Sézary syndrome

Systemic sclerosis

Sequence-specific oligonucleotide probe
Therapy-related acute myeloid leukemia
Therapy-related myelodysplastic syndrome
Transfusion-associated GVHD

Tacrolimus

Thoracoabdominal irradiation
Transplant-associated microangiopathy
Total body irradiation

T-cell depletion

Thromboembolic disease

Transforming growth factor beta
Thalidomide

Tyrosine kinase inhibitor
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Abbreviations

TLC
TLI
TLR
TLS
™
TMA
TMP-SMX
TNC
TNF
TNF-a
TPN
TRALI
TREC
Treg
TREO
TRM
TRT
TT
TTP
Tx

uC
UCB
UCBT
URD
uv
VCR
VEGF
VGPR
VIN
VIND
VINO
VOD
VP
VRE
vWF
VZI1g
\VAY%
WBC
WBMT
WMDA
Wt
X-ALD
ZAP-70

Total lung capacity

Total lymphoid irradiation

Toll-like receptor

Tumor lysis syndrome

Thalassemia major

Thrombotic microangiopathy
Trimethoprim—sulfamethoxazole
Total nucleated cell

Tumor necrosis factor

Tumor necrosis factor o

Total parenteral nutrition
Transfusion-related acute lung injury
T-cell receptor excision circles
Regulatory T (cell)

Treosulfan

Transplant-related mortality
Transplant-related toxicity
N-Triethylenethiophosphoramide, thioTEPA
Thrombotic thrombocytopenic purpura
Therapy/Treatment

Umbilical cord

Umbilical cord blood

Umbilical cord blood transplant
Unrelated donor

Ultraviolet

Vincristine

Vascular endothelial growth factor
Very good partial remission
Vinblastine

Vindesine

Vinorelbine

Veno-occlusive disease

Etoposide

Vancomycin-resistant Enterococcus
von Willebrand factor

Varicella zoster immune globulin
Varicella zoster virus

White blood cell

Worldwide Network for Blood and Marrow Transplantation
World Marrow Donor Association
Wild-type

X-linked adrenoleukodystrophy
Zeta-associated protein
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HCT: Historical Perspective

Noa Granot and Rainer Storb

1.1 Introduction

HCT has evolved from a field that was declared
dead in the 1960s to the amazing clinical results
obtained today in the treatment of otherwise fatal
blood disorders. This chapter will reflect upon
how HCT has progressed from the laboratory to
clinical reality.

1.2  Early Enthusiasm

and Disappointment

Research efforts on how to repair radiation
effects resulted from observations on radiation
damage among survivors of the atomic bomb
explosions in Japan (reviewed in van Bekkum
and de Vries 1967). In 1949, Jacobson and col-
leagues discovered protection of mice from
TBI by shielding their spleens with lead. Two
years later, Lorenz and colleagues reported
radiation protection of mice and guinea pigs by
infusing marrow cells. Initially, many investi-
gators, including Jacobson, thought that the
radiation protection was from some humoral
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factor(s) in spleen or marrow. However, by the
mid-1950s, this “humoral hypothesis” was
firmly rejected, and several laboratories con-
vincingly demonstrated that the radiation pro-
tection was due to seeding of the marrow by
donor cells.

This discovery was greeted with enthusiasm
because of the implications for cell biology and
for therapy of patients with life-threatening blood
disorders. The principle of HCT was simple:
high-dose radiation/chemotherapy would both
destroy the diseased marrow and suppress the
patient’s immune cells for a donor graft to be
accepted. Within 1 year of the pivotal rodent
studies, Thomas and colleagues showed that mar-
row could safely be infused into leukemia patients
and engraft, even though, in the end, the leuke-
mia relapsed. In 1958, Mathé’s group attempted
the rescue, by marrow transplantation, of six
nuclear reactor workers accidentally exposed to
TBI. Four of the six survived, although donor
cells persisted only transiently. In 1965, Mathé
and colleagues treated a leukemia patient with
TBI and then marrows from six relatives, absent
any knowledge of histocompatibility (Mathe
et al. 1965). A brother’s marrow engrafted. The
patient went into remission but eventually suc-
cumbed to complications from GVHD. Following
up on early observations by Barnes and Loutit in
mice, Mathé coined the term “graft-vs.-leukemia
effect.” In 1970, Bortin summarized results of
200 human marrow grafts reported between 1957
and 1967 (Bortin 1970). All 200 patients died of
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either graft failure, GVHD, infections, or recur-
rence of leukemia.

These transplants were performed before a
clear understanding of conditioning regimens,
histocompatibility matching, and control of
GVHD. They were based directly on work in
inbred mice, for which histocompatibility match-
ing is not absolutely required. In 1967, van
Bekkum and de Vries stated, “These failures have
occurred mainly because the clinical applications
were undertaken too soon, most of them before
even the minimum basic knowledge required to
bridge the gap between mouse and patient had
been obtained.” Clinical HCT was declared a
total failure and prominent immunologists pro-
nounced that the barrier between individuals
could never be crossed.

1.3  Backto the Laboratory:

Focus on Animal Studies

Most investigators left the field, pronouncing it a
dead end. However, a few laboratories continued
animal studies aimed at understanding and even-
tually overcoming the obstacles encountered in
human allogeneic HCT. Van Bekkum’s group in
Holland used primates, George Santos at Johns
Hopkins chose rats, and the Seattle group chose
outbred dogs as experimental models. One rea-
son behind using dogs was that, besides humans,
only dogs combine unusual genetic diversity with
a widespread, well-mixed gene pool. Also, dogs
share spontaneous diseases with humans, such as
non-Hodgkin lymphoma and X-linked SCID,
among others. In addition to determining the best
ways to administer TBI, new drugs with mye-
loablative or immunosuppressive qualities were
introduced, including cyclophosphamide, ATG,
and BU (Santos 1995). These agents improved
engraftment and provided for tumor cell killing
similar to TBI. Based on the mouse histocompat-
ibility system defined 10 years earlier, in vitro
histocompatibility typing for dogs was devel-
oped. Studies from 1968 showed that dogs given
grafts from dog leukocyte antigen (DLA)-
matched littermates or unrelated donors survived
significantly longer than their DLA-mismatched

counterparts, even though typing techniques
were very primitive and the complexity of the
genetic region coding for major antigens was far
from understood (Epstein et al. 1968). Serious
GVHD was first described in H-2 mismatched
mice and in randomly selected monkeys.
Howeyver, the canine studies first drew attention
to fatal GVHD across minor histocompatibility
barriers.

These pivotal observations drove the search
for posttransplant drug regimens to control
GVHD. The most promising drug was the folic
acid antagonist, MTX (Storb et al. 1970). Further
work in canines showed that transfusion-induced
sensitization to minor antigens caused rejection
of DLA-identical grafts (reviewed in Georges
and Storb 2016). Subsequent canine studies
eventually led to ways of understanding, prevent-
ing, and overcoming transfusion-induced sensiti-
zation, especially in patients with SAA. Next,
mechanisms of graft-host tolerance were investi-
gated. It turned out that IS could often be discon-
tinued after 3—-6 months, and donor-derived T
lymphocytes were identified that downregulated
immune reactions of other donor T cells against
GVHD targets. Immune reconstitution was found
to be complete in long-term canine chimeras,
enabling them to live in an unprotected environ-
ment. Techniques for isolating transplantable
stem cells from peripheral blood were refined in
dogs and primates. Importantly, studies in pet
dogs with non-Hodgkin lymphoma showed
cures, in part due to graft-vs.-tumor effects.

1.4  Resuming Clinical
Transplantation:

1968-1980s

The second half of the 1960s saw the refinement
of high-intensity conditioning regimens, includ-
ing fractionated TBI and maximally tolerated
doses of CY or BU (Santos 1995).
Histocompatibility matching was confirmed to be
of utmost importance for reducing both graft
rejection and GVHD (Thomas et al. 1975).
However, even when donor and recipient were
well matched, GVHD was a problem unless
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post-grafting MTX was given, which slowed
donor lymphocyte replication. Rapid progress in
understanding the molecular nature of the major
human histocompatibility complex—HLA—
improved matching of donor recipient pairs.

By 1968, the stage was set to resume clinical
trials. The first successful transplants were for
patients with primary immune deficiency disor-
ders. A 5-month-old boy with “thymic alympho-
plasia and agammaglobulinemia” was not
perfectly matched with his sister (Gatti et al.
1968). Marrow and peripheral blood cells were
infused intraperitoneally without conditioning.
After a booster infusion several months later, the
patient fully recovered with donor hematopoiesis
and is well. A patient with Wiskott-Aldrich syn-
drome received a first unsuccessful marrow infu-
sion from an HLA-identical sister without
conditioning (Bach et al. 1968). A second trans-
plant following CY conditioning resulted in full
T- and B-cell recovery, but thrombocytopenia
persisted.

During the first 7 or 8 years, most clinical
studies were for patients with advanced hemato-
logical malignancies and SAA, who were in poor
condition and presented tremendous challenges
in supportive care (Thomas et al. 1975). They
required transfusions and prophylaxis or treat-
ment of bacterial, fungal, and viral infections.
Therefore, in addition to discoveries made in
marrow transplantation, these early trials stimu-
lated advances in infectious diseases and transfu-
sions (reviewed in Forman et al. 2016). The
longest survivors from that era are patients with
SAA who are approaching their 52nd anniversary
from HCT with fully recovered donor-derived
hematopoiesis and leading normal lives. Chronic
GVHD emerged as a new problem among long-
term survivors.

The initial studies saw GVHD among approx-
imately half of the patients, despite HLA match-
ing and despite receiving methotrexate. This
stimulated further research in the canine system.
Major improvements in GVHD control and
patient survival were made when combining
MTX with CNI inhibitors such as CSA or TAC
(Storb et al. 1986). Combinations of drugs have

remained a mainstay in GVHD prevention.
GVHD treatment with PRD was introduced.

Early results with marrow grafts from HLA-
identical siblings after CY for SAA showed 45%
long-term survival (reviewed in Georges and
Storb 2016). The major cause of failure was graft
rejection as expected from canine studies on
transfusion-induced sensitization to minor anti-
gens. Canine studies identified dendritic cells in
transfusions to be the key element in sensitiza-
tion. Depleting transfusions of white cells, there-
fore, reduced the rejection risk. Further canine
studies generated a clinical conditioning regimen
that alternated CY and ATG, which greatly
reduced the rates of both graft rejection and
chronic GVHD (Storb et al. 1994). Finally, irra-
diation of blood products with 2000 cGy in vitro
almost completely averted sensitization to minor
antigens. Consequently, graft rejection in trans-
plantation for AA has become the exception, and
current survivals with HLA-identical sibling and
HLA-matched unrelated grafts range from 90%
to 100%. First successful grafts for thalassemia
(Thomas et al. 1982) and sickle cell disease were
reported.

For patients with leukemia and other malig-
nant blood diseases, disease relapse after HCT
has remained a major problem. Attempts to
reduce relapse by increasing the intensity of sys-
temic conditioning regimens have met with suc-
cess, but this benefit was offset by higher
non-relapse mortality. Reports by Weiden and the
Seattle group in 1979/1981 firmly established the
existence of graft-vs.-leukemia (GvL) effects in
humans (Weiden et al. 1979). DLI to combat
relapse were introduced by Kolb and colleagues
in 1990 (Kolb et al. 1990) (see Chap. 59).

Some investigators have removed T cells from
the marrow as a means of preventing GVHD
(reviewed in Soiffer 2016). Early studies showed
high incidences of graft rejection, relapse of
underlying malignancies, and infections. More
recent studies showed that relapse seemed a
lesser problem in patients with acute leukemia.
Others have used T-cell depletion with close dis-
ease monitoring and treating recurrence with DLI
in hopes of initiating GvL responses without
causing GVHD. Most recently, younger patients
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have been given high-intensity conditioning for
grafts which were depleted of naive T cells with
a resulting decrease in GVHD (Bleakley et al.
2015).

The late 1980s saw the introduction of G-CSF-
mobilized PBSC (reviewed in Schmitz and
Dreger 2016). These were equivalent to marrow
as far as engraftment and survival were con-
cerned; however, they seemed to increase the risk
of chronic GVHD. For patients with nonmalig-
nant diseases, marrow has therefore remained the
preferred source of stem cells in order to keep the
rate of chronic GVHD low.

Only approximately 35% of patients have
HLA-identical siblings. Therefore, alternative
donors have been explored, predominantly HLA-
matched unrelated volunteers. The first success-
ful unrelated transplant for leukemia was reported
in 1980. In order to expand the donor pool,
national registries were established, with cur-
rently more than 40 million HLA-typed unrelated
volunteers (reviewed in Confer et al. 2016). The
likelihood of finding suitable unrelated donors is
approximately 80% for Caucasians, although this
percentage declines dramatically for patients
from minority groups. A second, important alter-
native stem cell source has been unrelated cord
blood (Gluckman et al. 1989), not requiring com-
plete HLA matching and resulting in encourag-
ing outcomes among patients with malignant
blood diseases. First attempts with yet another
donor source have included TCD megadose
CD34+ cell grafts from related HLA-
haploidentical donors to treat acute leukemia
(Aversa et al. 1998).

1.5 Moving Ahead: The 1990s

and Beyond

To allow the inclusion of older (highest preva-
lence of hematological malignancies), medically
infirm, or very young immunodeficiency patients,
less intensive conditioning programs have been
developed. In patients with malignancies, these
rely less on high-dose chemoradiation therapy
and more on graft-vs.-tumor effects. One outpa-
tient transplant strategy combines FLU and

2-3 Gy TBI conditioning with posttransplant IS
using an inhibitor of purine synthesis MMF and
CSA or TAC. Figure 1.1 illustrates the spectrum
of current conditioning regimens (reviewed in
Storb and Sandmaier 2016). High-intensity regi-
mens carry the risk of short- and long-term tox-
icities, the latter including subsequent
malignancies (Baker et al. 2019). The associated
short-term toxicities restrict the therapy to
younger, medically fit patients (as reviewed in
Granot and Storb 2020). One outpatient trans-
plant strategy combines FLU and 2-3 Gy TBI
conditioning with posttransplant IS using an
inhibitor of purine synthesis, MMF, combined
with either CSA or TAC. Figure 1.1 illustrates the
spectrum of current conditioning regimens
(reviewed in Storb and Sandmaier 2016).

A transplant regimen combining fludarabine
and 2 Gy TBI conditioning with additional cyclo-
phosphamide before and after HCT has encour-
aged  widespread use of  unmodified
HLA-haploidentical grafts (Luznik et al. 2008).
It is well tolerated with low incidences of graft
rejection and of acute and chronic GVHD, but
relapse remains a problem. Strategies addressing
relapse have included infusion of donor lympho-
cytes or NK cells. Retrospective multicenter
analyses show comparable outcomes after HLA-
matched vs. HLA-haploidentical HCT.

While reduced-intensity regimens have been
well tolerated, relapse and GVHD need improv-
ing. Adding targeted radioimmunotherapy
against host hematopoietic cells, using anti-
CD45 or anti-CD20 antibody coupled to beta-
and alpha-emitting radionuclides to
minimal-intensity conditioning, has the potential
to decrease the pretransplant tumor burden,
thereby lessening the relapse risk (Mawad et al.
2014; O’Steen et al. 2019; Chen et al. 2012;
Pagel et al. 2009). Encouraging results with
maintenance therapy after HCT have been
reported in AML patients treated with sorafenib
(Xuan et al. 2020) and bortezomib in high-risk
MM (Green et al. 2017).

As for GVHD prevention, emerging therapies
target alloreactive T cells, alloreactive and auto-
reactive B cells through direct depletion from
stem cell grafts (e.g., posttransplant Cy is in vivo
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Fig. 1.1 Spectrum of current conditioning regimens.
(Reproduced with permission from Sandmaier, B.M. and
Storb, R. Reduced-intensity allogeneic transplantation
regimens (Ch. 21). In Thomas’ Hematopoietic Cell

depletion, posttransplantation cyclophospha-
mide, CD34 selection, IL-2 and IL-17 therapy),
in vivo depletion (e.g., rituximab, ofatumumab,
obinutuzumab), and signal inhibition (e.g., ITK,
JAK 1/2, ROCK-II, BTK, SYK inhibition), as
reviewed in depth by Cutler et al. (2017) and
MacDonald et al. (2017).

As for GVHD, a recent phase III randomized
trial convincingly demonstrated that a triple com-
bination of MMF/cyclosporine/sirolimus signifi-
cantly reduced both acute GVHD and non-relapse
mortality and improved survival (Sandmaier
et al. 2016).

Survival of patients with primary immune
deficiency diseases given NMA conditioning
before HLA-matched and HLA-mismatched
grafts between 1998 and 2006 has stabilized at
82% (Moratto et al. 2011).

_

Transplantation, fifth edition (ed. by Forman SJ, Negrin
RS, Antin JH, & Appelbaum FR) 2016, pp. 232-243. John
Wiley & Sons, Ltd., Chichester, UK)

In the future, better understanding of hemato-
poietic cell-specific polymorphic minor histo-
compatibility antigens might result in ways of
directing donor immune cells toward hematopoi-
etic targets, thereby controlling relapse without
inducing GVHD. Another major research target
is containment of chronic GVHD.

Key Points

e Radiation protection of rodents by
shielding the spleen or marrow
infusion.

 First human transplants all failed.

e Allogeneic HCT called a total failure.

e HCT studies in large animals: histocom-
patibility matching; MTX for GVHD
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prevention; CY, ATG, and BU; rejection
from transfusion-induced sensitization;
PBSC; graft-vs.-lymphoma effect.

e Fractionated TBI.

e HCT for patients with immunodefi-
ciency diseases, aplastic anemia, leuke-
mia, hemoglobinopathies.

e Advances in infection prophylaxis and
treatment.

e QGraft-vs.-leukemia effects.

e Donor lymphocyte infusions.

e ATG conditioning.

e Unrelated donors.

e Cord blood transplants.

e Mega CD34+ HLA-haploidentical
grafts.

* MTX/CNI GVHD prophylaxis.

* Reduced and minimal-intensity
conditioning.

e Outpatient transplantation.
e PT-CY GVHD prophylaxis.
e Targeted radioimmunotherapy.
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The EBMT: History, Present,

and Future

Anna Sureda, Nicolaus Kroéger, Jane Apperley,

and Alois Gratwohl

2.1 Introduction

“Only he/she who knows the past has a future”
is a proverb attributed to Wilhelm von
Humboldt (1767-1835), a great historian, sci-
entist, and philosopher (Spier 2015). It appears
as an ideal introduction to a chapter on the his-
tory of EBMT. The context by which HCT
evolved in the middle of the last century fits
with modern views on history. The novel “big
history” concept attempts to integrate major
events in the past, beginning with the “big
bang” up to today’s industrial revolution num-
ber IV (Spier 2015). According to this model,
nothing “just happens.” Progress occurs when
the conditions fit, at the right time and at the
right place. Such circumstances are called
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“Goldilocks conditions,” according to the
novel by Robert Southey (https://en.wikipedia.
org/wiki/Goldilocks_and_the_Three_Bears.
Accessed November 6, 2018). They hold true
for the formation of galaxies, suns, and plan-
ets, for the appearance of life on earth, or for
the evolution of mankind. They apply specifi-
cally to the latter: as the one and only species,
Homo sapiens managed to create “Goldilocks
conditions” by him- or herself. They allowed
man to fit religion, art, or beliefs in such ways
to master society. In our perspective, big his-
tory thinking helps to understand the develop-
ment of HCT and EBMT and to view it in a
broader framework. It provides as well a caveat
for the future.

2.2 ThePast: Development

of HCT and EBMT

The use of bone marrow (BM) for healing pur-
poses dates back long in history, and BM from
hunted animals might have contributed as rich
nourishment to the evolution of Homo sapiens
(McCann 2016). Its recognition as a primary
hematopoietic organ in adult life with a hemato-
poietic stem cell as source of the circulating
blood cells began in the middle of the nineteenth
century (Schinck 1920). It did result in some
early recommendations on the potential thera-
peutic use of BM (JAMA 1908; Osgood et al.
1939), but with no broader application. All

n
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changed after the explosions of atomic bombs in
Hiroshima and Nagasaki in World War II, when
survivors of the immediate exposure died from
BM failure (Van Bekkum and De Vries 1967).
Research was directed to find ways to treat this
lethal complication. It led to the discovery that
BM-derived stem cells from a healthy donor
could replace hematopoiesis after total body
irradiation (TBI); it provided at the same time, a
tool, TBI, to eradicate aberrant hematopoiesis
(Van Bekkum and De Vries 1967; Jacobson et al.
1949; Lorenz et al. 1951; Ford et al. 1956). The
concept of HCT was born, and “the conditions
were right.” It is to no surprise that the first clini-
cal BMT centers in Europe started in hospitals
with close links to radiobiology research insti-
tutes in the UK, the Netherlands, France, and
Germany. Funding of radiobiology fostered
basic research and stimulated clinical applica-
tion. In the first series of patients reported in the
NEJM in 1957 by the late Nobel Prize winner
ED Thomas, all six patients died but two of them
with clear signs of donor chimerism (Thomas
etal. 1957). And BMT “saved” accidentally irra-
diated workers of a radiation facility in Vinca, a
town in former Yugoslavia (Mathé et al. 1959).
Hence, the clinical results confirmed the “proof
of principle” obtained in mice: TBI could eradi-
cate normal and malignant BM cells, and the
infusion of healthy donor BM cells could restore
the recipient’s depleted hematopoiesis with
functioning donor cells. In reality, of more than
200 patients reported by Bortin for the IBMTR,
all patients with leukemia had died, many of
them free of their disease. Three patients sur-
vived, all with congenital immune deficiency
and transplanted from HLA-identical sibling
donors (Bortin 1970). Despite the dismal results,
Goldilocks conditions prevailed. Armed forces
were convinced of the need for a rescue tool in
the event of a nuclear war, physicians viewed
BMT as an instrument to treat hitherto incurable
blood disorders, and patients envisioned a cure
of their lethal disease.

In order to improve outcome, the “believers”
joined forces. They met each other, openly
reviewed their cases and charts one by one,
exchanged views on hurdles and opportunities,

spent time together on the slopes in the Alps, and
became friendly rivals: EBMT was born.
Goldilocks conditions still prevailed. Leukemia
could be eradicated. BMT with haploidentical
donor BM for SAA after conditioning with ATG
yielded spectacular results (Speck et al. 1977).
Today, we know that ATG, rather than the cells,
was responsible for the outcome. The introduc-
tion of intensive induction regimens for AML
enabled stable phases of complete first remission
(CR1) (Crowther et al. 1970). The discovery of
CSA, as the first of its kind of novel IS agents,
opened new dimensions in BMT and other organ
transplantation (Kay et al. 1980). It became
acceptable to transplant patients in the early
phase of their disease, e.g., CR1 or first chronic
phase (CP1) (Thomas et al. 1975). The boom of
BMT began (Thomas 2007; Gratwohl et al.
2015a). The first patient in the EBMT database
dates back to 1965. In 1973, at the first informal
gathering in St. Moritz, the database comprised
13 patients, 4 transplanted in that year. In 1980, a
total of 285 HCT were performed, increasing to
4025 10 years later.

HCT rapidly diversified in terms of donor
type, by including autologous and allogeneic
stem cells from related and unrelated donors, and
of stem cell source, from BM and peripheral
blood to cord blood. Indications expanded from
the early congenital immunodeficiency, leuke-
mia, and aplastic anemia to a full variety of severe
congenital disorders of the hematopoietic sys-
tem, to other hematological malignancies such as
myeloma and lymphoma, and to non-hematolog-
ical malignancies, e.g., germ cell tumors. The
HCT technology improved to encompass a vari-
ety of in vivo and ex vivo GvHD prevention
methods and conditioning regimens of varying
intensities with or without TBI. HCT became
open to centers with no links to radiobiology
institutes and was no longer bound to “sterile
units” and to selected countries (Gratwohl et al.
2015a; Copelan 2006).

The previously informal gatherings and the
database no longer sufficed to share the urgently
needed information exchange. EBMT became a
formal structure, with elections for presidents
and working party chairs. It was listed in PubMed
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for the first time in 1985 (EBMT 1985). The
meetings were no longer confined to ski resorts
and became open to all involved in patient care
and scientific analyses (Table 2.1). Obviously,

Table 2.1 List of EBMT meetings and presidents

organization of the annual meeting is today a
major undertaking and only possible with the
support of corporate sponsors. Still, the initial
spirit remains.

Year Location of annual meeting Participating groups EBMT president
1974 Informal gathering
1975 St. Moritz, Switzerland 1st P
1976 St. Moritz, Switzerland 2nd P B. Speck®
1977 Courchevel, France 3rd P B. Speck®
1978 Courchevel, France 4th P B. Speck®
1979 St. Moritz, Switzerland 5th P E. Gluckman
1980 Sils-Maria, Switzerland 6th P E. Gluckman
1981 Courchevel, France 7th P E. Kubanek
1982 Courmayeur, Italy 8th P E. Gordon-Smith
1983 Oberstdorf, Germany 9th P E. Gordon-Smith
1984 Granada, Spain 10th P J. Barrett
1985 Bad Hofgastein, Austria 11th P, Ist N J. Barrett
1986 Courmayeur, Italy 12th P, 2nd N A. Marmont*
1987 Interlaken, Switzerland 13th P, 3rd N A. Marmont?®
1988 Chamonix, France 14th P, 4th N G. Gharton
1989 Bad Hofgastein, Austria 15th P, 5th N G. Gharton
1990 The Hague, Netherlands 16th P, 6th N J. Goldman?
1991 Cortina d’ Ampezzo, Italy 17th P, 7th N J. Goldman?
1992 Stockholm, Sweden 18th P, 8th N J. Goldman?
1993 Garmisch-Partenkirchen, 19th P, 9th N J. Goldman®
Germany
1994 Harrogate, UK 20th P, 10th N A. Gratwohl
1995 Davos, Switzerland 21st P, 11th N A. Gratwohl
1996 Vienna, Austria 22nd P, 12th N A. Gratwohl
1997 Aix-les-bains, France 23rd P, 13th N A. Gratwohl
1998 Courmayeur, Italy 24th P, 14th N A. Bacigalupo
1999 Hamburg, Germany 25th P, 15th N A. Bacigalupo
2000 Innsbruck, Germany 26th P, 16th N A. Bacigalupo
2001 Maastricht, Netherlands 27th P, 17th N A. Bacigalupo
2002 Montreux, Switzerland 28th P, 18th N, 1st DM J. Apperley
2003 Istanbul, Turkey 29th P, 19th N, 2nd DM J. Apperley
2004 Barcelona, Spain 30th P, 20th N, 3d DM J. Apperley
2005 Prague, Czech Republic 31st P, 21st N, 4th DM J. Apperley
2006 Hamburg, Germany 32nd P, 22nd N, 5th DM D. Niederwieser
2007 Lyon, France 33rd P, 23d N, 6th DM, 1st P&F D. Niederwieser
2008 Florence, Italy 34th P, 24th N, 7th DM, 2nd P&F D. Niederwieser
2009 Goteborg, Sweden 35th P, 25th N, 8th DM, 3rd P&F D. Niederwieser
2010 Vienna, Austria 36th P, 26th N, 9th DM, 4th P&F A. Madrigal
2011 Paris, France 37th P, 27th N, 10th DM, 5th P&F A. Madrigal
2012 Geneva, Switzerland 38th P, 28th N, 11th DM, 6th P&F, 1st QM, A. Madrigal
1st Ped
2013 London, UK 39th P, 29th N, 12th DM, 7th P&F, 2nd QM, A. Madrigal
2nd Ped
2014 Milan, Italy 40th P, 30th N, 13th DM, 8th P&F, 3d QM, A. Madrigal

3d Ped

(continued)
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Table 2.1 (continued)

Year Location of annual meeting
2015 Istanbul, Turkey

2016 Valencia, Spain

2017 Marseille, France

2018 Lisbon, Portugal

2019 Frankfurt, Germany

2020 Madrid, Spain®

2021 Madrid, Spain®

2022 Prague, Czech Republic®
2023 Paris, France

Participating groups EBMT president
41st P, 31st N, 14th DM, 9th P&F, 4th QM, M. Mohty
4th Ped

42nd P, 32nd N, 15th DM, 10th P&F, 5th M. Mohty
QM, 5thPed, 1st Pha

43rd P, 33rd N, 16th DM, 11th P&F, 6th M. Mohty
QM, 6th Ped, 2nd Pha, Ist Psy

44th P, 34th N, 17th DM, 12th P&F, 7th M. Mohty
QM, 7th Ped, 3d Pha, 2nd Psy

45th P, 35th N, 18th DM, 13th P&F, 8th N. Kroger
QM, 8th Ped, 4th Pha, 3rd Psy, 1st TC

46th P, 36th N, 19th DM, 14th P&F, 9th N. Kroger
QM, 9th Ped, 5th Pha, 4th Psy, 2nd TC, Ist

MSH-IC

47th P, 37th N, 20th DM, 15th P&F, 10th N. Kroger
QM, 10th Ped, 6th Pha, 5th Psy, 3rd TC,

2nd MSH-IC, Ist LT

48th P, 38th N, 21st DM, 16th P&F, 14th N. Kroger
QM, 11th CT, 11th Ped, 7th Pha, 6th Psy,

4th TC, 3rd MSH-IC, 2nd LT, 1st Trainee

49th P, 39th N, 22nd DM, 17th P&F, 15th A. Sureda

QM, 12th CT, 12th Ped, 8th Pha, 7th Psy,
5th TC, 4th MSH-IC, 3rd LT, 2nd Trainee

Participating groups: P physicians, N nurses, DM data manager, P&F patient and family day, OM quality manager, Ped
pediatricians, Pha pharmacists, Psy psychologists, 7C transplant and search coordinators, MSH-IC multi-stakeholder
forum and innovative cellular therapies, LT laboratory technicians

* Deceased
" Virtual meetings

2.3  ThePresent

Today, EBMT (www.ebmt.org) is a nonprofit
organization with a clear mission statement: “To
save the lives of patients with blood cancers and
other life-threatening diseases by advancing the
fields of blood and marrow transplantation and
cell therapy worldwide through science, educa-
tion and advocacy” (https://www.ebmt.org/ebmt/
what-we-do). It is formally a professional society
with legal residence in the Netherlands and an
administrative office in Barcelona, Spain. EBMT
is chaired by the president, who is elected by the
members for 4 years with a prior year of presi-
dent elect. The Board of Association is the
administrative body responsible for defining the
strategic direction of the EBMT and running
operations and decisions that are not due to be
taken by the General Assembly (GA) and it is
constituted by the Executive Committee as well

as by the chair and co-chair of the Scientific
Council, the education and registry representa-
tive of the Scientific Council, and the president of
the Nurses Group. The Scientific Council defines
the scientific and education policy of the EBMT
to be approved by the General Assembly. Its
members consist of the chairs of each of the 12
Working Parties (WP) and the Nurses Group
President. The EBMT Committees have been
established over the years in response to various
needs identified by the EBMT community that
span different functions of the EBMT. Their
objectives are to support and advise the EBMT
Board and other committees and management, as
well as the Working Parties, as they carry out
their activities. The strong commitment of EBMT
on training and education as well as on the equal-
ity, diversity, and inclusion (ED&I) approach led
to the development of two new successful com-
mittees: the trainee and the EDI committee
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(Table 2.2). The operational structure of EBMT
has significantly increased its complexity over
time; EBMT has more than 100 employees that
are physically located in four different offices:
Barcelona, Paris, Leiden, and Shanghai, the latter
one being opened with the development of an
increasingly strong collaboration between EBMT
and transplantation centers in China.

The EBMT is devoted to the promotion of all
knowledge associated with the transplantation of
hematopoietic cells or immunomodulatory cells
from all donor sources and donor types includ-
ing basic and clinical research, education, stan-
dardization, quality control, and accreditation

Table 2.2 EBMT working parties and committees
Working parties

ADWP  Autoimmune Diseases Working Party

ALWP  Acute Leukemia Working Party

CMWP  Chronic Malignancies Working Party

CTIWP Cellular Therapy and Immunobiology
Working Party

HWP Haemoglobinopathies Working Party

IDWP  Infectious Diseases Working Party

IEWP  Inborn Errors Working Party

LWP Lymphoma Working Party

PDWP  Paediatric Diseases Working Party

SAAWP Severe Aplastic Anaemia Working Party

TCWP  Transplant Complications Working Party

Committees

Nuclear Accident Committee

Donor Outcomes Committee

Statistical Committee

Registry Committee

JACIE Committee

Global Committee

Legal and Regulatory Affairs Committee
Pharmacist Committee

Patient Advocacy Committee

Trainee Committee

Practice Harmonization Committee
Equality, Diversity and Inclusion Committee
Accreditation Committee

Quality Managers Committee

Inspectors Committee

Nurses Group Research Committee
Nurses Group Scientific Committee
Nurses Group Pediatric Committee
Nurses Group Global Committee

for transplant procedures. The EBMT registry is
one of EBMT’s most precious jewels. It cur-
rently contains information on more than
700,000 patients treated with HCT and more
than 40,000 new patients are reported each year
(Fig. 2.1). Most of the scientific production of
the EBMT is based on information extracted
from the registry data. At the present time and
after the incorporation of other cell therapy strat-
egies—CART cells—the EBMT registry con-
tains information on more than 5000 patients
treated with this new therapeutic option and our
aim is that the information in the registry reflects
the reality of the EBMT member centers in this
field as much as possible. The annual congress is
the most important educational activity; Paris
2023—the first face-to-face congress after 3
years of virtual life—brought together more than
4700 face-to-face delegates and more than 1100
virtual delegates. However, EBMT’s educational
offer has grown significantly over the years with
a multitude of medium and small educational
events, mostly organized by the WPs and an
e-learning platform, developed already before
the COVID-19 pandemic, which has allowed to
keep education in our virtual life and increase
the participation of groups of professionals for
whom it was unreachable. Finally, the concepts
of accreditation, quality, benchmarking, and
advocacy constitute the third fundamental pillar
of EBMT’s life. JACIE has been and is one of the
great triumphs of EBMT; JACIE accreditation
has evolved over time and is now of paramount
importance for the accreditation and qualifica-
tion of CART centers. The benchmarking exer-
cise is an ongoing project, which has already
resulted in the publication of two manuscripts.
EBMT’s participation as a scientific society
within the Common Representation of
Substances of Human Origin (CoRe SoHO)
ensures our representation in this specific EU
area.

Members of the EBMT are mainly centers
active in transplantation of hematopoietic cells or
any other organization involved in the care of
donors and recipients of HCT. Currently and
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Fig. 2.1 Numbers of patients with a first HCT by main
donor type and year of transplant. The lines reflect the dif-
ference in patient numbers with and without information

after the GA of the Annual Meeting 2023, EBMT
holds 6031 members in 582 full center members
and 334 members in 50 associate center mem-
bers, 176 members in 28 provisional center mem-
bers, 256 individual members, and 35 honorary
members from 58 different countries. EBMT is
supported in its activities through the member-
ship fees and the revenue of the annual meetings
and by its corporate sponsors (https://www?2.
ebmt.org/Contents/Members-Sponsors/
Sponsors/Listofcorporatesponsors/Pages/List-of-
corporate-sponsors.aspx). EBMT is part of the
global network of organizations involved in HCT,
the Worldwide Network for Blood and Marrow
Transplantation (WBMT), and in close link with
national and other international professional
organizations involved in HCT, such as AFBMT,
APBMT, CIBMTR, EMBMT, LABMT, or
WMDA. The GOCART coalition, with the slo-
gan “If you want to go fast, go alone; if you want
to go far, go together,” has EBMT and the
European Society of Haematology (EHA) as
founding partners and aims to become the
umbrella that brings together the concerns and

in the database (megafile). (Courtesy: Annelot van
Amerongen, EBMT Registry Unit, Leiden; Helen
Baldomero, EBMT activity survey office, Basel)

needs of the different actors involved in cell ther-
apy strategies. In March/2019 EBMT received
the positive qualification opinion from the
European Medical Association (EMA) on the use
of its patient registry to support novel CART cell
therapies; this was the beginning of the develop-
ment of the post-authorization studies (PASS)
which will enable marketing authorization hold-
ers (MAH) to provide information on the long-
term and real-life efficacy and safety of the

different CART constructs to European
authorities.
24  TheFuture

Again, according to the big history concept, pre-
dicting the future is a difficult task: “There are no
data about the future; from an empirical scientific
point of view, it is impossible to say what lies
ahead of us” (Spier 2015). But we can project
scenarios; we know the past, and we see the
today. We live in the rapidly evolving world of
the industrial revolution IV, dominated by global-
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ization, digitization, and personalized medicine.
Targeted therapies promise cures; gene-modified
cells destroy hitherto untreatable cancers; immu-
nomodulation with checkpoint inhibitors has
become a reality (Hochhaus et al. 2017; Tran
et al. 2017; Le et al. 2015). If HCT is to remain a
valuable treatment, mentalities and methods of
the past no longer suffice. The idea of beliefs,
hence physicians creating their own Goldilocks
conditions, will lead to the end of HCT. It has to
be replaced by a stringent scientific approach.
The sad story of HCT for breast cancer, with
more than 40,000 transplants but no clear answer,
must not to be repeated (Gratwohl et al. 2010).
Hence, prediction number one: The idea of “a
donor for everybody” will be abandoned. HCT
has to provide for the individual patient the best
outcome regarding overall survival, quality of
life, and costs. The outcome after HCT must be
superior, in these three aspects, to any of the
modern drugs or treatments, including “watch
and wait” strategies or palliation. Assessment of
risks needs to integrate risk factors relating to the
patient, his or her disease, the donor, the stem cell
source, the transplant technology, and micro- and
macroeconomic risk factors (Gratwohl et al.
2015b, 2017). For some patients, early transplant
will be the optimal approach; for others, HCT
may need to be delayed. For others, HCT will
never be the preferred option. Obviously, the
transplant physician is no longer in a position to
adequately assess risk in comparison to the mul-
tiple alternative strategies, as it was possible in
the old times of the simple EBMT risk score.
Machine-learning algorithms will replace risk
assessment; the competent physician will still be
needed to discuss the results with his or her
patients and their families and to conduct the
transplant (Verghese et al. 2018). The introduc-
tion of CART cells as a new cell therapy strategy
has represented significant changes in the treat-
ment of some hematological malignancies; the
number of both autologous and allogeneic trans-
plants has decreased significantly in lymphoma
patients (Snowden et al. 2022). New gene therapy
strategies will undoubtedly also change the cur-

rent perception of transplantation in benign
hematological pathology.

Hence, prediction number two: The WHO
guiding principles for cell, organ, and tissue
transplants, “data collection and data analysis are
integral parts of the therapy,” need to become a
mandatory reality for all transplant teams (WHO
2010). The gap between transplant numbers and
reports (Fig. 2.1) has to be closed. Reporting has
to become real time and lifelong. The EBMT and
transplant centers have to adapt. Data and quality
management will become a “condition sine qua
non” for all, with close interactions between
local, national, and international organizations.
Machine learning will end the individualistic
center unique transplant techniques. It will no
longer be possible to apply hundreds of different
GVHD prevention methods and a multitude of
conditioning regimens, just by the argument “I
have good experience with my method.”
Standardization will permit correct personalized
medicine, as outlined above. Obviously, assess-
ment of outcome can no longer be restricted to
transplanted patients; it will need the correct
comparison with nontransplant strategies on a
routine basis.

Hence, prediction number three: HCT centers
and the EBMT will no longer be isolated in the
treatment landscape. HCT will need to be inte-
grated into the treatment chain, from diagnosis to
early treatment, transplant decisions, and second-
ary treatment, up to lifelong follow-up. Not all of
these steps have to occur at the transplant center,
but they need to be coordinated by the expert
team. Data have clearly shown that transplant
experience, as measured in patient numbers and
years, is associated with outcome (Gratwohl
et al. 2015b). No center will have sufficient
expertise for all diseases amenable to HCT or for
all transplant techniques, e.g., BM harvest. HCT
centers will have to decide on their priorities,
jointly with their referral and their after-care
chain, within their city, their country, or with
neighboring countries for coordination.

Hence, final prediction: EBMT can take the
science-based lead for coordination and stan-
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dardization, guide in reorganization of networks
with non-transplant treatment chains, and priori-
tize comparative studies, independent of pressure
groups. This is the focus of EBMT’s strategic
plan for 2023-2026: (a) to transform science on
BMT and advanced CT through collaborative
platforms and translational evidence and innova-
tion, to become the EU reference in the field with
global impact; (b) transform to leverage the com-
munity’s awareness and people’s knowledge,
skills, and attitudes with non-bias and reliable
educational resources to improve standards of
BMT and CT and patient outcomes across bor-
ders; and (c) as a global community, to continu-
ally improve the cell therapy delivery for all
involved. Then, history will tell, whether the
proverb from a contemporary of von Humboldt,
Georg Wilhelm Friedrich Hegel (1770-1831)
“History teaches us that man learns nothing from
history” (Spier 2015), can be overcome. The
potential is here.
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Registries: A Bridge Between
Donor and Recipient

Irina Evseeva, Lydia Foeken, and Juliana Villa

3.1 Introduction

3.1.1 Whatls a Registry?

A registry plays a critical role in the recruitment,
donation, collection, testing and distribution of
cells for use in cellular therapy. As a bridge
between donation and transplant, registries can
serve either as donor registries, providing cell
products from their donors/cord blood banks
(CBBs) to national and international transplant
centres, or patient registries, partnering with local
transplant centres, making the search of the best
cell source and requesting cell products. In most
cases, registries serve in both roles.

Registries have different structures, some are
governmental organizations, others are founda-
tions, and a third category is part of a larger orga-
nization such as a hospital, blood bank or
university. Some have affiliated donor or patient
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management entities located in different coun-
tries. WMDA provides operational and regula-
tory information on each operating registry and
CBB on WMDA Share (https://share.wmda.
info/x/4gdcAQ).

3.1.2 WhatIs WMDA?

WMDA was initiated by three pioneers,
Professors John M. Goldman (United Kingdom),
E. Donnell Thomas (United States) and Jon J.
van Rood (the Netherlands) and founded in
1994. WMDA is a merger organization of
BMDW, NetCord Foundation, EMDIS and
WMDA. Over 100 registries and CBBs collabo-
rate by sharing both donor and cord blood (CB)
data for international search through WMDA’s
Search & Match Service (WSMS) (https://share.
wmda.info/x/4gdcAQ and  https://statistics.
wmda.info/) (Fig. 3.1).

WMDA operates a certification programme
ensuring that cells are provided according to
internationally agreed standards and can be
imported without administrative burden into a
country. In 2023, over 90% of the donors regis-
tered are assessed through WMDA's Certification
Programme (https://www.wmda.info/profession-
als/quality-and-accreditation/wmda-standards/).
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Unrelated donors and cord blood units registered in 2022 per continent
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Fig. 3.1 WMDA Global Trends Report 2022

3.2 TheRole of the Registry:
Patient Perspective
3.2.1 Find the Best Suitable Graft:

Search and Match Service

The choice of the best suitable cell source depends
on patient’s medical condition and clinical situa-
tion and is determined by patient HLA type, sex,
weight, CMV status, alloantibody profile, ABO
blood group and other factors that the transplant
physician may find important. Transplant and
search coordinators can utilize Search & Match
Service, available at https://search.wmda.info/
login, to register patient data. This can be done
manually through a web form or automatically
through an API connection that electronically
transfers the data. Within seconds, a list of poten-
tially matched URD/CBUs is available. Registries
are encouraged to upload their complete URD/
UCB data on a daily base.

Nearly 95% of the registered donors have been
DNA typed for HLA-A,-B,-DRBI1 loci, with more
than half having additional information on HLA-

w

Unrelated donors: 18.340.038
W Cous:2rsa7s

e

Ly

Asia
Unrelated donors: 8.411.461
CBUS: 208658

Africa
Unrelated donors: 119,742
CBuUs:0

Oceania
Unrelated donors: 188,710
CBUSs: 37.985

C,-DQBI1,-DPBI1. The chance of finding a suitable
cell source varies, depending on patient race and
ethnicity. The likelihood of a patient of White
(Caucasian) ancestry identifying an 8/8 HLA-
matched URD is 79%, the rate is much lower for
patients of non-White or multi-ethnic heri-
tage—47% for Asian, 48% Hispanic/Latino and
29% for Black or African Americans. High genetic
diversity, increased barriers to donor availability
and underrepresentation in the global inventory
are contributing factors to lower match likelihoods
experienced by patients of non-Caucasian ancestry
(Gragert et al. 2023) (https://bethematch.org/
transplant-basics/how-blood-stem-cell-
transplants-work/how-does-a-patients-ethnic-
background-affect-matching/). To facilitate these
complex searches multiple mismatched unrelated
donors are selected, as described in Chap. 12.
WMDA allows to search for multiple mismatches.

WMDA offers a set of filters that can be used
to reduce the number of potential cell sources for
your patient. Examples of filters are age, gender
and certification status. WMDA provides accu-
rate information at initial search for quick identi-
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fication of the most suitable cell source and is
working towards service development, e.g.
implementing a flag on a CBU with all necessary
releasing tests completed, listing of adult cryo-
preserved donor units and an algorithm on assess-
ing donor’s commitment to donate.

WMDA lists over 800,000 UCBs and provides
information to shortlist the best suitable CBUs—
HLA match to the patient, cellularity parameters,
frozen volume and CBB information to follow
published guidelines (Politikos et al. 2020; Little
et al. 2021). To further facilitate the selection pro-
cess, WMDA is working to standardize the presen-
tation through a report that includes information
about potency and quality. A critical factor for
assessing the quality is whether the CB is stored in
an AABB or NetCord-FACT-accredited CBB. If
this is not the case, it is recommended to seek
information through the registry, Eurocord sur-
vival data and WMDA information sources.

3.2.2 Back-Up Donor Strategy

While availability of URD at workup is a WMDA
key performance indicator, registries cannot

20,000

15,000

Number of shipments

5,000

always meet the timeframe requirements as indi-
vidual and unexpected medical or personal issues
can lead to unavailability of a donor. It is recom-
mended that at least one backup donor who is
prepared and willing to donate and/or a reserved
UCB be chosen at workup with a primary donor,
to ensure that impact to patient care is minimized
should the primary donor become unavailable.

3.2.3 Registries as Partners
of Transplant Centres

Once a cell source has been identified, the trans-
plant centre will notify their affiliated registry to
facilitate the delivery of the cells. Annually, over
20,000 cell products are transported across bor-
ders to meet the needs of patients requiring a
HCT (Fig. 3.2). Registries work closely with
transplant physicians to assist with URD and
CBU selection, evaluation of product quality and
education and training.

If there is no national registry in your country,
WMDA can assist with the identification of the
most suitable cell source and provide a match list
(Fig. 3.3).
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Fig.3.2 URD and CBUs shipped annually (WMDA Global Trends 2022 Report)



24 |. Evseeva et al.

Cwmon

Patient list  Add patient (&) Romée Brouwer
MaLChing Gonors - servng patiems
Patientlist / Results
Patient [2022_J)_Janssen] m
10/10 search (at HLA-A, B, C, DRB1, DOB1) | 2 mismatche alloud | A, B, DR donar search | algoritm HAP-E Editscarch &'
Filter: Doner status CMVY Registry ~ Accreditation v Bloodgroup v Sex v 3E Allfilters
1,994 donor results [Bold) = anti Underlined = allele mi h Ttalics =
® A B c DRE1  DQB1 DPB1 Registry Sex Age  Bloodgroup
e st 0 Patient details
Sort by sum of probabilities %
29:02:01 380101 120301 0403 03:02:01 0201 Female 29 o+ !!
32:01.01 350101 04:01:01 1101 03:01:01 05:RGPW
10/10 (potential} allele matches
#1  GRID:4987000000054629434 Status:available CMV:N2003-10-02 Lastcontact:2019-11-19  Ethnicity: CAEU I  freon
0 2% a a 7450 @ Female 25 o« *
: :;* 0% 100% 100% 0% 10% 11:01:016 [Ttk
OL:ABGEP  OLNRAR  OLNRAR 0403 030201  04:03:01G
OLABGEP 350101 350101 1101 030101
#2  GRID:4587000000054629434 Status:available CMV:N2003-10-02  Last contact: 2019-11-19  Ethnicity: CAEU Full regort
% 1] n (4] a a 7450 (2) Female 5 o+ h+d
5 IT-Milane
b 100% 100% 0% 10% 1101016
: OL:ABGEP  OLNRAR  OLNRAR 0403  03:0201  04:03:01G
OL:ABGEP  3501:01 350101 1101 03:01:01
w3 GRID: 4987000000054629434  Status: avallable  CMVIN2003-10-02  Last comtact: 2019-11-19  Ethnicity: CAEU [Full report
0 2% m n (4] 7] 7] 7450 @ Female 25 Oy 14
- IT-Mi
gl 100% 00% 0% 10% 12:01:016 fane e i i
OLABGEP D1:NRAR OLNRAR  04:03 030201 04:03:01G admi e vaaNL
OLABGEP  3501:01 350101 1101  03:01:01
#4 GRID: ilable  CMV:N2003-10-02  Last contact: 2019-11-19  Ethnicity. CAEU Full report
o% [M] n 4] [ ] a 7450 Female 25 o+ i
o -M|
;":;" o% 100% 100% 0% 10% wormg e
i OLABGEP OLMRAR OLNRAR 04:03 03:02:01 04:03:01G
OLABGEP 350101 350101 1101 030101
#5 GRIC: 458 34 llable CMV:N2003-10-02  Lastcomtact: 2019-11-19  Ethnicity. CAEU Full regart
0 2% m (4] (L [¢] o 7450 Female 25 o+ e
H IT-Milano
% ;;" o% 100% 100% 0% 10% 1101016
OLABGEP  DLNRAR  OINRAR 0403 030201  04:0301G
OLABGEP 350101 350101 1101 030101

Fig. 3.3 Search & Match Service



3 Registries: A Bridge Between Donor and Recipient

25

3.3 The Role of a Registry: Donor
Perspective
3.3.1 Donor Recruitment

Annually, registries add two million new volun-
teer URDs. Donor recruitment is challenging as
registries must target young donors and ensure
they are well-informed. Methods for recruitment
include patient-related drives, targeting specific
groups, engaging blood donors, social media
campaigns and online recruitment. When donors
sign up as volunteers, they agree to register in the
global database. They provide biological material
and personal information for testing and potential
matching. Confidentiality and traceability are
crucial. To ensure this registries follow European
General Data Protection Regulation and have
implemented Global Registration Identifier for
Donors (GRID) (Neller et al. 2017). Annually,
WMDA is honouring the donors on the third
Saturday in September during World Marrow
Donor Day (https://worldmarrowdonorday.org/).

Searchresults
WMDA Search & Match Service 2017-2021

2017 2018

mOresults ®1-10results ® 11-50 results

2019
m 51-100 results

3.3.2 Donor Pool HLA Diversity

New conditioning regimens allow an increase in
the selection of mismatched unrelated donors
(Nagler et al. 2022), and the disparities between
patients from different ethnicities being trans-
planted are considerable (Auletta et al. 2021). For
30% of the patients that are registered, the num-
ber of options to find a suitable cell source is lim-
ited (Fig. 3.4). The main obstacles are rare alleles
or haplotype combinations (e.g. multi-race
ancestry). Strategies are explored to focus on tar-
geted recruitment within non-Caucasian popula-
tions and encouraging the establishment of new
and emerging registries. WMDA has published a
handbook on how to start a registry to facilitate
this process (available on request, mail @wmda.
info). Another strategy is training of search
coordinators in exploring alternative options (e.g.
mismatched URD, CB). In collaboration with
EBMT, WMDA has developed an online educa-
tion programme on donor and cord blood
selection.

Cwmon

Ching dOnor,.  werving patents

2020 2021

» 101-250 results >250 results

Fig. 3.4 Search results (WMDA Global Trends 2022 Report)
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Fig. 3.5 Age and gender of unrelated donors

3.3.3 Donor Profile: Young, Healthy
and High-Resolution Typed

Registries target young and healthy volunteers
(Fig. 3.5). The age range of the donor pool is
between 16 and 60 years old, and younger
donors are preferred due to better transplant
outcomes (Kollman et al. 2016; Shaw et al.
2018). In addition, other testing such as CMV
status and blood group can be done. WMDA’s
donor medical suitability guidelines are pub-
licly available (Lown et al. 2014 and https://
share.wmda.info/x/FABtEQ; Worel et al. 2022).

Donor/patient HLA matching is an aspect in
selecting a cell source. The classic approach is to
consider the best match on a minimum of four HLA
loci-HLA-A,-B,-C,-DRB1 for adult and CB donors,
where additional HLA loci (-DQB1,-DPB1) may
be included (Fleischhauer et al. 2012; Mayor et al.
2018). The number of mismatches allowed
depends on the type of the graft and clinical situ-
ation. WMDA provides flexibility in search tools
to identify matched and mismatched donors in
line with the patient needs (Shaw et al. 2017;
Eapen et al. 2017).

5,355,555
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3645 46-55 >55

4,028,454 1,348,638
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3.3.4 Donor Availability: Focus
of Registries Worldwide

Donor retention is influenced by cultural and
traditional factors. Donor availability is a key
focus, as time to transplant is a significant fac-
tor in overall survival (Craddock et al. 2011).
While donors have the right to withdraw at any
stage, registries aim to keep in touch with
donors to ensure up-to-date information and
increase the number of collection centres to
meet desirable turnaround times. WMDA has
defined key performance indicators (KPI) on
donor availability (https://share.wmda.
info/x/1YC1EQ).

Improvements in HLA typing methodologies
have resulted in donors with high HLA-resolution
typing, allowing for unambiguous determination
of compatibility with patients in need of
HCT. The health and availability check (HAC) is
an emerging strategy that can expedite a patient’s
timeline to transplant, as well as improving both
donor experience and potentially patient
outcomes.
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3.4 Working Together to Deliver
Best Care to Patient

and Donor

To deliver the best care for donor and patient,
transplant centres work closely with local regis-
tries providing necessary information and help-
ing to maintain donor commitment and
satisfaction.

3.4.1 Backup Donor

Transplant centres must consider the cost, unnec-
essary testing and workload of managing backup
donors while ensuring care for their patients.
Having prepared backup donors is crucial to
avoid delays if the primary donor is unavailable.
The transplant centre should collaborate with the
registry to identify and prepare backup donors
promptly, following ethical and regulatory
guidelines.

3.4.2 Serious (Product) Events
and Adverse Reactions
(SPEAR)

WMDA operates a service that collects and anal-
yses information on serious adverse events (SAE)
and reactions (SAR) related to stem cell donation
(Shaw et al. 2013; Joris et al. 2021). This service
is known as SPEAR (serious [product] adverse
events and reactions). The aim of SPEAR is to
gather information and to provide a rapid alert
system for disseminating information to the
international community that affect donors and/
or products and/or recipients. By reporting these
incidents (Sorensen et al. 2016), WMDA under-
stands the potential risks and improves the safety
of the donation process. Transplant centres are
welcome to report on related donors. Info is
available at sear-spear@wmda.info and at https://
share.wmda.info/x/YotOGg.

3.4.3 Donor Follow-Up

The donation process in general has proven to
be safe, but in rare cases severe and even fatal
events have been reported. Better supportive
care and the administration of reduced-inten-
sity conditioning regimens have contributed to
an increase in HCT in older patients, whose
related donors are usually also older. As a con-
sequence, the median age of related donors has
increased and is approximately 10 years higher
than that of unrelated donors (Halter et al.
2009) leading to potentially more donors with
occult or manifest comorbidities at the time of
donation. Donor follow-up is organized in dif-
ferent ways (Sdnchez Ibaiez et al. 2023) and
registries can assist transplant centres to orga-
nize donor follow-up for related donors (Ruesch
et al. 2022).

3.4.4 Patient Follow-Up

To ensure safety of HCT, registries would like to
share patient follow-up information with both the
collection centre and the donor. Both external
parties are important to be informed: the collec-
tion centre from a quality perspective (as stated in
JACIE standards) and, if a donor is interested,
they can be informed about the status of the
patient. Registries send forms (https://wmda.
info/wp-content/uploads/2022/04/WMDA -
FORM-TF1_Group_vl1.1.pdf) to receive this
information from transplant centres, in case they
do not have access to the EBMT database.

3.4.5 Addressing Crisis Situations

Several times the provision of cells has been
challenged by situations such as volcano erup-
tions or political conflicts, and none of them have
been so disruptive as the COVID-19 pandemic.
For the first time, a negative development in the
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number of donations was observed due to logisti-
cal reasons such as travel and lockdown restric-
tions or limited capacity at collection centres.
Registries should be able to respond to crisis situ-
ations and to collaborate internationally (Joris
et al. 2022).

One of the EBMT/WMDA recommendations
was to withhold the conditioning regimen of the
patient until the cells had safely arrived at the
transplant centre. This was possible by cryopre-
serving the products at origin or destination
(https://www.ebmt.org/covid-19-and-bmt). This
methodology had as a negative consequence a
high number of non-transfused donations, some
registries reporting as many as 5-10% of their
donations going unused (Schmidt et al. 2021).
Although the latter waves of the pandemic
showed fewer logistic problems, cryopreserva-
tion needs to be reviewed to assess the impact on
donor burden and patient outcome.

3.4.6 Donor-Patient Contact

Donor-patient contact after donation is generally
not recommended. There may be ethical and psy-
chological implications for donors and recipients
if contact is made. Therefore, it is important to
follow the guidance provided by their medical
professionals and the ethical guidelines estab-
lished by regulatory bodies. However, there are
circumstances where contact can be facilitated in
a controlled manner, such as anonymous corre-
spondence or facilitated meetings with medical
professionals present to monitor and guide the
interaction.

3.4.7 Related Donor

In recent years, registries have expanded their
services to include support for related donors

who live in different countries or who are unable
to collect cells at their local transplant centre.
This includes providing logistical and adminis-
trative assistance to ensure the safe and timely
transport of cells from the donor to the patient’s
transplant centre. Some registries also offer pre-
and post-collection support, as well as assis-
tance with travel and accommodation
arrangements.

3.4.8 Research

Registries want to make sure that donors are fully
informed of the risks and benefits of participating
in clinical trials and that their decision to partici-
pate is entirely voluntary. By participating in
clinical trials, donors can help to further medical
knowledge and potentially benefit patients in the
future. Donors should be made aware of their
right to withdraw from the study at any time,
without any negative consequences for their care
or the donation process. Registries have a respon-
sibility to ensure that donors are properly
informed about any research studies and that
their participation is strictly voluntary (King
et al. 2012).

3.5  Future of Registries

WMDA and its registries are a community of
healthcare professionals focused on innovation
and striving for equal access for all patients. The
connection between donors and patients is going
beyond the traditional unrelated donor. Areas that
registries can assist transplant centres are:

e Care, administrative and logistical support for
related donors

e Logistics of products for cellular therapy

e Complex logistical procedures
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Key Points

e WMDA and its members strive for a
world where access to life-saving cellu-
lar therapies for all patients is assured
and donors’ rights and safety are
protected.

* International collaboration resulted in
more than 41 million URD and CBUs
being potentially available for patients
requiring HCT. A potential match can
quickly be identified by performing a
search in WMDA’s Search & Match
Service.

e Registries are important partners for
transplant centres in requesting URD/
CBUs, to ensure quality and legal com-
pliance. Registries are exploring other
products and services to support the
clinical community, e.g. care for related
donors and supporting cellular therapy.

» Efforts are being made to reduce time to
transplant by increasing the HLA diver-
sity, by performing high-quality HLA
typing and by educating donors on their
role in the donation process to avoid the
donor not being available.
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The HCT Unit

Walid Rasheed, Dietger W. Niederwieser,

and Mahmoud Aljurf

4.1  Introduction

Hematopoietic cell transplantation (HCT) is an
advanced therapeutic intervention that is required
for a number of malignant and nonmalignant
medical conditions, often for critically ill patients.
The establishment of an HCT program requires
the efforts of experienced and appropriately
trained personnel to lead the program. Clearly,
this also requires financial, legal, ethical, and
other institutional support. Without the commit-
ment of the hospital director, allocation of
resources, support of the national health authori-
ties, and politicians, an HCT program will not be
successful. For newly starting programs, it would
be essential to identify minimal requirements for
establishing an HCT unit in order to optimize
resource utilization as well as maintain safe
patient care. While these minimal requirements
also apply to well-established units, its structure
helps to understand and implement additional
steps for larger units which plan to offer addi-
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tional transplant services and have access to more
resources. The recent advent of more cellular
therapy types, including immune effector cell
therapy, has added another layer of complexity
necessitating additional requirements by HCT
programs to ensure patient safety.

More than 20 years ago the EBMT and the
ISCT (International Society of Cellular Therapy)
formed the Joint Accreditation Committee—
ISCT and EBMT (JACIE) based on the FACT
(Foundation for the Accreditation of Cellular
Therapy) program. Efforts of these bodies have
culminated in the establishment of standards
related to HCT and cellular therapies to assure
quality and safety in the practice of HCT. Although
program accreditation with JACIE is not manda-
tory worldwide, these standards are very helpful
as guidelines to understand requirements to
establish an HCT unit.

Table 4.1 summarizes basic minimal require-
ments of an HCT unit, which are discussed in
more details in the following sections.
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Table 4.1 HCT unit minimal requirements

Inpatient unit
Ancillary medical
services
Outpatient clinic
Blood bank

Laboratory

HLA typing lab*
Stem cell collection

Stem cell processing
facility
Radiology

Pharmacy

Human resources

Outcome database
Quality management

Clean single bedded rooms with isolation capability

* Intensive care unit

e Emergency room service

* Gastroenterology and pulmonary service®

Single-patient examination rooms

e 24 h on-site blood bank service: ABO typing and crossmatch, RBC and platelets for
transfusion

e Irradiation and leukocyte—depletion of blood products

* Hematology cell count and chemistry lab

* Serology for viral screen

* Microbiology for basic bacterial and fungal cultures

e CMYV PCR or antigenemia®

* Access to CSA/tacrolimus levels*

Access to ASHI or similarly accredited HLA typing lab

e PBSC apheresis capability

* Bone marrow harvesting facility and expertise for matched sibling donor*

* FACS CD34 enumeration

e Refrigerator for blood and bone marrow

» Controlled cryopreservation capability for freezing of autologous stem cell product
e Equipment and expertise to process ABO-mismatched cellular product?

* Routine X-ray radiology, ultrasound, CT scanner

* Placement of central venous catheters

e Availability of conditioning chemotherapy drugs

e Availability of antimicrobial agents (broad-spectrum antibiotics, antiviral and antifungal
drugs)

e Availability of immunosuppressive agents for GVHD prophylaxis and treatment®

e Medical director: licensed physician with adequate training and experience in HCT
e Nursing staff with training in chemotherapy administration, infection control, and
handling of stem cell products

e Clinical laboratory director—clinical pathology trained

* Appropriately trained lab scientist and technicians

¢ Clinical pharmacist trained in chemotherapy and conditioning regimen administration
e Multidisciplinary medical staff (radiology, pathology, ICU, surgery, gastroenterology?,
pulmonary?)

Monitor patient demographics, treatment, and outcomes (Level I data reporting)

e Written institutional protocols/guidelines

» Regular audits of various HCT procedures and patient treatment outcomes

* System to detect errors or adverse events for corrective or preventative actions

* Requirements for allogeneic HCT programs

4.2 Inpatient Unit

The inpatient HCT unit should have a minimum
number of single bedded rooms with isolation
capability. The number and space of rooms
should be adequate for the type and volume of
transplant activity performed at the transplant
center. These rooms must adhere to the standards
of safety and comfort of patients in a tertiary care
hospital facility. Every location or room should
have a sink and tap for handwashing.

There needs to be a working station or room
for nurses involved in patient care. A similar
working space for physicians is required. Medical
and nursing staff coverage should be available
24 h a day, including public holidays. The ratio of
nurses to patient beds depends on the type and
intensity of transplants being performed, e.g.,
autologous versus allogeneic, but generally a
ratio of one nurse to three patients is reasonable.
Emergency cart with drugs for resuscitation
should be available in the inpatient unit.
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Infections, including bacterial, viral, or fungal
infections, are potential significant complications
in transplant recipient and may lead to significant
morbidity and mortality. Therefore, HCT units
should have established measures for infection
control. Guidelines for infection prevention and
prophylaxis in HCT patients, endorsed by several
scientific organizations, are available and highly
recommended to follow. HCT recipients should
be placed in single-patient rooms. Furthermore,
at a minimum, standard precautions should be
followed in all patients including hand hygiene,
wearing of appropriate protective equipment
(gloves, surgical masks or eye/face protection,
gowns) during procedures/activities that are
likely to generate splashes or spray of blood,
body fluids, or secretions. Hand hygiene is essen-
tial, using alcohol-based hand rubs or washing
with soap and water. In patients with suspected or
proven of having an infection, additional precau-
tions are required accordingly, e.g., airborne,
droplet, or contact isolation. HCT units should be
cleaned at least daily with special attention to
dust control. During building construction inten-
sified mold control measures are required and a
multidisciplinary team (including infection con-
trol, engineers, infectious disease staff, and trans-
plant clinicians) should be involved. Testing
patients for multiresistant bacteria is important in
order to isolate positive carriers and minimize
transmission risk.

Other important infection control measures
include well-sealed rooms, positive pressure dif-
ferential between patient rooms and the hallway,
self-closing doors, more than 12 air exchanges
per hour, and continuous pressure monitoring.
HEPA (high-efficiency particulate air) filters
have shown efficacy in providing protection
against acquisition of fungal infections in
immune-compromised hematology patients,
including HCT patients, and during hospital con-
struction or renovation works. While HEPA fil-
ters are not absolutely required as a minimal
requirement in newly established centers with
less complicated transplant activities, they are
certainly preferred and highly recommended as
newly established centers expand their activities

to include more complicated (especially alloge-
neic) transplant activities. HEPA filters are espe-
cially indicated in countries with high fungal
burden, and therefore, HEPA filters are always
preferred. Flowers and plants are not allowed in
HCT units!

There is no agreed upon minimum number of
transplants to be performed in a program.
However, to ensure continuing proficiency in a
transplant program, the ASBMT recommends for
programs performing only one type of HCT
(autologous or allogeneic), at least ten transplants
of that type are to be performed per annum; pro-
grams performing both allogeneic and autolo-
gous transplantations should perform a minimum
of ten transplants of each kind per annum.

4.3  Ancillary Medical Services

HCT patients often require other medical special-
ties” involvement in their complicated care. This
include the risk of developing life-threatening
infections or other posttransplant complications,
hence the importance of having access to emer-
gency room as well as intensive care services at
the same tertiary care hospital facility where the
transplant program is being established. Intensive
care units should have the ability of providing
inotropic support, respiratory support (including
mechanical ventilation), and renal replacement
(hemodialysis) if required.

Input from infectious disease physicians can
be valuable in HCT patients who are at risk of a
multitude of opportunistic and potentially life-
threatening infections; this is especially impor-
tant for programs that perform allogeneic
transplants. Availability of gastroenterology spe-
cialist with endoscopy services is critical for allo-
geneic programs, as often diagnostic endoscopy
is required to histologically differentiate GVHD
from other etiologies of gastrointestinal compli-
cations. Similarly, pulmonary medicine service
with access to diagnostic bronchoscopies is
required for such patients with pulmonary abnor-
malities. Other ancillary medical services may
include dermatology, ophthalmology, and gyne-
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cology which can be valuable in the diagnosis
and treatment of organ-specific GVHD compli-
cations in centers performing allogeneic HCT.

HCT programs that perform transplants using
radiotherapy as part of a conditioning regimen
(total body irradiation) should have available
radiation oncology service on-site. The radiation
oncology team, including the radiation oncolo-
gist and physicist, should have adequate training
in the technique of TBI and appropriate equip-
ment and procedures must be in place to deliver
successful and safe radiation component of these
conditioning regimen.

4.4  Outpatient Unit

HCT patients attend to the outpatient unit, both
for pretransplant assessment and workup as well
as posttransplant follow-up and management.
Single-patient examination rooms are a minimal
requirement for the outpatient service of the pro-
gram. These rooms should be adequately
equipped to allow clinical assessment of patients.
It is important to implement infection control
measures to minimize risk of transmitting infec-
tions, including hand hygiene measures and
availability of appropriate room to isolate patients
who are identified to be potentially infectious to
others, e.g., due to herpes zoster infection. A ded-
icated infusion area would be ideal as transplant
recipients often require IV fluid and electrolyte
replacement or blood product administration.

4.5 Blood Bank

Auvailability of blood banking services is a critical
component of a successful transplant program. A
24-h on-site blood banking service is required for
ABO typing, crossmatch, and urgent supply of
red blood cells and platelets for transfusion.
Meeting minimal standard criteria according to
recognized international blood bank societies
such as the American Association for Blood
Banking (AABB) or equivalent are important.

Blood bank staff, including blood bank director,
scientists, and technicians, should be adequately
qualified and trained in blood banking
procedures.

Transplant recipients are severely immune-
compromised and are at risk of transfusion-
associated GVHD, caused by unrestricted
proliferation of donor lymphocytes in the
immune-compromised host. Hence, it is critical
that transplant recipients receive irradiated blood
products to prevent this complication. The use of
leukocyte-depleted blood products is recom-
mended to reduce the risk of HLA alloimmuniza-
tion in the multiply transfused hematology
patients, as well as to reduce the incidence of
transfusion reactions. In allogeneic programs,
clear documented pathways for transfusion sup-
port in cases of ABO mismatch should be avail-
able for both blood bank and clinical staff as
guidance.

4.6 Laboratory

A 24-h on-site hematology cell count and basic
chemistry lab is required. Furthermore, microbi-
ology laboratory service is essential in the clini-
cal management of transplant recipients,
including routine bacterial and fungal cultures of
various patient specimens. Serology screening
for relevant viral and bacterial infections is also
required for pretransplant workup of recipients as
well as donor screening, including testing for
HIV, viral hepatitis, CMV, HSV, HTLV1, toxo-
plasma, and syphilis among others. For alloge-
neic transplant recipients, monitoring for
cytomegalovirus (CMV) reactivation is essential
and results must be available in a timely manner
to allow therapeutic intervention; both molecular
technique by quantitative PCR (preferable) and
antigenemia method are acceptable. In the allo-
geneic setting, monitoring drug levels, e.g.,
cyclosporine or tacrolimus, is required, and
same-day service is recommended to allow inter-
ventions aiming at keeping levels of these impor-
tant drugs within the target therapeutic range.
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4,7 HLATypingLab

Access to an HLA typing laboratory is manda-
tory for allogeneic programs. Such service can
be available on-site or alternatively provided in
reference laboratory. JACIE standards state that
clinical programs performing allogeneic trans-
plantation shall use HLA testing laboratories
that are capable of carrying out DNA-based
intermediate- and high-resolution HLA typing
and are appropriately accredited by the American
Society for Histocompatibility and
Immunogenetics (ASHI), European Federation
for Immunogenetics (EFI), or other accrediting
organizations providing histocompatibility ser-
vices appropriate for hematopoietic cellular
therapy transplant patients.

4.8 Stem Cell Collection

Access to peripheral blood stem cell apheresis
service on-site is a minimal requirement in each
program. This is often part of the blood bank ser-
vice or alternatively under the administration of
the clinical program. Having at least two cell
separators would be beneficial, as the second cell
separator would be a backup in situations of
unexpected machine faults and for routine ser-
vicing. Daily operation of apheresis facility
requires appropriately trained and experienced
nursing staff and a medical director with ade-
quate qualification and experience in clinical and
laboratory aspects of the apheresis procedure.
Institutional written protocols and policies cov-
ering all aspects of apheresis procedure should
be available for guidance. JACIE standards
require a minimum average of ten cellular ther-
apy products collected by apheresis per year for
program accreditation.

A BM stem cell source is sometimes recom-
mended for better patient outcome, e.g., patients
with BM failure. Programs performing alloge-
neic HCT for such indication should have a bone
marrow harvest facility on-site. This requires
convenient and easy access to surgical operating
room with anesthesia service. Appropriate equip-

ment for the BM harvest procedure are required.
Physicians with adequate training and experience
in BM harvesting are crucial to perform the pro-
cedure successfully.

4,9 Stem Cell Processing Facility
The stem cell processing facility requires a desig-
nated area, usually within the laboratory. It
should be appropriately equipped for the process-
ing of various stem cell products depending on
the types of transplants performed and the size of
the program. Availability of flow cytometry for
the enumeration of CD34 cell count is manda-
tory. Controlled cryopreservation capability,
using liquid nitrogen, for freezing of autologous
stem cell product is essential. This may also be
used in allogeneic sibling products. Standard
quality control measures, including systems to
closely monitor and record the temperature in all
freezers and refrigerators, are critical. Allogeneic
programs should have appropriate equipment and
expertise on-site for the timely and safe process-
ing of ABO-mismatched stem cell products as
required, including the need to perform red cell
or plasma depletion procedures when indicated.
The processing facility should be operated by
adequately trained staff, including scientist, tech-
nicians, and a medical director. Written standard
operating procedures explaining all aspects of
stem cell processing performed at the facility are
required.

4,10 Radiology

Standard routine (X-ray), ultrasound, and com-
puted tomography (CT scan) imaging services
are the minimal requirements and should be
available on-site for the routine diagnostic imag-
ing. Availability of magnetic resonance imaging
(MRI) is preferred, as it is often useful in the
diagnosis of specific clinical conditions relevant
to stem cell transplant recipients, such as iron
overload, CNS infections, and posterior revers-
ible encephalopathy syndrome (PRES) related to
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calcineurin inhibitor toxicity. Placement of cen-
tral venous catheters in transplant recipients is
obviously required in each program. Depending
on the institutional setting, this service may be
provided by various hospital services; often this
is done by the radiology service under ultrasound
guidance. Having well-trained and experienced
interventional radiologist to perform this proce-
dure is crucial for the safety of patients.

4,11 Pharmacy

Pharmacy services are essential in each HCT pro-
gram. Availability of conditioning chemotherapy
agents is clearly required; specific drugs depend
on the type and complexity of transplant proce-
dures performed in each program. Commonly
used agents in conditioning regimens include
busulfan, cyclophosphamide, fludarabine, and
melphalan. Antithymocyte globulin (ATG) may
also be required in the allogeneic setting (e.g., in
aplastic anemia) and requires special attention
and training by nursing, pharmaceutical, and
medical staff in relation to its administration.

Broad-spectrum antibiotics should be avail-
able for urgent use as required in transplant recip-
ient. Likewise, access to antiviral and antifungal
agents is important for both prophylaxis and
treatment. Allogeneic programs should also have
access to immunosuppressive drugs used for
GVHD prophylaxis such as cyclosporine, metho-
trexate, and tacrolimus, as well as medications
required for GVHD treatment.

A trained pharmacist is crucial for the HCT
program. The pharmacist should review all con-
ditioning chemotherapy protocols and ensure
appropriate dispensing and administration of
cytotoxic agents.

4.12 Staffingand Human
Resources

Appropriately trained and experienced medical
and nursing staffs are crucial for the HCT pro-
gram. The clinical medical director of the pro-

gram should be a licensed physician (specialty
certification in hematology, oncology, or immu-
nology) with adequate training at a BMT pro-
gram. A minimal BMT training duration of
6-12 months is suggested. JAICIE standards
indicate that the clinical program director shall
have 2 years of experience as an attending physi-
cian responsible for the direct clinical manage-
ment of HCT patients in the inpatient and
outpatient settings. A minimum of one (1) addi-
tional attending transplant physician is required
in the program. Modern technologies like super-
visory telemedicine may be useful to cope with
lack of experience.

The success of a transplant program relies
heavily on the presence of appropriately trained
and experienced nursing staff. This includes
training in chemotherapy administration, infec-
tion control, management of neutropenic patients,
and handling of stem cell products.

Other important staff includes appropriately
trained and experienced personnel in the labora-
tory (including laboratory director, scientist, and
technicians), trained pharmacist, and medical
professionals of ancillary medical services.
Continuous education activities are required for
all healthcare professionals involved in the man-
agement of HCT patients. Written HCT protocols
are essential and should be signed by the physi-
cian and the pharmacist.

4,13 Chimeric Antigen Receptor
T-Cell (CAR-T Cell) Unit

The use of this type of immune effector cell ther-
apy is gradually expanding and is typically
implemented in well-established HCT centers.
CAR-T therapy represents a novel technology,
not just in the production and cellular process
that underpin the mechanism of action, but also
in the processes, clinical pathways, and compli-
cations. Institutions, therefore, need to develop
clear guidance for all healthcare providers who
are involved in the CAR-T therapy process. All
relevant staff involved in the prescribing, dis-
pensing, or administering of CAR-T cell thera-
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pies should be aware of how to manage the risks
of cytokine release syndrome (CRS) and neuro-
logical complications and should be trained and
certified in the respective manufacturers’ risk
evaluation and mitigation strategy (REMS) pro-
grams. The complexity and toxicity profile neces-
sitate that CAR-T cell therapy is delivered in a
center and a program that is experienced in the
management of patients undergoing cellular ther-
apy and its complications with close liaison and
access to intensive care. Hence, the start of
CAR-T cell therapy in HCT programs should be
preceded by adequate preparation addressing
multiple elements that include, but are not lim-
ited to, materials, equipment, personnel, docu-
ments (standard operating procedures and
institutional guidelines), staff training, and facili-
ties. On-site availability of relevant ancillary
medical services (intensive care, neurology, and
infectious disease), as well as medications
required for the treatment of CRS and immune
cell-associated neurotoxicity syndrome (ICANS),
is paramount.

Institutional Database
and Data Manager

4.14

Monitoring patient demographics, treatment
details, and outcomes is an essential minimal
requirement. Each program should keep com-
plete and accurate patient records using unique
patient numbers (UPN), and a database contain-
ing relevant patient data should be established
and regularly maintained. Appropriate patient
consent needs to be obtained for such database.
An example of the minimal data required to be
obtained on each transplant patient is the infor-
mation required in the CIBMTR or EBMT
MED-A forms. Having a data manager in a trans-
plant program to initiate and maintain this insti-
tutional  transplant  database is  highly
recommended. Often data managers have a nurs-
ing  background  with  experience in
HCT. Attending training data management
courses during international meetings or through
links with other experienced and well-established
programs would be valuable.

4.15 Quality Control

The JACIE standards require that all essential
clinical, collection, and processing facilities in
the transplant center evaluate and report patient
outcomes. Regular audits of various HCT proce-
dures and patient treatment outcomes are
required. Essentially, a system is required to be in
place to detect errors/adverse events, so that these
can be evaluated in order to implement preventa-
tive measures to minimize the risk of recurrence
of these incidents. Furthermore, each program
should have written institutional clinical proto-
cols in relation to the various aspects of the trans-
plant patient care to standardize practice.
Likewise, stem cell collection and processing
facilities should have standard operating proce-
dures that serve as a guidance for all staff to fol-
low to enhance patient’s safety. Access to or
relationship with experienced HCT program is
often very helpful and highly recommended via
shared protocols/telemedicine and/or web-based
conferencing.

4,16 Transplant Coordinator

HCT is a complex therapeutic intervention and
coordination of the pretransplant, transplant, and
posttransplant patient care is important. A trans-
plant coordinator can play a pivotal role in this
context, acting as a facilitator and educator as
well as a point of contact for the patients and their
families. Transplant coordinators ensure the
smooth and safe running of the HCT service
starting from scheduling and arranging pretrans-
plant workup of patients and planning the road-
map for the transplant recipient with continued
involvement and education of the patients and
their families until the time of admission.
Furthermore, the transplant coordinator would
play a significant role in the coordination of post-
HCT follow-up and care in clinics. For allogeneic
HCT, the transplant coordinator would be very
valuable in arranging donor search starting from
HLA typing of the recipient and his/her family
members, in addition to initiating and following a
search for unrelated donor in national or interna-
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tional registries. The transplant coordinator
involvement may extend to organizing the logis-
tics of getting the stem cells from the donor from
the donor center where the recipient may be in
another health facility (national or international).
Moreover, transplant coordinators will often lead
the HCT team’s weekly planning meetings and
discussions with the arrangement of the HCT
waiting list. Typically, transplant coordinators
have a nursing background with significant expe-
rience in stem cell transplantation.

Key Points

e The inpatient unit should have single
bedded rooms with isolation capabili-
ties. Single outpatient examination
rooms are also required.

e Laboratory, blood bank, and pharmacy
services are critical to the success of
HCT programs.

e Stem cell collection and processing
capabilities are minimal requirements
for any HCT program; the level of such
capabilities depends on the type and
complexity of HCT performed in each
center.

* Ancillary medical services are essential
components of successful HCT pro-
grams, including intensive care, emer-
gency, and radiology  services.
Additional medical services are required
in allogeneic programs.

* Appropriately trained and experienced
staff (medical, nursing, laboratory,
pharmacy) are crucial for the HCT
program.

e The complexity and toxicity profile
necessitate that CAR-T therapy is deliv-
ered in a center and a program that is
experienced in the management of
patients undergoing cellular therapy and
its complications with close liaison and
access to intensive care. Hence, the start
of CAR-T cell therapy in HCT programs
should be preceded by adequate prepa-
ration addressing multiple elements, to

mitigate risks associated with immune
effector cell therapy.

* Monitoring patient characteristics and
transplant outcomes is essential.

e A local quality control system is
required in all aspects involved in the
HCT procedure.

* Having a data manager for the HCT pro-
gram, to initiate and maintain institu-
tional minimal transplant database, is
highly recommended.

e Transplant coordinators play a pivotal
role in the management of HCT patients,
starting from pre-SCT workup, right
through posttransplant care.
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5.1 Introduction

The complexity of HCT as a medical technology
and the frequent need for close interaction and
interdependence between different services,
teams, and external providers (donor registries,
typing laboratories, etc.) distinguish it from many
other medical fields. This complexity led to
efforts by transplantation professionals to stan-
dardize processes based on consensus as a way to
better manage inherent risks of this treatment.
HCT was, and continues to be, a pioneer in the
area of quality and standards.
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5.2  Background

In 1998, EBMT and the International Society for
Cell and Gene Therapy (ISCT) established the
Joint Accreditation Committee, ISCT and EBMT
(JACIE). JACIE aimed to offer an inspection-
based accreditation process in HCT against
established international standards. JACIE is a
committee of the EBMT, its members are
appointed by and are accountable to the EBMT
board, and ISCT is represented through two
members of the committee. JACIE collaborates
with the US-based Foundation for the
Accreditation of Cellular Therapy (FACT) to
develop and maintain global standards for the
provision of quality medical and laboratory prac-
tice in cellular therapy.

The JACIE and FACT accreditation systems
stand out as examples of profession-driven initia-
tives to improve quality in transplantation and
which have subsequently been incorporated by
third parties, such as healthcare payers (health
insurers, social security) and competent authori-
ties (treatment authorization). The JACIE
Accreditation Program was supported in 2004 by
the European Commission under the public
health program 2003-2008 and was acknowl-
edged as an exemplary project in a 2011 review
of spending under the public health program.
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5.3 Impact of Accreditation

in Clinical Practice

Much literature indicating a better clinical out-
come in teaching hospitals and centers of excel-
lence has been available since the 1990s (Hartz
et al. 1989; Birkmeyer et al. 2005; Loberiza et al.
2005). Initial evidence of a positive relationship
between the implementation of a quality manage-
ment system and outcome of HCT in Europe was
published in 2011 (Gratwohl et al. 2011). In this
study, patients’ outcome was systematically bet-
ter when the transplantation center was at a more
advanced phase of JACIE accreditation, indepen-
dent of year of transplantation and other risk
factors.

Another analysis (Gratwohl et al. 2014) was
performed on a large cohort of patients who
received either an allogeneic or an autologous
transplantation between 1996 and 2006 and
reported to the EBMT database. The authors
showed that the decrease of overall mortality in
allogeneic procedures over the 14-year observa-
tion period was significantly faster in JACIE-
accredited centers, thus resulting in a higher
relapse-free survival and overall survival at
72 months from transplant. Such improvement
was not shown in autologous transplantation.
Further confirmation with an updated health eco-
nomic analysis was provided in Gratwohl et al.
(2015).

Similar results published by Marmor et al.
(2015) in an American study showed that centers
accredited by both FACT and Clinical Trial
Network (CTN) demonstrated significantly bet-
ter results for more complex HCT such as HLA-
mismatched transplants. Further, Anthias et al.
(2016) suggested that the introduction of FACT-
JACIE standards has improved the related donor
care.

These data reinforce the concept that clinical
improvement is driven by the implementation of
a quality management system embedded in exter-
nal accreditation standards, especially in the con-
text of more complex procedures. This process
also results in a wider standardization of proce-
dures across different countries and geographic

areas, therefore contributing to providing patients
with similar treatment expectations even when
accessing different health management systems.
Comprehensive reviews of this area have been
recently published (Snowden et al. 2017, 2021).

5.4 JACIE-FACT Accreditation

System

JACIE and FACT accreditation systems are based
on the development and continuous update of
standards covering the entire transplantation pro-
cess, from selection of the donor/patient to fol-
low-up, including collection, processing, and
storage of the graft. Considering the different
competences included in the process, the stan-
dards are divided in four parts:

e Clinical program

* Bone marrow collection
e Apheresis collection

e Processing facility

A quality management (QM) section is
embedded in each section, aimed at providing a
tool for both the applicants to develop a compre-
hensive system of quality assessment and for the
inspectors to check the compliance of the pro-
gram to the standard. Stand-alone processing
laboratories can apply; however, the target of the
accreditation is the transplantation program,
intended as a process in its entirety, thus requir-
ing a full integration of units, laboratories, ser-
vices, and professionals. Each section focusses
on the competence of personnel, listing topics for
which the evidence of specific training is required
which also includes the minimum experience
requirements for positions of responsibility.
Maintaining these competencies is required for
all professionals.

The standards are revised on a 3-year basis
by a commission formed of experts appointed
by JACIE and FACT, including HCT adminis-
tration, cell processing and storage, blood
apheresis, transplant registries, and QM spe-
cialists. The standards are based on published
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evidence and, when this is not available, on
expert consensus. A legal review and compari-
son with current regulations are carried out for
each version. When the developmental phase is
finalized, the standards are published for public
review and comment and finally approved by
JACIE and FACT. The standards incorporate
sound principles of quality medical and labora-
tory practice in cellular therapy, but do not
cover legal requirements of local competent
authorities.

The compliance to the standards is ensured
through an inspection system, carried out by vol-
untary inspectors, trained and coordinated by the
JACIE office. The JACIE inspection is a multi-
step procedure: the applicant center is provided
with all the application documents and is then
required to submit a set of documentation to the
JACIE accreditation coordinators. The on-site
inspection is then planned in agreement with the
applicant.

JACIE inspections are carried out in most
cases in the language of the applicant. The
inspectors’ report is then assessed by the JACIE
accreditation committee, which may request sup-
plementary information, modifications, or
another on-site visit. Once all aspects are shown
to be compliant, accreditation is awarded. An
accreditation cycle is 4 years for JACIE, and
facilities must  complete an interim,
documentation-based audit at 2 years post-
accreditation. Accredited facilities must reapply
for reaccreditation and may also be reinspected
in response to complaints or information that a
facility may be noncompliant with the standards,
in response to significant changes in the program
and/or facility.

Many tools are made available to prepare the
accreditation through the JACIE website, includ-
ing a quality management guide, the welcome
guide, e-learning materials and webinars. JACIE
runs training courses throughout the year, and the
JACIE staff are available to support the appli-
cants. An accreditation manual provides detailed
explanations and examples for each single item
of the standards. JACIE and FACT also collabo-
rate on an initiative for transplant programs in

low- and middle-income countries (LMICs),
where full accreditation might not be feasible due
to resources and/or cultural issues. This “step-
wise” option encourages the programs to connect
with an international network of professionals
and may also stimulate local authorities to sup-
port further progress toward full accreditation in
the interests of patients, donors, and the profes-
sional community.

The standards cover the use of different
sources of hematopoietic stem cells and nucle-
ated cells from any hematopoietic tissue source
administered in the context of the transplant pro-
cess, such as DLI. The term “hematopoietic” in
the title is to define the scope of these standards,
due to an increasing number of accredited facili-
ties that also support non-hematopoietic cellular
therapies. Starting with version 6.1, the standards
include new items specifically developed for
other cellular therapy products, with special ref-
erence to immune effector cells (IECs). This
reflects the rapidly evolving field of cellular ther-
apy through mainly, but not exclusively, geneti-
cally modified cells, such as CAR-T cells. The
standards do not cover the manufacturing of such
cells but include the chain of responsibilities
where the product is provided by a third party and
ensure the competence of the personnel in the
management of adverse events related to the
infusion.

5.5 Benchmarking

Introduction of “benchmarking” standards
related to 1-year survival/mortality, 1 year event-
free survival, 100-day survival mortality, and
other patient outcomes has developed into a col-
laboration between JACIE and the EBMT regis-
try which will enable centers to address these
new JACIE standards within their own BMT
community and across the international boundar-
ies. The “benchmarking” initiative at the EBMT
is comprehensively covered in Snowden et al.
(2020) and Saccardi et al. (2023). Based on indi-
vidual center EBMT registry returns and a mini-
mum level of data completeness over a 5-year
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period, annual reports are issued reflecting center
performance “benchmarked” against the broader
EBMT returns with adjustment for case mix and
follow-up.

Only centers reporting at least 80% of follow-
up in transplants performed in the 5-year observed
interval are included in the benchmarking analy-
sis. Results are presented as “funnel plots” and
other data outputs for autologous and allogeneic
transplants. Results are highly affected by data
completeness and quality of follow-up over the
period. Examples of funnel plots are provided

below comparing “observed over expected”
1-year and 100-day survival/mortality (Figs. 5.1
and 5.2).

5.6 Activity of JACIE, Including

Impact of Pandemic

JACIE is run on a nonprofit basis, resourced
almost entirely on application fees. Fees depend
on the configuration of the program and supple-
mentary fees for additional sites and discounts
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for active inspectors based at the applicant center
are also applied (see JACIE website for details).
Over the last 25 years JACIE has carried out
over 800 inspections and accredited over 700
centers in 30 countries across Europe and further
afield with increasing numbers of centers going
through the second and third reaccreditation
cycle (Fig. 5.4). The Covid-19 pandemic brought
the inspection activity to a halt in early 2020, and
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despite developing a virtual inspection model,
the inspections did not restart until late 2021. The
pandemic was also reflected in the number of
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JACIE accreditation is now mandatory in sev-
eral European countries to apply for reimburse-
ment of the procedure and/or to be authorized to
perform HCT.
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6.1  Introduction

The analysis of data describing the outcomes of
patients who have received an HCT is not only
fundamental to assessing the effectiveness of the
treatment but can provide invaluable information
on the prognostic role of disease and patient fac-
tors. Thus, the appropriate analysis and under-
standing of such data are of paramount
importance. This document provides an overview
of the main and well-established statistical meth-
ods, as well as a brief introduction of more novel
techniques. More insight is provided in the EBMT
Statistical ~ Guidelines ~ (lacobelli  2013).
Additionally, the paper by de Wreede et al. (2022)
explains the most important concepts and related
pitfalls in the analysis of HCT studies.
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6.2 Endpoints

The outcomes most commonly studied in HCT
analyses are the key events occurring at varying
times post-HCT, e.g. engraftment, GVHD,
relapse/progression and death. Besides the clini-
cal definition of the event of interest, it is impor-
tant to define the corresponding statistical
endpoint and to use a proper method of measur-
ing the occurrence of the event (Guidelines 2.1).

The main distinction is between events that
occur with certainty during a sufficiently long
observation period (follow-up), death in particu-
lar and events which are precluded from occur-
ring once another event occurs, e.g. not all
patients will experience a relapse of their disease
because some die before. We define death with-
out prior relapse (usually called NRM; see
Guidelines 2.1.2) as the ‘competing event’ of
relapse. The name ‘NRM’ is preferable to TRM,
the proper analysis of which requires individual
adjudication of causes of death.

Standard survival endpoints: In addition to
death, other examples of events of the first type
are the combinations of (negative) events of inter-
est, which in total have 100% probability of
occurrence, for example, PFS which considers as
failure the event ‘either relapse/progression or
death, whatever occurs first’. The components of
PFS are the two competing events mentioned
above, relapse/progression and NRM.

Competing risks endpoints: In addition to
relapse/progression and NRM, other examples
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are death of a specific cause and all intermediate
events during an HCT history (engraftment,
GVHD, achievement of CR, CMV infection)
including the long term (diagnosis of secondary
malignancy). Notice that the definition of an end-
point requires specifying which are the compet-
ing events. Usually, this will be death without
prior event of interest, but depending on the dis-
ease and the aims of the analysis, other compet-
ing events might be included in the analysis, e.g.
a second transplantation or other treatment can
be considered as competing event for achieve-
ment of response.

6.3  Analysis of Time-to-Event

Outcomes

Each event of interest may occur at variable
times posttransplant, so in statistical terms, it
has two components—whether it occurs at all
and, if it does, when. However, at the end of the
follow-up, there can be patients who have not
yet had the event of interest but are still at risk
for it: their observation times are called ‘cen-
sored’. Censoring occurs at different timepoints
for different patients. The inclusion of censored
data precludes the use of simple statistical meth-
ods such as the chi-square or T-test and requires
the methods of survival (or competing risks)
analysis. The crucial assumption of most meth-
ods in survival analysis is that the patients cen-
sored at a timepoint are ‘represented’ by those
who remain under follow-up beyond that time-
point. In other words, the fact that a patient is
censored should not indicate that their progno-
sis is worse or better than the prognosis of a
similar patient who remains under observation.
This assumption is called ‘independent and
uninformative’ censoring.

6.3.1 Kaplan-Meier Curves

The main method to summarize survival end-
points is the Kaplan-Meier curve (Kaplan and
Meier 1958), estimating for each point in time ¢

after HCT the probability S(z) of surviving
beyond that time. This curve is decreasing from
100% and will reach 0% with complete follow-
up. A long flat tail of the curve (often called
‘plateau’) is often based on a few censored
observations at late times, corresponding to
very unreliable estimates of the long-term sur-
vival. It is useful to report each S(r) with its
95%CI (confidence interval at 95% level, best
obtained using the Greenwood formula) or at
least the number of patients still at risk at dif-
ferent timepoints. The median survival time is
the minimum time when S(7) is equal to 50%
(Fig. 6.1).

6.3.2 Cumulative Incidence Curves

The appropriate method to summarize endpoints
with competing risks is the cumulative incidence
curve (Gooley et al. 1999), estimating for each
point in time ¢ the probability F(#) of having had
the event of interest before that time. This curve
is increasing from 0% and will not reach 100%
even with complete follow-up if the competing
event was observed for some patients. It is always
useful to interpret cumulative incidence curves of
competing events together, to understand, e.g.
when a category of patients has a small risk of
relapse, if this means that they have a good prog-
nosis or that they died too early from complica-
tions to experience a relapse (shown by a high
NRM curve) (Fig. 6.1).

6.3.3 Comparison of Groups

The main method to compare survival curves for
two or more independent groups is the log-rank
test. This test is based on the comparison of the
underlying hazard functions, which express the
instantaneous probability of the event at a time ¢
among patients currently at risk. It has good
properties in the situation of proportional hazards
(PH, described in the next section), but it should
be avoided (or considered carefully) when the
survival curves cross; with converging curve
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Fig. 6.1 Probability curves of the four main outcomes
after HCT. CIR cumulative incidence of relapse. CIR and
NRM add up to 1-RFS. Number at risk indicates the num-

alternatives like the Wilcoxon signed-rank test
should be preferred.

In the comparison of cumulative incidence
curves, the main method is the Gray test. Also the
log-rank test can be applied to compare groups in
the case of competing risks, when the object of
interest is not the cumulative probability of
occurrence of the event but its instantaneous
probability among the cases at risk at each time,
which is called ‘cause-specific hazard’. For the
interesting difference of the two approaches to
the analysis of competing risks endpoints, see
Dignam and Kocherginsky (2008).

We refer to Sects. 1.3 and 1.4 of the guidelines
for remarks on statistical testing and about proper
settings for comparisons of groups. Importantly,
the simple methods described in this chapter can
be applied only to groups defined at or before the
time origin (e.g. transplantation); assessing dif-
ferences between groups defined during the fol-
low-up requires other approaches, as those
described in Sect. 6.4.1 (Guidelines page 14).

6.3.4 Proportional Hazard
Regression Analysis

The above tests do not give a summary mea-
sure of the difference in outcomes between

ber of patients in follow-up who have not yet experienced
an event. The grey zones indicate 95% confidence
intervals

groups, nor can they be used when the impact
of a continuous risk factor (e.g. age) has to be
assessed. Furthermore, any comparison could
be affected by confounding. These limitations
are typically overcome by applying a (multi-
variable) regression model. The one most com-
monly used for survival endpoints is the
proportional hazard (PH) Cox model (Cox
1972). Results are provided in terms of hazard
ratios (HR), which are assumed to be constant
during the whole follow-up (Guidelines 4.3.1).
The Cox model in its simplest form is thus not
appropriate when a factor has an effect that
strongly decreases (or increases) over time, but
time-varying effects can be accommodated for
in more complex models. Effects of character-
istics which change during follow-up can be
assessed by including them as time-dependent
covariates.

For endpoints with competing risks, two
methods can be used, which have a different
focus: the Cox model can be used to analyse
cause-specific hazards, whereas a regression
model for cumulative incidence curves was pro-
posed by Fine and Gray (1999).

The use of these regression models requires a
sound statistical knowledge, as there are many
potential difficulties with the methods both in
application and interpretation of results.
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6.4 Advanced Methods

Many more advanced methods than the ones
described above exist that help to get more
insights from the available data. A good applica-
tion of these needs expert statistical knowledge.
The brief introductions given below are primarily
meant to help understanding papers where these
methods have been applied. For a more in-depth
discussion, see, e.g. Therneau and Grambsch
(2000).

6.4.1 Multi-State Models

The methodology of multi-state models (Putter
et al. 2007) has been developed to understand the
interplay between different clinical events and
interventions after HCT and their impact on sub-
sequent prognosis. Their primary advantage is
that sequences of events, such as HCT, DLI,
GVHD and death, and competing events, such as
relapse and NRM, can be modelled simultane-
ously (see Fig. 6.2 for an example). This is in
contrast to analysing composite survival out-
comes such as GVHD-free survival where all
failures are combined and resolution of GVHD is
not considered. Some studies applying this
method that offer new insights into the outcomes
after HCT are Klein et al. (2000) about current
leukaemia-free survival, Iacobelli et al. (2015)
about the role of second HCT and CR for MM
patients and Eefting et al. (2016) about the evalu-

Fig. 6.2 Example of a
multi-state model. All
patients start in state 1
(event-free after HCT).
They can then proceed
through the states by
different routes. Each
arrow indicates a
possible transition

Allo
SCT

/

Auto

ation of a TCD-based strategy incorporating DLI
for AML patients.

6.4.2 Random Effect Models

In standard methods, all patients are considered
as independent, and each patient only contributes
one observation for each endpoint. There are,
however, situations when this does not hold, for
instance, when patients within the same centre
tend to have more similar outcomes than those
from another centre or when one patient can
experience more than one outcome of the same
kind, e.g. infections. In these cases, the outcomes
within one ‘cluster’ (a centre or a patient) are
more correlated than the outcomes between clus-
ters, which has to be accounted for in the analy-
sis. This is usually done by random effect models,
which assume that each cluster shares an unob-
served random effect. In survival analysis, these
are called frailty models (Therneau and Grambsch
2000, Chap. 9). If the outcome is not an event but
a value measured over time, e.g. CDS8 counts, the
appropriate regression models are mixed models
and joint models (Baart et al. 2021).

6.4.3 Long-Term Outcomes:
Relative Survival/Cure Models

With improved long-term outcomes and increas-
ing numbers of older patients, a substantial num-

aGvHD

cGvHD

N Death

SCT
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ber of patients will die from other causes than the
disease for which they have been transplanted
and the direct and indirect consequences of its
treatment. This so-called population mortality
can be quantified by methods from relative sur-
vival, using population tables describing mortal-
ity of the general population (Pohar Perme et al.
2016).

Especially for transplanted children, a period
with a high risk of mortality can be followed by a
very long and stable period where the death risk
is (almost) zero. When the focus of an analysis is
on the probability of long-term cure, cure models
can be used that assess the impact of risk factors
on this but only if follow-up is sufficiently long
(Sposto 2002).

6.4.4 Propensity Scores

Propensity scores (PS) are useful to compare the
outcomes of two treatments in the absence of ran-
domization, to control confounding due to the
fact that usually the choice of the treatment
depends on patient’s characteristics (confound-
ing by indication) (Rosenbaum and Rubin 1983).
First, the PS, defined as the probability of receiv-
ing one treatment instead of the other, is esti-
mated for each patient. Then PS can be used in
various ways (mainly stratification or pair
matching), allowing comparison of treatment
outcomes among cases with a similar risk
profile.

6.4.5 Methods for Missing Values

Missing values in risk predictors are a common
problem in clinical studies. The simplest solution
is to exclude the patients with missing values
from the analysis (CC [complete case analysis]).
This solution is not optimal, however: firstly, not
all information is used (an excluded patient might
have other characteristics known), and secondly,
this approach can lead to bias if patients with
missing values have on average a different out-
come from the patients with observed values.

If values can be imputed on the basis of
observed values in the dataset, these patients can
be retained in the analysis to increase precision of
estimates and (under certain conditions) avoid
bias. The replacement of all missing values of a
variable by a single value, e.g. its mean or mode
if categorical, should be avoided; instead multi-
ple imputation (MI) can be used. MICE (White
etal. 2011) is the most common approach for MI;
another method to consider more suitable for
Cox models is called SMC-FCS (Bartlett et al.
2015). A major advantage of MI is that it prop-
erly takes into account the uncertainty caused by
the imputation in the estimates. For practical
advice on when and how to use MI, see Carpenter
and Smuk (2021). If data are missing not at ran-
dom—meaning their values cannot be predicted
from the observed variables—multiple imputa-
tion can at most decrease the bias but not fully
remove it.

Key Points

e Survival and competing risk endpoints
need specific methods.

e Survival analysis methods: Kaplan-
Meier, log-rank test and Cox model.

e Competing risks methods: cumulative
incidence curve, Gray test, Cox model
and fine and Gray model.

e Including events/changes of status
occurring during follow-up in an analy-
sis requires specific (advanced) meth-
ods, like multi-state models.
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of Hematopoietic Stem Cells:
Scientific Basis for Hematopoietic
Cell Transplantation

Alessandro Aiuti, Serena Scala,
and Christian Chabannon

7.1 Introduction

Hematopoiesis—from the Greek term for “blood
making”—is the adaptive process by which
mature and functional blood cells are continu-
ously replaced over the entire lifetime of an indi-
vidual. Erythrocytes, platelets, and the various
subsets of leukocytes all have finite although dif-
ferent life spans. As a consequence, the daily
production of red blood cells, platelets, and neu-
trophils under homeostatic conditions amounts
to more than 300 billion cells.

In mammals, after the emergence of the first
hematopoietic progenitors in extraembryonic
structures such as the yolk sac in mice, cells of
hematopoietic nature are first detected in the
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aorto—gonado—mesonephric (AGM) region of the
developing embryo, where they derive from the
endothelium (Costa et al. 2012; Yvernogeau et al.
2020; Zhu et al. 2020). The site of hematopoiesis
then moves to the fetal liver and next to the bone
marrow (BM) where it remains established until
the death of the individual. In humans, extramed-
ullary hematopoiesis denotes a myeloprolifera-
tive syndrome.

The considerable knowledge accumulated over
more than a century of experimental hematology
has led to the early understanding that all hemato-
poietic lineages derive from a small subpopulation
of undifferentiated and self-renewing stem cells.
Hematopoietic stem cells (HSCs) represent the
most accurately explored model of somatic stem
cells that are present in most if not all tissues and
organs, contributing to tissue homeostasis and
repair. The existence of a population of HSCs also
has practical implications in terms of developing
innovative therapies aiming at the definitive
replacement or enhancement of a function in cells
from one or several hematopoietic lineages,
including the possibility of establishing durable
hematopoietic chimerism in recipients of alloge-
neic hematopoietic cell transplantation (HCT).

7.2 Self-Renewal

A general property of stem cells is self-renewal,
assuming that when these cells divide, at least
one of the “daughter cells” fully recapitulates the
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biological properties of the “mother stem cell.”
Self-renewal of the HSC population prevents
exhaustion while the hematopoietic tissue prolif-
erates and differentiates extensively under
steady-state conditions to repair various dam-
ages. Demonstration of self-renewal at the clonal
level remains an arduous task, even though high-
throughput analytical tools have been developed.
There is a growing body of evidence suggesting
aging of the HSC population and decline of stem
cell function with age (de Haan and Lazare 2018;
Goodell and Rando 2015; Hammond et al. 2023).
Appearance of “passenger mutations” in clonal
hematopoiesis is one hallmark of aging (Cooper
and Young 2017; Xie et al. 2014). Recent lines of
evidence have suggested links between lifestyle
and aging through direct or indirect mechanisms
as well as opportunities for therapeutic interven-
tions in order to slow the aging process (Kaastrup
and Gronbaek 2021). The significance of such
observations remains to be fully elucidated but
obviously raises questions when it comes to
soliciting elderly individuals to donate HSCs for
the benefit of a related patient. Since increasing
pieces of evidence suggest that younger age of
the donors is associated with better overall sur-
vival, donor age has become an important vari-
able in the selection of matched unrelated and
haploidentical donors for allogeneic transplanta-
tion. However, it remains difficult to dissect the
role of donor age in HSC functionality (i.e.,
hematopoietic and lymphoid reconstitution) vs.
other graft components and variables influenced
by age, which may impact engraftment, non-
relapse mortality, and disease relapse (DeZern
et al. 2021; Ciurea et al. 2020; Pruitt et al. 2023).

Commitment

and Differentiation: New
Data Challenge the Historical
View of Hematopoietic
Hierarchy

7.3

The traditional view of HSC differentiation is a
hierarchical representation of an inverted tree,
where discrete and homogeneous populations

branch from one another, with successive
restrictions in differentiation potentials. This
oversimplifying view has been increasingly
challenged by recent studies reporting on non-
invasive genetic experiments and clonal analy-
ses in mice (Busch and Rodewald 2016;
Laurenti and Gottgens 2018). These studies
suggest that hematopoietic differentiation uses
different mechanisms under steady-state and
stress conditions (Goyal and Zandstra 2015);
however, both under steady-state conditions
and in transplantation models, only a small
fraction of HSCs contributes to long-term and
stable reconstitution without compromising on
the reestablishment of hematopoiesis (Hofer
and Rodewald 2016; Schoedel et al. 2016),
whereas most stem cells remain quiescent or
proliferate infrequently. Single-cell transcrip-
tional landscapes also suggest that differentia-
tion occurs as a continuous rather than a discrete
physiological process and that restriction of
differentiation is not the result of a “symmetric
split” between the myeloid and lymphoid com-
partments, as long believed by the phenotypic
identification of “common myeloid progeni-
tors” (CMPs) and “common lymphoid progeni-
tors” (CLPs).

Commitment to one or several lineages, or
conversely restriction in differentiation abilities,
results from the expression of a controlled
genetic and epigenetic program (Antoniani et al.
2017; Gottgens 2015; Pouzolles et al. 2016);
these mechanisms remain partially understood
and can thus only be partially harnessed for
in vitro engineering of HSCs and their progeny
(Rowe et al. 2016). Pathways vary during ontog-
eny, thus likely reflecting changes in these
genetic and epigenetic programs (Keita et al.
2023). The fate of HSCs and their progeny is
additionally regulated by extrinsic signals,
among which hematopoietic growth factors and
cytokines play an important role in survival,
proliferation, and amplification (Kaushansky
2006). Experimental pieces of evidence also
suggest that murine HSCs may directly sense
external signals, such as from pathogens
(Hysenaj et al. 2023).
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The Bone Marrow Niches
and Maintenance
of Stemness

7.4

Recent years have witnessed considerable prog-
ress in our understanding of the organization and
function of the bone marrow microenvironment
(Fig. 7.1). HSCs establish interactions in the con-
text of microanatomical organizations termed
“niches.” Progress has been made both in under-
standing the heterogeneity of niches within suc-
cessive hematopoietic sites and in identifying
various categories of cells—either of non-hema-
topoietic or of hematopoietic origin—that inter-
act with HSCs (Christodoulou et al. 2020). The
various types of bone marrow niches closely
associate with the neurovascular network that

Endothelial cells

Mesenchymal
stromal cells

infiltrates the central bone marrow and the endos-
teal region. The nature of the signaling between
these different cell populations is also increas-
ingly deciphered and involves many pathways,
with some of them unexpected at first (Calvi and
Link 2015; Crane et al. 2017). Replicating some
of these interactions in vitro is key to successful
expansion or genetic engineering of isolated
HSCs. Among the many molecular actors that
govern interactions between HSCs and the vari-
ous cells present in niches, the C-X-C motif che-
mokine 12 (CXCL12) and its most important
receptor CXCR4 are of particular interest: direct
or indirect modulation of this axis is clinically
used to amplify the compartment of circulating
stem cells that exist in low numbers under steady-
state conditions (Crees et al. 2023).
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7.5 Preclinical Models of HCT

Most of the current knowledge on the biology of
HSCs and on the therapeutic mechanisms of
HCT derives from studies in animal models
(Sykes and Scadden 2013; Eaves 2015). Classical
murine transplantation studies have shown that
single or few engrafting HSCs are sufficient and
necessary to sustain long-term hematopoiesis in a
reconstituted mouse. Human-in-mouse xeno-
grafts have become a fundamental tool to study
hematopoietic dynamics upon HCT. The genera-
tion of immune-deficient mice bearing a deletion
of the interleukin-2 receptor gamma chain on the
nonobese diabetic/severe combined immunodefi-
ciency (NOD/SCID) background (NSG mice)
was instrumental for studying HSC homing,
engraftment, lineage differentiation, and serial
transplantation capacity. This model has been
further modified by introducing human myeloid
cytokine genes to increase myeloid differentia-
tion (Doulatov et al. 2012) or loss-of-function
mutation in the KIT receptor to efficiently sup-
port engraftment of human HSCs without the
need for conditioning therapy (Cosgun et al.
2014). To overcome the lack of human compo-
nents in the murine BM, humanized BM niche
systems, which are based on human stromal cells
implanted on a specific scaffold or directly
injected with the extracellular matrix to generate
BM micro-ossicles, have been recently devel-
oped (Di Maggio et al. 2011; Reinisch et al.
2016). These strategies provide novel tools to
study the behavior of human HSCs in their physi-
ological context and to dissect the role of the
niche upon transplantation. However, homing
and engraftment parameters in xenografts may be
different from the natural setting and most HCT
models follow recipient mice for few months
after transplantations, thus making long-term
outcome difficult to assess.

Dogs provide an ideal preclinical modeling
system for HCT studies due to their large body
size, life span, and high genetic diversity, which
more appropriately recapitulate the human sce-
nario. Preclinical canine modeling has been fun-
damental for the clinical translation of
conditioning regimens and the importance of

major histocompatibility complex (MHC) donor/
recipient matching. However, the lack of canine
reagents and the logistic difficulties of working
with large animal models have precluded wide-
spread availability (Stolfi et al. 2016). Autologous
HCT in nonhuman primates (NHPs) is arguably
the experimental model most closely resembling
humans; their treatment conditions—including
the use of CD34* cells, mobilization, and condi-
tioning regimens—all parallel those commonly
used in human transplantation. Although ethical
issues and costs are increasingly limiting their
availability and use to selected centers, these ani-
mals are able to maintain long-term hematopoie-
sis up to several years after transplantation, thus
allowing the study of HCT dynamics in a close-
to-human manner (Koelle et al. 2017).

7.6  Gene Transfer/Gene Editing/
Gene Therapy (GT) Targeting

HSCs

Ex vivo HSC gene therapy (GT) is based on the
genetic modification of autologous HSCs to cor-
rect monogenic disorders or to provide novel fea-
tures to hematopoietic cells for treating infectious
diseases or cancers (Naldini 2011) (Fig. 7.2). It is
now well-established that HSCs can be efficiently
gene modified to continuously produce a cell
progeny expressing the therapeutic gene while
maintaining the ability to engraft in the long
term, for at least 15 years (Cicalese et al. 2016).
According to a recent meta-analysis, more than
400 patients have received hematopoietic stem
and progenitor cell (HSPC) GT for the treatment
of 14 genetic diseases, in the context of 55 clini-
cal trials (Tucci et al. 2022). The potential advan-
tages of this approach over allogeneic HCT
include the lack of graft-versus-host disease
(GVHD) or rejection and the possibility of engi-
neering HSCs in order to achieve a supraphysio-
logical level of the corrected protein (Naldini
2011; Cicalese et al. 2016; Tucci et al. 2022;
Aiuti and Naldini 2016). Despite robust and con-
sistent results in terms of long-term durability,
efficacy, and safety of the treatment, there are
differences in terms of gene correction in the
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intended populations and BM-transduced cell
chimerism. The gene engineering platform, the
stem cell source, the disease background, and the
conditioning regimen might account for some of
these distinctions.

Currently, integrating vectors derived from
retroviruses represent the most efficient platform
for engineering HSCs and providing permanent
and heritable gene correction. y-Retroviral vec-
tors (RVs) have been used in many clinical appli-
cations, including GT  of  inherited
immunodeficiencies and cancer therapy, but the
use of y-RVs is associated with risks of inser-
tional mutagenesis due to activation of proto-
oncogenes, also depending on the disease type
(Cicalese et al. 2016; Tucci et al. 2022). Self-
inactivating (SIN) lentiviral vectors (LVs) are
currently the tools of choice for most of the HSC
GT applications, given their ability to transduce
nondividing cells at higher efficiency, to carry
larger and more complex gene cassettes, and to
display a safer insertion site (IS) pattern in human
HSCs (Naldini 2011; Locatelli et al. 2022; Scala
et al. 2023). The recent development of designer
endonucleases has led to the advent of gene tar-

corrected gene
Gene addition

Gene disruption
mutated gene

corrected gene
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geting approaches. In contrast to viral vectors,
which can mediate only one type of gene modifi-
cation (gene addition), genome editing technolo-
gies can mediate gene addition, gene disruption,
gene correction, and other targeted genome mod-
ifications (Dunbar et al. 2018; Ferrari et al. 2023).
These strategies have the potential to overcome
vector IS genotoxicity and to handle diseases due
to dominant negative mutations and have started
to enter clinical trials and practices (Frangoul
et al. 2021). Despite the great promises, several
challenges need to be addressed, including long-
term clinical safety. Primitive, slow-cycling,
human BM-derived HSCs are highly resistant to
ex vivo manipulations required for gene target-
ing, and the current efficiency of gene editing by
homology-directed repair into repopulating
HSCs may not be suitable for clinical applica-
tions requiring high levels of correction (Dunbar
et al. 2018; Kohn 2017).

In most cases, mobilized peripheral blood
(MPB) has become the preferred HSC source for
patients undergoing HCT and HSPC GT, also
owing to the higher numbers of stem cells
collected. Recent findings have shown that the
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use of MPB HSCs is associated not only with
faster neutrophil and platelet reconstitution but
also with an overall increased clonality of the
engrafted HSCs (Scala et al. 2023) and that a bet-
ter characterization of the HSPC compartments
has been more informative than the total CD34*
cell dose.

Despite these progress, a collection of HSCs
still present challenges under certain pathological
conditions with low HSC content, heavily treated
patients, or low-body-weight pediatric subjects.
In vitro expansion protocols are an attractive
strategy to increase the quality and/or the amount
of transplantable HSCs. High-throughput screen-
ing of chemical compounds has resulted in the
identification of at least two promising mole-
cules, namely, StemRegeninl and SR1 (Wagner
Jr. et al. 2016), and the pyrimidoindole derivative
UM171 (Dumont-Lagace et al. 2021; Fares et al.
2014), which are able to achieve great expansion
of long-term repopulating HSCs. The ideal drug
or combination has yet to be reported, although
encouraging results paving the way for non-
conditioned or non-genotoxic cell transplants or
cellular therapies have been reported in mice
(Wilkinson et al. 2019; Srikanthan et al. 2020;
Omer-Javed et al. 2022).
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7.7  Studying the Dynamics
of Hematopoietic

Reconstitution Upon HCT

Upon gene correction, each transduced cell and
its progeny becomes univocally marked by a spe-
cificIS. The analysis of RV or LV IS has emerged
as one of the most effective strategies for tracing
the activity of genetically engineered hematopoi-
etic cells directly in vivo in animal models and in
GT-treated patients. Retrieving the IS from
mature blood cells after HCT allowed studying
the kinetics of blood cell production from indi-
vidual stem cells within a heterogeneous popula-
tion (Scala et al. 2023) (Fig. 7.3).

In the murine setting, the finding that the vast
majority of the ISs after transplantation were
present in either lymphoid or myeloid cells with
few ISs shared by both lineages led to the concept
that murine HSCs are heterogeneous and already
biased for their fate. The possibility of directly
translating these models in human beings is cur-
rently under investigation (Lu et al. 2011;
Yamamoto et al. 2013).

Clonal tracking studies in nonhuman primates
have been pivotal in studying HCT dynamics in
an experimental setting close to humans. The
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results of these works showed a common pattern
of hematopoietic reconstitution upon transplanta-
tion: clonal fluctuation in the early phases post-
HCT, potentially due to the initial contribution to
the hematopoiesis of short-term unilineage pro-
genitors, followed by a recovery of a stable
hematopoietic output, likely related to the take-
over of long-term multipotent HSC contribution.
Thus, differently from murine studies, long-term
HSCs are able to provide multilineage engraft-
ment and there is no evidence of a predetermined
lineage choice at the stem cell level in primates
(Koelle etal. 2017; Kim et al. 2014). Additionally,
NHPs have been useful in interrogating the effect
of older HSCs in HCT, showing reduced multi-
lineage output and clonality of the graft in aged
vs. young animals (Yu et al. 2018).

To date, few cutting-edge studies have used IS
retrieval from GT-treated patients, allowing, for
the first time, to study the complexity of the
hematopoietic system and hematopoietic recon-
stitution upon HCT in humans (Scala et al. 2023;
Biasco et al. 2016; Scala et al. 2018; Wang et al.
2010). These studies showed that transplanted
gene-repaired HSCs are able to engraft and gen-
erate a polyclonal multilineage output overtime.
Longitudinal analyses allowed unveiling that uni-
lineage clones active during the first 6 months
after GT tend to be replaced by multilineage
long-term clones, indicating HSC-derived activ-
ity. Finally, based on the number of ISs recap-
tured overtime, it has been estimated that about
1 in 10°-10° infused gene-corrected cells have
the potential to engraft in the long term. These
approaches represent a prototypical example of
the power of translational studies, providing
information relevant to the human hematopoietic
system, complementing and expanding the data
derived from animal models.

Alternative approaches based on single-cell
high-throughput analyses have also allowed to
explore the dynamics of hematopoietic posttrans-
plant reconstitution in human recipients and its
relation to posttransplant clinical events (Huo
et al. 2023).

7.8 From Experimental
Hematology to Medical
Practices and Hematopoietic

Cellular Therapies

As already stressed in this brief review, a consid-
erable amount of knowledge has been accumu-
lated over years, thus allowing us to understand
part of the mechanisms that control HSC behav-
ior and take advantage of this knowledge; many
of these observations have cross-fertilized other
disciplines. However, a large gap persists between
the technological sophistication of research tools
and the rudimentary nature of clinical-grade
reagents, devices, and laboratory tests. In clinical
transplantation or even in the most modern forms
of hematopoietic cellular therapies, stem cells
remain identified as “CD34* cells,” which can at
best be considered as a gross approach to stem-
ness; functional assays are limited to clonogenic
cultures in routine practice; flow cytometry-
activated cell sorting has barely entered the clini-
cal field, and most cell selection procedures rely
on immune selection with magnetic beads.
Despite these limitations, and as can be seen
from the content of the other chapters in this
book, HCT remains the only example of a world-
wide and widely used cell transplant procedure,
with many of its underlying conceptual aspects
and techniques being used to design innovative
and highly personalized somatic cell therapy or
gene therapy medicinal products (Chabannon
et al. 2018).
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8.1 Introduction

The array of cellular players involved in the biol-
ogy of hematopoietic cell transplantation (HCT)
clearly extends beyond hematopoietic stem cells
(HSCs) themselves and, in the case of transplan-
tation from allogeneic sources, importantly
includes cells of the innate and adaptive immune
systems. Historically, the discovery of the human
leukocyte antigen (HLA) system and the func-
tional characterization of the different immune
cell types had a transformational impact on our
current understanding of the pathobiological
“sequelae” of allo-HCT (rejection, graft-versus-
host disease (GVHD), graft-versus-leukemia
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(GVL) effect). This body of knowledge coupled
to the most recent “exploitation” of biotechnol-
ogy has allowed us to design strategies for in vivo
stimulation or adoptive transfer of specific
immune cell types with the potential to dramati-
cally improve transplantation outcome.

In this chapter, we will review the biological
properties of cells other than HSCs, which have
so far been therapeutically investigated in human
allo-HCT. Since, apart from vaccination, antigen-
presenting cells and myeloid cells at large have
seldom been therapeutically investigated in
human allo-HCT, they will not be discussed here.
Conversely, we will briefly touch on mesenchy-
mal stromal cells (MSCs), which, although not
classifiable as immune cells “‘stricto sensu,” have
been widely employed in allo-HCT.

8.2 Conventional or Alpha Beta

T Cells

The majority of mature T cells is characterized
by the expression of the aff T-cell receptor (TCR),
which endows major histocompatibility class
(MHC)-restricted recognition of peptides derived
from non-self-proteins. The mutually exclusive
co-expression of CD8 or CD4 further conveys
specificity toward MHC class I/MHC class II/
peptide complexes, respectively. CD8" T cells
recognize intracellular peptides, mainly derived
from viruses or mutated genes, mediating the
cytotoxicity of infected or transformed cells, and
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thence the name cytotoxic T lymphocytes
(CTLs). Conversely, CD4* T cells recognize
extracellular pathogen-derived peptides, provid-
ing antigen-specific “help” to bystander immune
cells, such as B cells in antibody production and
phagocytes in the killing of engulfed pathogens.
Alloreactivity occurs because of o TCR-
mediated recognition of mismatched HLAs or of
non-HLA polymorphic peptides presented in the
context of matched HLAs, e.g., those derived
from H-Y (male-specific histocompatibility anti-
gen). The latter are known as minor histocompat-
ibility antigens (mHags) and play a major role in
GVHD and the GVL effect after HLA-matched
transplantation.

The adoptive transfer of CTLs specific
toward important opportunistic viruses in allo-
HCT (cytomegalovirus (CMV), Epstein—Barr
virus (EBV), adenovirus (ADV)) has been one
of the first manipulated cellular immunothera-
pies to be tested in humans (Bollard and Heslop
2016) and in some European Union (EU) coun-
tries is now available as an off-the-shelf therapy
from HLA-matched donors. Conversely, it has
been proposed that naive T cells, i.e., cells that
have never encountered their cognate antigen,
may be more alloreactive than memory T cells,
i.e., antigen-experienced cells that have per-
sisted even after clearing the infection. This
concept is at the basis of protocols for the
depletion of naive T cells from the graft as a
way to prevent GVHD while retaining a strong
GVL effect (Bleakley et al. 2015). Promising
are also attempts at translating this approach
against hematological tumor antigens for treat-
ing overt leukemia relapse after allo-HCT
(Chapuis et al. 2013). On a different page, given
the overall complexity of immune responses, it
is not surprising that during evolution, some
immune cell types have evolved with the spe-
cific task of immune regulation. T regulatory
cells (Tregs) are thymus-derived cells charac-
terized by constitutive expression of the tran-
scription factor FoxP3. Tregs are potent

suppressors of alloreactivity and are now being
investigated for GVHD management after their
ex vivo expansion (Brunstein et al. 2016).

8.3 Unconventional T Cells
Unconventional T cells are subsets of T cells,
which often reside at mucosal sites and sense a
wide range of non-polymorphic ligands, espe-
cially of bacterial origin. They include (but are
not limited to) TCRyd T cells, invariant natural
killer T cells (iNKT) cells, and mucosal-
associated invariant T (MAIT) cells. They have a
limited TCR repertoire diversity and get activated
quickly, bridging innate to adaptive immunity.

1. High y8 T cells after HCT are associated with
a favorable outcome (Arruda et al. 2019). In
TCRap/CD19-cell depleted haplo-HCT, y& T
cells are a dominant subset, accounting in part
for a GVL effect (Airoldi et al. 2015). A sub-
set of yd T cells (Vy2V39) is activated by
phosphoantigens and can be safely expanded
in vivo by the bisphosphonate zoledronate
(Merli et al. 2020). In addition, while the
Vy9Vy2 subset usually predominates, patients
reactivating CMV showed an expansion of the
Vy1 subset (Ravens et al. 2017).

2. Type I invariant NKT is a distinct population
of semi-invariant af} T cells that recognize lip-
ids presented in the context of broadly distrib-
uted CD1d. An early iNKT reconstitution has
been linked to a reduced GVHD incidence
(Rubio et al. 2012; Chaidos et al. 2012). A
GVL potential has been reported in pediatric
leukemia patients given haplo-HCT (de Lalla
etal. 2011).

3. MAIT cells (CD3*CD4-CDI161"e") are
abundant in mucosal tissues, display a rep-
ertoire of limited diversity, and recognize
bacterial metabolites. Their reconstitution
positively correlated with the diversity of
the gut microbiota. Several studies have
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reported an association between low circu-
lating MAIT cell counts and GVHD
(Bhattacharyya et al. 2018; Ben Youssef
et al. 2018).

84 NKCells

Natural killer (NK) cells belong to the innate
immune system and provide immediate reactivity
against virally infected tumor targets. NK cyto-
toxicity is controlled by a balance between sev-
eral germ line-encoded inhibitory and activating
receptors, such as killer immunoglobulin-like
receptors (KIRs) and natural cytotoxicity recep-
tors (Vivier et al. 2011). The importance of NK
cells in allo-HCT has surfaced after the demon-
stration of their pivotal role in preventing leuke-
mia relapse and decreasing GVHD risk after
grafting from HLA-haploidentical donors
(Ruggeri et al. 2002). Since then, there has been
a growing interest in using both autologous and
allogeneic NK cells in patients with leukemia or
other high-risk hematological tumors also in the
non-transplant setting (Koehl et al. 2016). These
trials have uniformly shown the safety and poten-
tial efficacy of infused NK cells. Nevertheless,
they have also documented the emergence of
powerful immune escape mechanisms, raising
the question on how to improve NK cell-based
therapies (Koehl et al. 2018). Various trials are
under way in order to investigate ways to achieve
better NK cell cytotoxicity and overcome the
immunosuppressive tumor microenvironment,
including:

1. Combination of novel checkpoint inhibitors
with activated NK cells

2. Bi- or tri-specific antibodies for directly bind-
ing NK cells to cancer cells

3. Chimeric antigen receptor (CAR)-modified
NK cells for direct targeting of cancer cells

The latter strategy is particularly interesting
since CAR-modified NK cells are expected to
retain their natural antitumor reactivity, thus
exerting potentially synergistic effects. The first
clinical CAR-modified NK cell studies targeting

CD19 and NKG2D ligands have been initiated
(ClinGov Nos NCT03056339, NCT01974479,
NCT00995137, NCT03415100) with promising
initial results (Liu et al. 2020) and will likely be
instrumental in demonstrating proof of concept.

8.5 Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs) are multipo-
tent cells. In the musculoskeletal system, MSCs
are responsible for generating bone cells, carti-
lage cells, and other cell types. Since many of
these cells are derived from the embryonic mes-
enchyme, the name “mesenchymal stromal cells”
was coined. Additional investigations revealed
complex modes of action beyond the formation
of individual cell types: secretory, anti-
inflammatory, hematopoietic stem cell niche-
supporting and immunomodulatory properties of
MSCs and their ability to migrate to sites of dam-
age and inflammation (Wilson et al. 2019). Based
on these activities, graft-versus-host and autoim-
mune diseases, neurological conditions, cancers,
or other diseases are addressed by MSC-based
therapies. Many organ systems are targeted, and
the potential clinical use of MSCs seems enor-
mous. Therefore, subsequent to hematopoietic
stem cells, MSCs are the second-most frequently
used cell source for cell therapeutic applications.
Notwithstanding their widespread use, MSCs are
currently the stem cell population with the least
defined identity and properties (Hoffmann et al.
2017). Despite the many promising reports, a
multitude of clinical trials with MSCs have failed
and there is a rising perception that MSCs might
present “doubtful drugs” (Sipp et al. 2018).

In the majority of studies, mononuclear cells,
including the rare MSCs, are isolated from bone
marrow by a density gradient or from solid tis-
sues by enzymatic digestion and explant cultures.
A small fraction of the isolated cells is able to
adhere to cell culture polystyrene: a retrospective
and nonspecific isolation resulting in heteroge-
neous cell populations. The adherent cells are
expanded in two-dimensional static cultures and
characterized by their morphology, proliferation
(interpreted as self-renewal), a pattern of cell sur-
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face antigens, and the forced differentiation
in vitro into mesenchymal cell types (taken as
evidence for multipotent differentiation). These
features do not withstand rigorous assessments of
stem cell features.

Contrasting with this, pioneering studies have
prospectively isolated stromal cells from the
bone or bone marrow based on the specific pres-
ence (positive selection) or absence (negative
selection) of selected cell surface antigens and
clearly demonstrated their central stem cell fea-
tures of self-renewal and differentiation in vivo
(Tikhonova et al. 2019; Leimkiihler et al. 2021;
Crisan et al. 2008; Sacchetti et al. 2007; Chan
et al. 2018), without preceding cell culture. From
their data, the notion emerges that different popu-
lations of stem cells may exist in different com-
partments of the bone, bone marrow, or—if at
all—in other tissues. For example, these studies
point at cell surface antigens that have not yet
been considered as “typical” MSC surface mole-
cules, like CD146, PDPN, and CD164. Based on
such improved cell isolation strategies, single-
cell RNA sequencing revealed different subpopu-
lations of MSCs (Tikhonova et al. 2019;
Leimkiihler et al. 2021; Ruoss et al. 2021; Xie
et al. 2022). A critical reappraisal of these differ-
ent cell populations, harmonization of the meth-
ods for their isolation and expansion, including
novel strategies to mimic the in vivo stem cell
niche by three-dimensional dynamic and hypoxic
in vitro culture systems, and a clear description
of the anticipated mode of action, including the
development of validated potency assays, is
therefore necessary for harnessing the full thera-
peutic potential of MSCs in the future
(Lavrentieva et al. 2020).

Key Points

e HCT rather than a solo play is an orches-
tral concert, where different cellular
players contribute to the overall final
result of the symphony.

* Besides obviously HSCs, the key con-
tributors are cells of the innate and
adaptive immune systems. Both have
evolved for the key task of self/non-self-

discrimination, with each however
focusing on the recognition of different
classes of molecules, from proteins to
glycolipids.

e The tremendous knowledge in immuno-
biology acquired in the last few decades
has enabled the utilization of the proper-
ties of these cells or the amelioration of
the outcome of HCT.

References

Airoldi I, Bertaina A, Prigione I, et al. yd T-cell reconsti-
tution after HLA-haploidentical hematopoietic trans-
plantation depleted of TCR-af+/CD19+ lymphocytes.
Blood. 2015;125:2349-58.

Arruda LCM, Gaballa A, Uhlin M. Impact of gammadelta
T cells on clinical outcome of hematopoietic stem cell
transplantation: systematic review and meta-analysis.
Blood Adv. 2019;3:3436-48.

Ben Youssef G, Tourret M, Salou M, et al. Ontogeny
of human mucosal-associated invariant T cells and
related T cell subsets. J Exp Med. 2018;215:459-79.

Bhattacharyya A, Hanafi LA, Sheih A, et al. Graft-derived
reconstitution of mucosal-associated invariant T cells
after allogeneic hematopoietic cell transplantation.
Biol Blood Marrow Transplant. 2018;24:242-51.

Bleakley M, Heimfeld S, Loeb KR, et al. Outcomes
of acute leukemia patients transplanted with naive
T cell-depleted stem cell grafts. J Clin Invest.
2015;125:2677-89.

Bollard CM, Heslop HE. T cells for viral infections after
allogeneic hematopoietic stem cell transplant. Blood.
2016;127:3331-40.

Brunstein CG, Miller JS, McKenna DH, et al. Umbilical
cord blood-derived T regulatory cells to prevent
GVHD: kinetics, toxicity profile, and clinical effect.
Blood. 2016;127:1044-51.

Chaidos A, Patterson S, Szydlo R, et al. Graft invariant
natural killer T-cell dose predicts risk of acute graft-
versus-host disease in allogeneic hematopoietic stem
cell transplantation. Blood. 2012;119:5030-6.

Chan CKF, Gulati GS, Sinha R, et al. Identification of the
human skeletal stem cell. Cell. 2018;175:43-56.e21.

Chapuis AG, Ragnarsson GB, Nguyen HN, et al.
Transferred WT1-reactive CD8+ T cells can mediate
antileukemic activity and persist in post-transplant
patients. Sci Transl Med. 2013;5:174ra27.

Crisan M, Yap S, Casteilla L, et al. A perivascular origin
for mesenchymal stem cells in multiple human organs.
Cell Stem Cell. 2008;3:301-13.

de Lalla C, Rinaldi A, Montagna D, et al. Invariant NKT
cell reconstitution in pediatric leukemia patients
given HLA-haploidentical stem cell transplantation



8 Biological Properties of Cells Other Than HSCs

71

defines distinct CD4+ and CD4- subset dynamics
and correlates with remission state. J Immunol.
2011;186:4490-9.

Hoffmann A, Floerkemeier T, Melzer C, Hass
R. Comparison of in vitro-cultivation of human mes-
enchymal stroma/stem cells derived from bone mar-
row and umbilical cord. J Tissue Eng Regen Med.
2017;11:2565-81.

Koehl U, Kalberer C, Spanholtz J, et al. Advances in
clinical NK cell studies: donor selection, manu-
facturing and quality control. Onco Targets Ther.
2016;5:e1115178.

Koehl U, Toubert A, Pittari G. Editorial: tailoring NK cell
receptor-ligand interactions: an art in evolution. Front
Immunol. 2018;9:351.

Lavrentieva A, Hoffmann A, Lee-Thedieck C. Limited
potential or unfavorable manipulations? Strategies
toward efficient mesenchymal stem/stromal cell appli-
cations. Front Cell Dev Biol. 2020;8:316.

Leimkiihler NB, Gleitz HFE, Ronghui L, et al.
Heterogeneous bone-marrow stromal progenitors
drive myelofibrosis via a druggable alarmin axis. Cell
Stem Cell. 2021;28:637-652.e8.

Liu E, Marin D, Banerjee P, et al. Use of CAR-transduced
natural killer cells in CD19-positive lymphoid tumors.
N Engl J Med. 2020;382(6):545-53.

Merli P, Algeri M, Galaverna F, et al. Immune modula-
tion properties of Zoledronic acid on TcRgammadelta
T-lymphocytes after TcRalphabeta/CD19-depleted
Haploidentical stem cell transplantation: an analysis
on 46 pediatric patients affected by acute leukemia.
Front Immunol. 2020;11:699.

Ravens S, Schultze-Florey C, Raha S, et al. Human
gammadelta T cells are quickly reconstituted after
stem-cell transplantation and show adaptive clonal

expansion in response to viral infection. Nat Immunol.
2017;18:393-401.

Rubio M-T, Moreira-Teixeira L, Bachy E, et al. Early
posttransplantation donor-derived invariant natural
killer T-cell recovery predicts the occurrence of acute
graft-versus-host disease and overall survival. Blood.
2012;120:2144-54.

Ruggeri L, Capanni M, Urbani E, et al. Effectiveness
of donor natural killer cell alloreactivity in mis-
matched  hematopoietic  transplants.  Science.
2002;295:2097-100.

Ruoss S, Walker JT, Nasamran CA, et al. Strategies to
identify mesenchymal stromal cells in minimally
manipulated human bone marrow aspirate concentrate
lack consensus. Am J Sports Med. 2021;49:1313-22.

Sacchetti B, Funari A, Michienzi S, et al. Self-renewing
Osteoprogenitors in bone marrow sinusoids can
organize a hematopoietic microenvironment. Cell.
2007;131:324-36.

Sipp D, Robey PG, Turner L, et al. Clear up this stem-cell
mess. Nature. 2018;561:455-7.

Tikhonova AN, Dolgalev I, Hu H, et al. The bone marrow
microenvironment at single-cell resolution. Nature.
2019;569:222-8.

Vivier E, Raulet DH, Moretta A, et al. Innate or adap-
tive immunity? The example of natural killer cells.
Science. 2011;331:44-9.

Wilson A, Hodgson-Garms M, Frith JE, et al. Multiplicity
of mesenchymal stromal cells: finding the right route
to therapy. Front Immunol. 2019;10:1112.

Xie Z, Yu W, Ye G, et al. Single-cell RNA sequencing
analysis of human bone-marrow-derived mesenchy-
mal stem cells and functional subpopulation identifi-
cation. Exp Mol Med. 2022;54:483-92.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to

obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Histocompatibility

Eric Spierings, Alejandro Madrigal,
and Katharina Fleischhauer

9.1 Introduction

Allogeneic hematopoietic cell transplantation
(allo-HCT) has revolutionized the treatment of
many hematological and oncological disorders,
offering a potential cure for patients with other-
wise fatal diseases. However, successful trans-
plantation depends on the compatibility of
polymorphic human leukocyte antigens (HLAs)
between the donor and the recipient. HLA mole-
cules are critical components of the immune sys-
tem, responsible for presenting antigenic peptides
to specific immune receptors, thereby triggering
both  pathogen-specific =~ and  alloreactive
responses. The latter mediates not only graft-
versus-host disease (GVHD), a major complica-
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tion occurring after allo-HCT, but also the
beneficial graft-versus-leukemia (GVL) effect.
The first indications for a major histocompat-
ibility complex (MHC) were provided by the
work of Peter Gorer in 1936, as a result of his
studies in mice (reviewed by Thorsby (2009)).
Subsequently, immune-mediated rejection of tis-
sue allografts was described in 1945 by the
British immunologist Peter Medawar, followed
by the discovery of the MHC carrying the histo-
compatibility genes by George Snell in 1948 and
of the human leukocyte antigen (HLA) molecules
by Jean Dausset, Jon van Rood, and Rose Payne
a decade later (reviewed by Thorsby (2009)). The
importance of these discoveries was recognized
by the Nobel Prize awarded in physiology and
medicine to Medawar in 1960 and Benacerrat,
Snell, and Dausset in 1980, respectively. Since
then, the MHC has emerged as the single most
polymorphic gene locus in eukaryotes, with
36,263 HLA alleles reported to date in the inter-
national ImMunoGeneTics information system/
HLA (IMGT/HLA) database (release 3.52,
(https://www.ebi.ac.uk/ipd/imgt/hla/about/statis-
tics/. Accessed 9 May 2023; Barker et al. (2023)).
The concept of HLA matching in transplanta-
tion was first proposed in the 1960s, when it
became apparent that HLA antigens played a
critical role in the recognition and rejection of
foreign tissues. The early attempts at HLA match-
ing were based on serological methods, which
relied on the detection of antibodies that bind to
HLA molecules. However, this approach was
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limited by the low resolution of serological typ-
ing and the high frequency of HLA alleles in the
human population.

Over the past few decades, advances in molec-
ular biology and genomics have revolutionized
HLA typing, allowing for a more accurate and
comprehensive matching of donors and recipi-
ents, thereby greatly contributing to increased
safety and feasibility of allo-HCT in recent years
(Gooley et al. 2010; Penack et al. 2020). Today,
HLA typing is typically performed by high-
throughput next-generation sequencing (NGS),
allowing for unambiguous high-resolution typing
in most cases (Cornaby et al. 2021).

HLA matching has become a critical compo-
nent of allo-HCT, with studies showing that
better HLA matching leads to improved out-
comes and lower rates of GVHD. However,
achieving perfect HLA matching is not always
possible, particularly for patients from ethnic
or racial minority groups with limited donor
options. In these cases, partially HLA-
mismatched donors, in particular haploidenti-
cal relatives or mismatched unrelated donors
(UDs), are used with increasing clinical success
(Kanakry et al. 2016; Slade et al. 2017, Shaw
et al. 2021), in addition to umbilical cord blood
(UCB) transplantation with frequent HLA mis-
matches (Ballen et al. 2013). Moreover, non-
HLA polymorphisms have also been recognized
as important players, in particular minor histo-
compatibility  antigens (mHAgs), killer
immunoglobulin-like receptors (KIRs), and
other polymorphic gene systems (Dickinson
and Holler 2008; Gam et al. 2017; Heidenreich
and Kroger 2017; Spierings 2014).

In this chapter, we will provide an overview of
HLA matching in the context of allo-HCT,
including the history of HLA typing, the clinical
importance of HLA matching, and the current
methods for HLA typing and matching. We will
also discuss the challenges and limitations of
HLA matching and the alternatives available for
patients who cannot find a perfectly matched
donor.

9.2 TheBiology
of Histocompatibility
9.2.1 Major Histocompatibility

Antigens

The human MHC spans about 4 million base
pairs of DNA on the short arm of chromosome 6
(6p21.3) and contains approximately 260 genes,
many of which with immune-related functions
(Trowsdale and Knight 2013). The MHC can be
divided into three main regions—classes I, II,
and III—which contain HLA-A, HLA-B, and
HLA-C as well as HLA-DR (HLA-DRA1, HLA-
DRB1, HLA-DRB3, HLA-DRB4, and HLA-
DRB)), HLA-DQ (HLA-DQAL1 and
LHA-DQBI1), and HLA-DP (HLA-DPA1 and
HLA-DPB1), respectively, and complement fac-
tor as well as tumor necrosis factor (TNF) genes.
MHC genes are codominantly expressed and fol-
low Mendelian inheritance patterns, resulting in a
25% probability for two siblings to be HLA-
identical or to have inherited the same MHC
from both parents. An additional feature of the
MHC is the nonrandom association of alleles at
different HLA loci, known as linkage disequilib-
rium (LD), and relatively high recombination
rates exceeding 1%, also referred to as “crossing
over” (Martin et al. 1995).

9.2.2 Structure and Function of HLA
Class | and Il Molecules

HLA class I and II molecules are immunoglobu-
lins (Igs) found on the surface of cells that pres-
ent peptides in their highly polymorphic
antigen-binding groove (Madden 1995). HLA
class I proteins, encoded in the classical HLA-A,
HLA-B, and HLA-C loci, consist of heterodi-
mers of a polymorphic a-chain and a monomor-
phic f2 microglobulin, with molecular weights of
45 kDa and 12 kDa, respectively. The a-chain has
three hypervariable Ig-like domains, with the ol
and o2 domains forming the antigen-binding
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groove, the a3 domain contacting the CDS8 core-
ceptor on T cells, and a transmembrane region
anchoring the molecule to the cell membrane.
HLA class I is expressed on all healthy nucleated
cells and presents peptides, which are protein
fragments of mostly intracellular origin gener-
ated through proteasomal cleavage and trans-
ported to the endoplasmic reticulum via the
transporter associated with antigen processing
(TAP; Vyas et al. (2008)). Cell surface HLA class
I peptide complexes can be recognized by the
T-cell receptor (TCR) of CD8* T cells, leading to
the activation of cytotoxic and/or cytokine effec-
tor functions, or by KIRs on natural killer (NK)
cells, leading to the inhibition or activation of
effector functions (Heidenreich and Kroger
2017). HLA class II proteins, encoded by the
classical HLA-DR, HLA-DQ, and HLA-DP loci,
consist of heterodimers of an a- and a -chain of
approximately 30 kDa each. Despite the different
composition, the overall structure of the heterodi-
meric HLA class II proteins is highly similar to
that of the HLA class I proteins. While the
peptide-binding groove involves the membrane-
distant ol and 1 domains, the region contacting
the CD4 coreceptor on T cells is located in the
membrane-close domains. Both chains anchor to
the cell membrane with their respective trans-
membrane parts. For HLA-DR, the polymor-
phisms are mostly clustered in the f-chain Ig-like
domain forming the antigen-binding groove, i.e.,
the p1 domain. For HLA-DQ and HLA-DP, both
the a- and P-chains are polymorphic, with an
increased level of polymorphism in the al and 1
domains. HLA class II proteins are constitutively
expressed on professional antigen-presenting
cells, such as B cells, macrophages, and dendritic
cells, and can be upregulated on various cell
types by pro-inflammatory cytokines, such as
interferon (IFN)-y and tumor necrosis factor
(TNF)-a. HLA class II molecules present pep-
tides generally of extracellular origin generated
through protein degradation in the phagolyso-
some (Vyas et al. 2008). Peptide loading onto
HLA class II molecules occurs in the dedicated
MIIC (MHC class II) compartment and is cata-

lyzed by two nonclassical HLA molecules that
are also encoded in the MHC, i.e., HLA-DM and
HLA-DO. HLA class II peptide complexes on
the cell surface can be recognized by CD4* T
cells, leading to the activation of cytokine-
mediated helper or regulatory functions. To date,
only a single receptor on NK cells with binding
activity to HLA class II, the activating NKp44
engaged by a subset of HLA-DP allotypes, has
been described (Niehrs et al. 2019).

9.2.3 HLA Polymorphism and Tissue
Typing

HLA molecules were first detected by serological
methods, through the ability of the sera from sen-
sitized individuals to agglutinate some but not all
leukocytes (hence the term ‘“human leukocyte
antigen”) (Thorsby 2009). Until the mid-1990s,
serological typing was the main method of tissue
typing. With the advent of polymerase chain
reaction (PCR) techniques, molecular tissue typ-
ing took over and unraveled a far greater degree
of HLA allelic polymorphism than previously
appreciated (Erlich 2012). HLA nucleotide poly-
morphism is clustered in the so-called hypervari-
able regions (HVRs) mainly in exons 2, 3, and 4
of HLA class I and exons 2 and 3 of HLA class II,
encoding the functional antigen-binding groove
and CD4/CD8 coreceptor-binding regions.
Therefore, PCR-based molecular typing focused
on these exons, leading to different levels of typ-
ing resolution (Table 9.1). With the advent of
next-generation sequencing (NGS) for tissue typ-
ing purposes (Gabriel et al. 2014, Cornaby et al.
2021), allelic or at least high-resolution typing
can be achieved in most cases. Moreover, NGS
enables high-throughput sequencing of the entire
HLA coding and noncoding regions, unraveling
an additional layer of polymorphism, with more
than 50% of all submissions resulting from NGS-
based typing techniques (Barker et al. 2023). Due
to the ability to sequence large numbers of sam-
ples in a single run and multiple loci per individ-
ual, the NGS technology allows for highly
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Table 9.1 HLA typing resolution and appropriate typing
methods

HLA typing resolution® Appropriate typing methods®
Low (first field) Serology, SSP, SSOP, others
High (second field) NGS, SBT

Allelic (all fields) NGS, SBT

Intermediate SSP, SSOP, SBT

2 As defined in Nunes et al. (2011). Low: A serological
typing result or DNA-based typing at the first field in the
DNA-based nomenclature. High: A set of alleles that
encode the same protein sequence in the antigen-binding
groove and that exclude alleles not expressed on the cell
surface. High resolution thus includes alleles reported
with the suffix P (a set of alleles encoding the same amino
acid sequence at the antigen-binding groove). Allelic:
Unique nucleotide sequence for a gene as defined using
all the digits in a current allele name. Intermediate: A
level of resolution that falls between high and low resolu-
tion, as agreed with the entity requesting the testing.
Examples are restriction to common and well-documented
(CWD) alleles (Sanchez-Mazas et al. 2017), common
intermediate and well-documented (CIWD) alleles
(Hurley et al. 2020), or reporting by the National Marrow
Donor Program (NMDP) codes (https://bioinformatics.
bethematchclinical.org/hla-resources/allele-codes/
allele-code-lists/)

Serology complement-dependent cytotoxicity of specific
antisera, SSP sequence-specific priming, SSOP sequence-
specific oligonucleotide probing, Others additional
molecular typing approaches, including quantitative PCR
and restriction fragment length polymorphism (RFLP),
SBT sequencing-based typing (Sanger sequencing), NGS
next-generation sequencing

accurate and reliable HLA typing, which is
essential for selecting the best possible donor and
minimizing the risk of GVHD. As a result, NGS
has become an indispensable tool in the field of
transplantation and has greatly improved the suc-
cess rates of allo-HCT (Penack et al. 2020).
Next-generation sequencing has also become
an increasingly important tool for HLA typing in
registry donors. The high-throughput sequencing
capabilities of NGS make it possible to efficiently
process large numbers of donor samples. It
enabled registries to rapidly expand their donor
pools, increase the likelihood of finding a suit-
able match for any given patient, and extend the
basic typing for each donor to the HLA-DPBI,
HLA-DPA1, HLA-DQAI1, and HLA-DRB345
loci. The introduction of NGS has significantly
increased the quality of the donor registry typing
per individual registry donor. When comparing

the data from 2016 and 2022, the percentage of
registry donors with at least an HLA-A, HLA-B,
HLA-C, HLA-DRB1, HLA-DQBI1, and HLA-
DPB1 has almost doubled to 43% worldwide in
the past years (source: WMDA Global Trends
Report 2022; https://wmda.info/publications.
Accessed 26 June 2023). Moreover, qualitatively,
the introduction of NGS into registry typing has
catalyzed faster donor selection and workup pro-
cedures in recent years. Overall, NGS has trans-
formed the landscape of HLA typing for registry
donors, providing a more comprehensive and
accurate means of identifying donors, thus
improving the likelihood and speed of selecting a
well-matched donor upfront, associated with the
lowest possible clinical risks.

9.2.4 T-Cell Alloreactivity

The ability of T cells to specifically recognize
non-self, allogeneic tissues is called T-cell allore-
activity. T-cell alloreactivity is the main mediator
of both the major benefit and the major toxicity
of allogeneic HCT i.e. GVL and GVHD, respec-
tively. T-cell allorecognition can be either direct
or indirect. Direct T-cell alloreactivity is targeted
to intact mismatched HLA—peptide complexes
expressed on the cell surface of allogeneic cells
and can be mediated by both naive and memory T
cells (Archbold et al. 2008). Alloreactive T-cell
receptors (TCRs) cross-recognize foreign HLA
molecules associated with the so-called allopep-
tides, i.e., different peptides of a largely unknown
sequence and origin within the global array of
peptides displayed in the antigen-binding groove,
the immunopeptidome (Meurer et al. 2021; van
Balen et al. 2020; Crivello et al. 2023). Instead,
indirect T-cell alloreactivity refers to the recogni-
tion of peptides derived from the mismatched
HLA proteins and presented in the antigen-
binding groove of self-HLA molecules (Gokmen
et al. 2008). These peptides are also referred to as
Predicted Indirectly ReCognizable HLA Epitopes
(PIRCHE, see Sect. 3.5) (Geneugelijk and
Spierings 2018; Geneugelijk et al. 2019). A spe-
cial form of indirect T-cell alloreactivity is the
recognition of foreign peptides not deriving from
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mismatched HLA but from any other expressed
polymorphic gene and presented by self-HLA
molecules. These peptides are referred to as
minor histocompatibility antigens (mHAgs)
(Spierings 2014); mHAgs are the only targets of
T-cell alloreactivity in HLA-matched allo-HCT
and are mainly recognized by naive T cells.

Key Points

* HLA molecules are encoded by highly
polymorphic genes in the human MHC
and play a crucial role in peptide antigen
recognition by T cells.

e HLA tissue typing can be performed at
different levels of resolution, with the
highest being attainable only by NGS-
based methods, which are unraveling an
unprecedented degree of polymorphism
in the MHC.

e Alloreactive T cells can recognize non-
self HLA molecules on healthy and
malignant cells after allo-HCT, mediat-
ing both toxic GVHD and beneficial
GVL.

9.3  HLA Matchingin Allo-HCT

9.3.1 Donor Types

By inheritance, HLA-identical sibling donors
share with the patient the same parental HLA
haplotypes, i.e., the HLA-A, HLA-B, HLA-C,
HLA-DR, HLA-DQ, and HLA-DP alleles, in the
MHC located on the short arms of each of the two
parental chromosomes 6. Siblings have a 25%
probability of being HLA-identical according to
Mendelian rules. Genotypic HLA identity should
be confirmed by family studies for the HLA-A,
HLA-B, HLA-C, HLA-DRB1, HLA-DQBI, and
HLA-DPBI1 loci, to exclude recombination. If
this is confirmed, then HLA-identical sibling
donors are matched for both HLA alleles at each
of the 6 loci, meaning that they are 12 out of 12
allele-identical. In contrast, fully matched UDs

are HLA-compatible, meaning that they carry the
same HLA alleles at least at the 4 loci, namely,
HLA-A, HLA-B, HLA-C, HLA-DRBI, and are
therefore 8 out of 8 allele-identical. In most
cases, 8 out of 8 matched UDs are also 10 out of
10 matched i.e. they are also matched for the 2
HLA-DQBI1 alleles, due to the strong LD
between HLA-DR and HLA-DQ. In contrast, the
LD is much weaker for HLA-DP, and, therefore,
most UDs are mismatched for one or both
HLA-DP alleles. This should be taken into con-
sideration by discriminating between related
donors and UDs in HLA-matched allo-
HCT. International registries collectively contain
the HLA typing information of more than 41 mil-
lion potential UDs (https://wmda.info/. Accessed
6 June 2023). The probability of finding a volun-
teer UD matched for 8/8 HLA-A, HLA-B, HLA-
C, and HLA-DRBI alleles varies between 30%
and more than 90%, according to the ethnic group
of the patient (Gragert et al. 2014, Gragert et al.
2023). If a fully matched UD cannot be found,
then a mismatched UD can be used with increas-
ing success, due to new platforms of GVHD pro-
phylaxis based on post-transplant
cyclophosphamide (PTCy) (Kanakry et al. 2016;
Shaw et al. 2021). For UD HCT, HLA identity
should be confirmed at the highest resolution
level possible (allelic, high, or intermediate reso-
lution, Table 9.1), to be agreed between the trans-
plant center and the tissue typing laboratory.
Another increasingly used donor type is repre-
sented by haploidentical relatives, who share one
but not the other HLA haplotype with the recipi-
ent (Luznik 2008). These donors are available for
more than 90% of patients and can be found in
parents or offspring (100% likelihood), siblings
(50% likelihood), and the extended family.
Moreover, HLA haploidentity should be con-
firmed by family studies wherever possible. As
an alternative, unrelated UCB units are used by
many centers as a stem cell source (Ballen et al.
2013). Several hundred thousand UCB units, col-
lected from the umbilical cord and placenta after
childbirth, are stored in cord blood banks around
the world and are readily available. Given the
immature immune system transplanted with
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these grafts, HLA mismatches are better toler-
ated, and fully matched UCB allo-HCT is the
exception. On the downside, protective immunity
is slower to develop post-transplant.

9.3.2 HLA Matching
in Unrelated HCT

9.3.2.1 Matched UDs

The key loci to include in the typing and matching
process for UDs are minimally HLA-A, HLA-B,
HLA-C, and HLA-DRBI1 at a high resolution and
optionally HLA-DQBI1 and HLA-DPBI1. Each
mismatch at HLA-A, HLA-B, HLA-C, and HLA-
DRBI1 increases the risk of mortality by approxi-
mately 10% (Lee et al. 2007, Fiirst et al. 2013).
HLA-DQ mismatches seem to be better tolerated
(Tie et al. 2017) and are therefore the mismatch of
choice if a 10 out of 10 matched UD is not avail-
able. HLA-DP disparity is protective of relapse
(Shaw et al. 2010) and several models for permis-
sive, clinically tolerated HLA-DP mismatches
have been developed in the last two decades (Zino
et al. 2004; Fleischhauer et al. 2012; Thus et al.
2014b; Petersdorf et al. 2015). These are dis-
cussed below (see Sect. 3.5).

9.3.2.2 Mismatched UDs

The availability of a 10 out of 10 matched UD
varies starkly amongst ethnic groups, from more
than 75% in European Whites to less than 30% in
African Americans (Gragert et al. 2023). In these
cases, a single mismatched donor (9 out of 10) is
a valid alternative. Apart from HLA-DQ mis-
matches, which are tolerated best, no specific
hierarchy could be detected between HLA-A,
HLA-B, HLA-C, and HLA-DRBI regarding
clinical tolerability. For HLA-DQ, taking both a-
and p-chain polymorphism into account might be
helpful for the identification of low-risk combi-
nations (Petersdorf et al. 2022). With the intro-
duction of PTCy as a new platform of GVHD
prophylaxis, the clinical risks associated with
single or even multiple HLA mismatches at any
locus have dramatically decreased, and, nowa-
days, mismatched UDs represent a promising

option to improve access to transplant for patients
without a suitable fully matched UD (Kanakry
et al. 2016; Shaw et al. 2021; Auletta et al. 2023).

9.3.3 HLA Matching
in Haploidentical HCT

Biological parents of the recipients and the recipi-
ent’s biological children are by definition
haploidentical for their genomic content, includ-
ing their HLA. Therefore, guidelines by the
European Federation for Immunogenetics require
to confirm the presence of a shared haplotype by
descent or, if not proven by descent, via high-
resolution HLA typing, possibly for all six HLA
loci to exclude recombination (European
Federation for Inmunogenetics, Standards for his-
tocompatibility & immunogenetics testing,
Version  8.0.  https://efi-web.org/committees/
standards-committee — accessed 19 May 2023).
The introduction of PTCy as GVHD prophylaxis
has allowed for successful transplantation across
an entire mismatched HLA haplotype, even with
the so-called T-cell-replete grafts i.e. grafts
that are not depleted from donor T -cells.
Haploidentical family donors are generally mis-
matched for 6 out of 12 HLA alleles; however,
accidentally, 1 or more alleles can also be identical
on the unshared haplotype. No advantage of these
“less-than-haploidentical” donors could be found
so far (Lorentino et al. 2017). In contrast, certain
types of mismatches, including those involving a
B-leader match, an HLA-DPBI nonpermissive
mismatch (see Sect. 3.5), and an HLA-DRB1 mis-
match in the graft-versus-host direction, were
associated with better outcomes compared to oth-
ers and might be taken into consideration when
selecting a haploidentical family donor (Fuchs
et al. 2022). Moreover, in 25% of cases, leukemia
relapse after haploidentical allo-HCT displays a
specific form of immune evasion, termed “HLA
loss,” by which the unshared haplotype is selec-
tively lost and replaced by a duplicated shared
haplotype (Vago et al. 2012; Crucitti et al. 2015).
This aspect must be taken into consideration, espe-
cially in the case of post-transplant relapse, where
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diagnosis of HLA loss by HLA typing of the
recurrent leukemia is recommended.

9.3.4 HLA Matching in Unrelated
Cord Blood HCT

Cord blood serves as a valuable and readily avail-
able source for allo-HCT. The advantage of cord
blood is that it can be stored in cord blood banks,
allowing for quicker access compared to searching
for a matched adult donor. HLA matching in
umbilical cord blood transplantation (UCBT) fol-
lows a similar process as in other transplantation
methods. However, due to the unique properties of
cord blood stem cells, a less stringent HLA match
can still be considered acceptable in certain cir-
cumstances. The flexibility of cord blood stem
cells allows for a greater degree of HLA mismatch,
making it possible to identify suitable cord blood
units even when a perfect match is not available.
As such, minimal matching procedures address
HLA matching at a serological split antigen level
for HLA-A and HLA-B and at a high-resolution
level for HLA-DRB1 (Politikos et al. 2020).
Various studies have, however, shown that inclu-
sion of HLA-C (Eapen et al. 2011) and matching
at a high-resolution (Eapen et al. 2017) improve
the outcome. As such, the following criteria
involving HLA matching are being advised for
cord blood units that meet the minimal cell num-
ber requirements (Fatobene et al. 2020):

(a) Execute high-resolution typing for HLA-A,

HLA-B, HLA-C, and HLA-DRB/1 of patients

and UCB units.

The first choice is >5/6 HLA-matched units

considering HLA-A, HLA-B, and DRB1 and

preferably also considering allele-level

typing.

(c) Potentially include HLA-C and steer toward

>6/8 HLA-matched units.

If no >5/6 is available, then 4/6 HLA-

matched units are acceptable (HLA-A and

HLA-B at the antigenic split level and HLA-

DRBI1 at the allelic level).

(e) In double UCBT, a unit-to-unit HLA match
is not required.

(b)

(d)

9.3.5 Models of High-Risk/
Nonpermissive HLA
Mismatches

HLA mismatches that are clinically less well-
tolerated than others are referred to as high-risk
or nonpermissive. This classification is based on
the observation that limited T-cell alloreactivity
is generally sufficient for the beneficial effect of
GVL without inducing clinically uncontrollable
GVHD, whereas intolerable toxicity can be
induced by excessive T-cell alloreactivity, lead-
ing to severe treatment  refractory
GVHD. Therefore, high-risk or nonpermissive
HLA mismatches are those associated with
excessive T-cell alloreactivity compared to their
low-risk or permissive counterparts. The number
and TCR diversity of alloreactive T-cell responses
have been shown to be dependent on the degree
of immunopeptidome overlaps between the mis-
matched HLA alleles, which, in turn, is reflective
of the genetic polymorphism in the antigen-
binding groove (Meurer et al. 2021, van Balen
et al. 2020, Crivello et al. 2023). As a result, fam-
ilies of related HLA-DP molecules, classified
into the so-called T-cell epitope (TCE) groups,
also based on alloreactive T-cell cross-reactivity,
define core-permissive, non-core-permissive, and
nonpermissive  mismatches at this locus
(Fleischhauer and Shaw 2017, Arrieta-Bolanos
et al. 2022). TCE groups are in LD with geneti-
cally controlled expression levels of mismatched
HLA-DPB1, which are associated with GVHD
risks after UD-HCT, a concept that has also been
explored for HLA-C mismatches (Petersdorf
etal. 2014, 2015). Structural similarity and hence
immunopeptidome overlaps are also at the basis
of the specific high-risk HLA-C and HLA-DPB1
allele mismatch combinations proposed in the
past (Fernandez-Vina et al. 2014; Kawase et al.
2009). Finally, the total number of PIRCHE-I
(presented by HLA class I) and PIRCHE-II (pre-
sented by HLA class II), as a measure of the
potential level of indirect alloreactivity after
transplantation, has also been proposed to be pre-
dictive of outcome (Geneugelijk and Spierings
2018; Geneugelijk et al. 2019). The PIRCHE
model is attractive since it is potentially applicable
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to any HLA-mismatched donor transplantation,
including <8/8 matched UD and haploidentical
HCT. Comparative evaluation of three models for
high-risk/nonpermissive  HLA-DP mismatches
(i.e., TCE expression and PIRCHE-II) has
recently shown similar associations with clinical
outcome (Buhler et al. 2021), suggesting that
they might be at least partly surrogates of each
other, possibly reflecting LD in the HLA-DP
region. An overview of different models for high-
risk/nonpermissive  HLA mismatches can be
found in Table 9.2.

9.3.6 Factors Influencing the Role
of Histocompatibility

Next to donor-recipient HLA matching status,
donor age has been shown as the single most
important factor associated with post-transplant
survival (Kollman et al. 2016; Shaw et al. 2018).
Instead, other clinical factors, including donor
sex, blood group, and cytomegalovirus serosta-

Table 9.2 Models of high-risk/nonpermissive HLA
mismatches

HLA locus, donor type, and

Model clinical association

T-cell epitope HLA-DPB1; 8/8 UD; mortality

(TCE) groups® and acute GVHD

Expression levels® HLA C and DPB1; 7-8/8 UD;
acute GVHD

Mismatch HLA C and DPB1; 7-8/8 UD;

combinations® mortality, acute GVHD and
relapse

PIRCHE! HLA C and DPB1; 8/8 UD; 9/10

UD, CBU, acute GVHD

* TCE groups: HLA-DPB1 mismatches involving alleles
from the same (permissive) or different (nonpermissive)
TCE groups (Fleischhauer and Shaw 2017, Meurer et al.
2021)

® Expression levels: HLA-C or HLA-DPBI mismatches
involving a high-expression allele in the patient, as pre-
dicted by noncoding, single nucleotide expression poly-
morphisms (Petersdorf et al. 2014, 2015)

¢ Mismatch combinations: High-risk allele mismatches
defined by statistical associations (Fernandez-Vina et al.
2014; Kawase et al. 2009)

4 PIRCHE: Predicted, indirectly recognizable HLA epit-
ope numbers as predicted by online tools (Thus et al.
2014a; Thus et al. 2014b; Thus et al. 2016; Geneugelijk
and Spierings 2018; Geneugelijk et al. 2019)

tus, have not been conclusively associated with
patient outcomes. As mentioned above, the
GVHD prophylaxis used, in particular PTCy, has
an important impact on the role of HLA. Further
work is needed to redefine the rules of HLA mis-
matching in this particular context. For HLA-
mismatched allo-HCT, donor-specific antibodies
(DSAs) should be searched according to the
guidelines of the European Federation for
Immunogenetics (European Federation for
Immunogenetics, Standards for histocompatibil-
ity & immunogenetics testing, Version 8.0.
https://efi-web.org/committees/standards-
committee —accessed 19 May 2023) and avoided.

9.3.7 Guidelines for UD Selection
by Histocompatibility

Consensus guidelines for donor selection have
been established in many countries both in
Europe (Spierings and Fleischhauer 2019) and
overseas (Dehn et al. 2019), through the collabo-
ration between donor registries and national
immunogenetic societies. The general recom-
mendation is the selection of an 8/8 HLA-A,
HLA-B, HLA-C, and HLA-DRBI1 (in Europe
often 10/10 i.e. including the HLA-DQBI1 locus)
matched UD if an HLA-identical sibling is not
available, followed by a 7/8 (or 9/10) UD or a
haploidentical donor. Avoidance of high-risk or
nonpermissive HLA mismatches according to
any of the models outlined in Table 9.2 is usually
regarded as optional.

Key Points

e Allo-HCT donor types (in parenthesis
the percentage probability of their iden-
tification for a given patient) include
genotypically HLA-identical siblings
(25%), HLA-haploidentical family
donors (>90%), UDs (30-90%), and
UCB units (>80%).

e When considering allo-HCT from HLA-
identical donors, related and unrelated
donors should be regarded separately
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because most of the latter carry HLA-DP
mismatches, which impact T-cell allore-
activity and GVHD as well as relapse
risks.

» HLA typing strategies, including family
studies for related donors and typing
resolution level for UDs, should be
agreed upon between the transplant cen-
ter and the tissue typing laboratory.

e In UD-HCT, the survival probability
decreases by 10% with every mismatch
at HLA-A, HLA-B, HLA-C, and HLA-
DRBI, in patients transplanted under
GVHD prophylaxis not based on PTCy.

e After HLA, the most relevant factor
influencing patient survival is donor age.

* Models for high-risk/nonpermissive
HLA mismatches eliciting excessive
T-cell alloreactivity and toxicity include
structural mismatches leading to high
immunopeptidome divergence, expres-
sion levels, and PIRCHE.

e The introduction of PTCy as GVHD
prophylaxis has allowed successful
transplantation across multiple HLA
mismatches. The role of histocompati-
bility in this setting, in particular of
high-risk/nonpermissive = HLA  mis-
matches, will have to be redefined.

* Consensus guidelines established at the
national level between donor registries
and immunogenetic societies aid in the
selection of HCT donors.

9.4 Non-HLA Immunogenetic
Factors
9.4.1 An Overview

HLA alleles are the most but not the only poly-
morphic genes in humans. Overall, interindivid-
ual gene variability by single nucleotide
polymorphism (SNP) or copy number variation
(CNV) affects 0.5% of the 3 x 10° bp in the human
genome. Although most of these polymorphisms

are probably nonfunctional, some of them can
give rise to polymorphic proteins that can be
mHAgs, as described in Sect. 2.2, affect the
expression of different genes, including those
encoding immunologically active cytokines, or
themselves act as immune ligands or receptors
relevant to transplantation biology. Among the
latter, the KIR gene locus on the long arm of
human chromosome 19 displays considerable
polymorphism, with 1617 alleles reported to the
Immuno Polymorphism Database/KIR (IPD/
KIR) database, release 2.12, December 2022
(https://www.ebi.ac.uk/ipd/kir/about/statistics/.
Accessed 9 May 2023; Barker et al. 2023). Similar
to high-risk or nonpermissive HLA mismatches,
the role of non-HLA polymorphism in allo-HCT
is still incompletely defined. It is impossible to
provide a comprehensive overview of all non-
HLA factors under study, and the list of factors
listed in Table 9.3 and discussed in Sect. 4.2 is
only a selection based on the existing evidence for
their clinical impact in certain transplant settings.

9.4.2 Clinical Impact of Non-HLA
Immunogenetic Factors

mHAgs are the only targets of T-cell alloreactivity
in HLA-identical HCT (see Sect. 2.2) and, as
such, play an important role in both GVHD and

Table 9.3 Non-HLA immunogenetic factors and HCT
outcome

Non-HLA

factor Clinical outcome association

mHAg* GVHD and relapse

KIR® Relapse and mortality

MICe GVHD, relapse, and transplant-related
mortality

Others! GVHD and transplant-related mortality

* Minor histocompatibility antigens (Spierings 2014)

b Killer Ig-like receptors (Heidenreich and Kroger 2017,
Shaffer and Hsu 2016)

¢ MHC class I-related chain (Isernhagen et al. 2016)

4 Cytokine, chemokine, and immune response gene poly-
morphisms, including tumor necrosis factor, interleukin
(IL)-10, the IL-1 gene family, IL-2, IL-6, interferon-y,
tumor growth factor B and their receptors, NOD-like
receptors (NOD2/CARDIS), toll-like receptors, and
micro-RNAs (Dickinson and Holler 2008; Gam et al.
2017; Chen and Zeiser 2018)
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GVL (Spierings 2014). This dual function is
related to their different modes of tissue and cell
expression, i.e. hematopoietic system-restricted
or broad. Broadly expressed mHAgs can cause
both GVHD and GVL, and donor-recipient
matching for these mHAgs is therefore desirable
yet virtually impossible due to their large number,
with many of them probably currently undefined.
In contrast, mHAgs restricted to hematopoietic
cells are more prone to induce selective GVL. The
latter is being explored as a target for HCT-based
immunotherapy of hematological malignancies,
in which mHAg-specific responses are specifi-
cally enhanced to promote GVL.

KIRs are predominantly expressed by NK
cells and recognize certain HLA class I specifici-
ties on target cells. KIRs have either long-
inhibitory or short-activating cytoplasmic
domains and are stochastically co-expressed on
NK cells. The eventual outcome of KIR interac-
tion (or lack thereof) with its HLA class I ligand
(inhibition or activation) is a complex process
that depends on the relative number of inhibitory
or activating KIRs and on the state of education
of the NK cells. Educated NK cells from indi-
viduals expressing the cognate HLA ligand are
strongly reactive against cells missing that ligand.
This “missing-self” reactivity is at the basis for
the potent GVL effect attributed to NK cells in
the setting of HLA-mismatched transplantation,
in particular haploidentical HCT (Heidenreich
and Kroger 2017). Depending on the donor KIR
gene asset, a role of NK cell-mediated GVL has
also been postulated in the HLA-matched setting
(Shaffer and Hsu 2016). Based on all this evi-
dence, KIR typing is increasingly being adopted
as an additional criterion for donor selection.

MHC class I chain-related (MIC) A and B are
nonclassical MHC class I genes. MICA encodes
a ligand for NKG2D, an activating NK receptor.
The SNP Val/Met at position 129 of the MICA
protein results in isoforms with high (Met) and
low affinities (Val) for NKG2D. Consequently,
various studies suggest a role for this SNP in the
HCT outcome, including GVHD, relapse, and
survival (Isernhagen et al. 2016).

Immune response gene polymorphisms have
also been reported to contribute to the risks associ-
ated with HCT (Dickinson and Holler 2008; Gam

et al. 2017; Chen and Zeiser 2018). They often
comprise SNPs in cytokine- or chemokine-coding
genes or their regulatory elements such as micro-
RNAs (miRNAs). These variations in both the
donor and the recipient can have a significant
impact on transplant outcome and the development
of GVHD; however, their relative role in different
transplant settings is not yet fully elucidated.

Key Points

e Non-HLA immunogenetic factors that
have been associated with clinical out-
come of HCT include polymorphic
mHAg, KIR, MIC, and immune
response genes.

* Hematopoietic tissue-specific mHAgs
are used for specific cellular immuno-
therapy of hematological malignancies.

» Polymorphic KIRs are responsible for
“missing-self” recognition by alloreac-
tive NK cells mediating selective GVL
after HCT, and KIR genotyping is there-
fore increasingly included into donor
selection algorithms.
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