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Preface

Hematology has constantly been advancing in parallel with technological developments
that have expanded our understanding of the phenotypic, genetic, and molecular complexi-
ty and extreme clinical and biological heterogeneity of blood diseases. This has in turn al-
lowed for developing more effective and less toxic alternative therapeutic approaches
directed against critical molecular pathways. The continuous and rather extensive influx of
new information regarding the key features and underlying mechanisms as well as treat-
ment options in hematology requires a frequent update of this topic. The primary objective
of this book is to provide the specialists involved in the clinical management and experi-
mental research in hematological diseases with comprehensive and concise information on
some important theoretical and practical developments in the biology, clinical assessment,
and treatment of patients, as well as on some molecular and pathogenetic mechanisms and
the respective translation into novel therapies.

The book comprises two main sections, devoted to hematological malignancies and benign
hematological diseases.

Some major biological mechanisms underlying normal and pathological processes in
hematopoietic system are comprehensively reviewed, e.g., the current concepts of the role
of B-cell receptor (BCR) signaling in normal B-cell biology versus B-cell lymphoma patho-
gens, as well as the advances in the knowledge about the structure, function, and regulation
of the coagulation system and the respective defects resulting in hemorrhagic and thrombot-
ic disorders. The effective implementation of rationally developed therapies requires rapid
integration of new biological data.

Specific nosological entities and clinical scenarios such as diffuse large B-cell lymphomas,
myeloid sarcoma, or sickle cell nephropathy and idiosyncratic drug-induced neutropenia
and agranulocytosis are also within the scope of the book. The rapid pace in understanding
biological mechanisms, recent molecular subclassification, and clinical developments has
moved into the focus of personalization of therapy.

Innovative laboratory approaches and the rapid transfer from “laboratory to bedside” are the
hallmark of hematology. Currently, classical investigations are integrated with extensively
developing high-throughput technologies. Digital pathology integrated with advances in ma-
chine learning is emerging as a powerful tool to enhance morphology-based decisions. Liquid
biopsies emerge as a novel molecular methodology for diagnostics and disease monitoring.

An international panel of experts provides novel insights into various aspects of hematology
and contributes their experience to an update of the field. Each chapter is a separate publica-
tion that reflects each author’s views and concepts. However, the book presents an update
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and introduces novel insights in novel methodological approaches to study blood, as well as
in our current understanding of the biology and clinical presentation, the risk assessment,
and therapeutic challenges in patients with hematological diseases.

Prof. Dr. Margarita Guenova, MD, PhD

Laboratory of Haemathopathology and Immunology

National Specialised Hospital for Active Treatment of Haematological Diseases
Sofia, Bulgaria

Prof. Dr. Gueorgui Balatzenko, MD, PhD

Laboratory of Cytogenetics and Molecular Biology

National Specialised Hospital for Active Treatment of Haematological Diseases
Sofia, Bulgaria
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Chapter 1

Introductory Chapter: Hematology in Times of
Precision and Innovation

Gueorgui Balatzenko and Margarita Guenova
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76849

1. Introduction

Hematological diseases are heterogeneous group of benign and malignant, inherited and
acquired, acute and chronic disorders of different cell lineages that originate from a cell of
the hematopoietic and lymphatic tissue with diverse incidence, etiology, pathogenesis, and
prognosis.

During the past two decades, hematological disorders have been extensively studied by means
of classical laboratory approaches, for example, microscopy, immunophenotyping, clinical
chemistry, genetic diagnostic tests such as conventional cytogenetics, fluorescence in situ
hybridization (FISH), and polymerase chain reaction (PCR), as well as by high-throughput
technologies, including microarray-based platforms for the global analysis of DNA altera-
tions (single nucleotide polymorphism (SNP); array, comparative genomic hybridization
(CGH)), gene expression profiling (GEP), next-generation sequencing (NGS), digitalized
imaging, and so on. Systemic application of these techniques has allowed for the refinement
of the molecular mechanisms involved in the pathological transformation of hematopoietic
stem/progenitor cells and disease progression in a number of hematological disorders. More
importantly, they have permitted more precise and reproducible diagnoses of the different
entities, risk stratification of patients, and treating them in the most appropriate manner with
tailored therapeutic strategies.

2. Hematological malignancies

Hematological malignancies account for around 8-9% of all cancers, being the fourth to fifth
most frequently diagnosed cancer in economically developed regions of the world [1]. The

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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estimated deaths from these tumors account for 7% of the cancer-related deaths [2]. The age-
standardized incidence rates are 24.5 (per 100,000) for lymphoid malignancies and 7.55 for
myeloid malignancies. The most common lymphoid malignancies are plasma cell neoplasms
(4.62), small B-cell lymphocytic lymphoma/chronic lymphocytic leukemia (3.79), diffuse large
B-cell lymphoma (3.13), and Hodgkin lymphoma (2.41). The commonest myeloid malignan-
cies are acute myeloid leukemia (AML) (2.96), other myeloproliferative neoplasms (MPN)
(1.76), and myelodysplastic syndromes (MDS) (1.24) [3].

Hematological malignancies arise through a multistep process of a sequential accumulation
of a variety of chromosome aberrations and/or molecular abnormalities in a hematopoietic
stem cell or a progenitor cell. These abnormalities affect the normal structure or the func-
tion of certain genes resulting in modifications in the genetic programs that control cellu-
lar proliferation, differentiation, programmed cellular death (apoptosis), relationships with
neighboring cells, and the capacity to escape the immune system [4]. This process leads to the
formation of a clone of deregulated cells, which escape the physiological control of normal
cell growth and behavior [5].

The spectrum of genetic and epigenetic abnormalities that occur in hematological malignan-
cies is extremely heterogeneous and ranges from single DNA nucleotide changes that affect
the coding of a single amino acid to chromosomal gains and losses that disrupt the tran-
scription of hundreds of genes. Frequently, the pattern of genetic defects is highly complex
with multiple different abnormalities, such as structural and numerical chromosome aber-
rations, point mutations, gene amplifications, microdeletions, microinsertions, fusion genes,
gene rearrangements, aberrant gene expression, and so on. The diversity in the form of a dis-
ease produced results from a combination of factors, particularly the type of cell affected, the
nature of the genetic change that precipitates the malignancy, and the point in the cell’s matu-
ration process at which the malignant change occurs. Besides, most hematological malignan-
cies are an oligoclonal disease even within a single patient, such that the predominant clone at
the initial presentation is not necessarily identical to the clone ultimately responsible for clini-
cal relapse and death. The progression to the overt clinical relapse may be associated (1) with
the initial malignant clone that develops chemo-resistance after initial sensitivity to treatment,
most frequently due to the acquisition of additional mutations; or (2) with a subclone, which
initially presents at low frequency, but given a clonal advantage during treatment, replaces
the founder clone and becomes the predominant clone. These add additional biological het-
erogeneity of the individual patients with one and same diseases.

On the other hand, it is important to specify that the presence of low levels of characteris-
tic “initiating” leukemia- and/or lymphoma-associated molecular abnormalities do not lead
directly to disease, even if these abnormalities confer advantages in self-renewal, proliferation
or both, resulting in clonal expansion of the affected cells as a “pre-malignant” clone. Using
highly sensitive (10°-107%) nested primer PCR approaches, a low level of various leukemia-
and/or lymphoma-associated molecular abnormalities was detected in a significant propor-
tion of healthy individuals.

Currently, most hematological malignancies are treated with highly cytotoxic drugs, radiation,
and/or hematopoietic stem cell transplantation (HSCT), and all these therapeutic approaches
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are often toxic, elicit incomplete responses, and may have severe long-term negative effects.
Besides, despite the improved response and survival rates, drug resistance and relapse remain
major problems and several hematological malignancies remain incurable with standard treat-
ments [6].

2.1. The effective implementation of rationally developed therapies requires rapid
integration of new biological data

B-cell lymphomas comprise a rapidly developing field of remarkable transfer of knowledge
and understanding into precise diagnosis and effective therapeutic approaches. The dissec-
tion of B-cell development has been in the focus of tremendous interest in the recent years.
The understanding of normal B-cell biology versus B-cell lymphoma pathogenesis leads us
inevitably to the B-cell receptor (BCR) signaling. The expression of a functional BCR retains
a crucial role for B-cell survival and proliferation. In this regard, BCR activation and sig-
naling pathways can support the growth and evolution of both normal and malignant
B-lymphocytes, and as a result, from the functional perspective, it might act as a true onco-
gene [7]. Julieta Sepulveda et al. review the BCR as a driver of B-cell ymphoma development
and evolution in Chapter 2 of this book and discuss the genetic mechanisms that create a
functional antigen receptor and their errors leading to oncogenic events, the pathogenic acti-
vation of the B-cell receptor signaling cascade, and introduce some novel emerging therapies
targeting the B-cell receptor at different levels.

The functional role of the BCR in the pathogenesis and lymphoma progression is particularly
well characterized in diffuse large B-cell lymphomas (DLBCL). Gene expression profiling has
separated DLBCL into two distinct sub-entities: the germinal center B-cell DLBCL (GCB) and
the activated B-cell-like (ABC) DLBCL characterized by ongoing BCR signaling and substan-
tially worse clinical outcomes when treated with standard immunochemotherapy. DLBCL is
the most common type of non-Hodgkin lymphoma which accounts for approximately one-
third cases of lymphoid malignancies in the Western world. There is a considerable vari-
ability in terms of clinical course and therapeutic outcomes due to the unique heterogeneity
of biology that exists between and within lymphoma subtypes. In addition to GCB and ABC
subtypes, double/triple-hit and double-expressor lymphomas with rearrangements and/
or overexpression of MYC, BCL2, and/or BCL6 genes have also been associated with poor
prognosis [8]. However, a number of clinical trials have demonstrated the feasibility of novel
agents and combinations with encouraging efficacy [9]. The rapid pace in understanding bio-
logical mechanisms, recent molecular subclassification, and clinical developments has moved
into the focus of personalization of therapy. The third chapter provides an overview of the
recent advances in DLBCL presented by Kumar Vivek.

This is yet another demonstration of how hematology has advanced in parallel with techno-
logical developments that have expanded our understanding of the phenotypic, genetic, and
molecular characteristics of the hematological neoplasms. Dissection of genetic abnormalities
critical to leukemia, lymphoma, and myeloma initiation provided insights into the pathogen-
esis of hematological malignancies, but also identified distinct subsets of patient, predicted
prognosis individually, and provided rational therapeutic targets for curative approaches [10].
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The molecular characterization of malignant cells is currently regarded as being as important
as the traditional morphological and immunological approaches to diagnosis. This trend is
being additionally accelerated by the introduction of novel drugs designed to specifically tar-
get the molecular abnormalities responsible for the development of the tumor. Such develop-
ments are of fundamental clinical importance, as they increasingly define not just the diseases
themselves but how an individual patient should be treated.

2.2. Information concerning the tumor genome into the routine clinical management
is useful for better treatment strategy selection, delivering “the right treatment to
the right patient at the right time”

The best efficacy would be achieved if treatment is directed toward specific genetic lesions
within malignant cells, which have a key role in the pathogenesis of the respective disease,
while minimizing damage to normal, healthy cells [11]. Unfortunately, several limitations
still restrict the widespread application of this personalized approach, such as (1) various
technological and methodological diagnostic problems; (2) insufficient level of our knowl-
edge about the molecular mechanisms involved in the pathogenesis of different malignan-
cies and the prognostic significance of individual molecular abnormalities; and (3) relatively
low number of available targeted therapeutic agents approved for clinical use. Therefore,
in practical terms, the personalized approach in hemato-oncology comprises a personalized
risk stratification: refinement of clinical prognostic models for a better risk stratification
and identification of biologic subtypes within pathologically similar diseases; identification
of patients suitable for targeted treatment and “response-adapted” changes in therapy in
individual patients [12].

In several hematological malignancies, such as acute leukemias, MDS, chronic lymphocytic
leukemia (CLL), and so on, cytogenetics remains the most important disease-related prognos-
tic factor for predicting remission rate, relapse, and overall survival (OS) [13-15]. In addition,
recent genetic studies identified a large number of mutations in most of the hematological
malignancies that point to novel pathways involved in the pathogenesis of the respective
disease, and some of these molecular abnormalities have allowed substantial improvements
in clinical decision making. As a result, the current prognostic models based on genetic abnor-
malities are nowadays subject to change as new cytogenetic and mutational findings are
revealed, contributing to refine better and better these approaches.

Multiple myeloma (MM) is an incurable malignancy characterized by the clonal proliferation
of neoplastic plasma cells in the bone marrow that produce monoclonal protein that can be
detected in the serum or urine. MM is a highly heterogeneous disease composed of multiple
molecularly defined subtypes, each with varying clinico-pathological features and disease out-
comes. Cytogenetically, there are two main subtypes: (1) hyperdiploid myeloma—characterized
by trisomies of certain odd-numbered chromosomes and generally associated with a better
survival; and (2) nonhyperdiploid myeloma— characterized by translocations of the immu-
noglobulin heavy chain alleles at chromosome 14q32 with various partner chromosomes, the
most important of which are 4, 6, 11, 16, and 20. Several abnormalities have been reported
to be associated with poor prognosis, such as t(4;14)(p16;q32)/IGH-MMSET, t(14;16)(p32;G23)/
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IGG-MAF, t(14;20)(q32;q11)/IGG-MAFB, del(17p), and gains of 1q, despite that the adverse
effect of t(4,14) can be partially abrogated by bortezomib-based treatment [16]. Technological
development provides various opportunities to evaluate the tumor genome. In this regard,
Sridurga Mithraprabhu and Andrew Spencer provide a comprehensive chapter on the possible
role of liquid biopsies in multiple myeloma as an innovative methodology for diagnostics and
disease monitoring, implementing the analysis of circulating cell-free nucleic acids (CFNAs)
and circulating tumor cells (CTCs) as representative of the underlying mutational profile of a
cancer as well as of extracellular RNA (exRNA) that can be utilized as a prognostic biomarker.
The authors discuss the potential of these noninvasive, repeatable biomarkers to provide addi-
tional information as an adjunct to bone marrow biopsies and conventional disease variables
in multiple myeloma.

2.3. “Acute leukemia: the challenge of capturing disease variety”

The many levels of morphological, immunophenotypic, clinical, genetic, and epigenetic
heterogeneity of acute leukemias represent an extraordinary challenge to our capability to
understand and to beat these diseases (Lowenberg modified [17]). Acute leukemias were
incurable 50 years ago. Significant progress has been achieved by applying intensive regimes
and transplantation programs. The 5-year survival rate of people of all ages with acute lym-
phoblastic leukemia (ALL) increased from 41% for those diagnosed from 1975 to 1977 to 71%
for those diagnosed from 2006 to 2012; however, with considerable variations depending on
several factors, including biologic features of the disease and a person’s age, the 5-year sur-
vival rate for people with acute myeloid leukemia (AML) is still approximately 27% which is
fairly unsatisfactory [www.cancer.net]. Many recent biologic insights have shed light on these
challenging nosological categories, and attempts have been devoted to develop strategies for
improved outcomes.

According to the European LeukemiaNet (ELN) recommendations for the diagnosis and
management of acute myeloid leukemia in adults (2017), several genetic abnormalities are
associated with the response to therapy and survival, allowing to stratify patients into three
genetic risk groups [18]:

Favorable:t(8;21)(q22;q22.1)/RUNX1-RUNX1T1;inv(16)(p13.1q22) ort(16;16)(p13.1;q22)/CBFB-
MYH11; Mutated NPM1 without FLT3-ITD or with FLT3-ITD"¥, Biallelic mutated CEBPA;

Intermediate: Mutated NPM1 and FLT3-ITD"s", wild-type NPM1 without FLT3-ITD or with
FLT3-ITD"v (without adverse-risk genetic lesions); t(9,11)(p21.3;q23.3)/MLLT3-KMT2A, cyto-
genetic abnormalities not classified as favorable or adverse;

Adverse: t(6;9)(p23;q34.1)/DEK-NUP214; t(v;11q23.3)/KMT2A rearranged; t(9;22)(q34.1; q11.2)
/BCR-ABL1; inv(3)(q21.3q26.2) or t(3,3)(q21.3;q26.2)/ GATA2, MECOM (EVI1); -5/del(5q); -7;
~17/abn(17p); complex karyotype, monosomal karyotype; wild-type NPM1 and FLT3-ITD"s",
mutated RUNX1, mutated ASXL1, and mutated TP53.

AML with t(8;21) or inv(16)/t(16;16) is commonly referred to as core-binding factor (CBF)
AML, because in both, the heterodimeric protein complex CBF is affected, which is involved
in the transcriptional regulation of normal hematopoiesis. CBF-AMLs in patients treated
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with cytarabine-anthracycline-based induction and high-dose consolidation are considered
to have relatively good prognosis compared to other leukemia subtypes, with 10-year OS,
disease-free survival (DFS), and event-free survival (EFS) of 63.9, 54.8, and 49.9%, respec-
tively [19]. Nevertheless, 40-45% of these patients eventually relapse and die of their disease.
Integration of cytogenetic results with molecular genetics and epigenetic data refines the risk
stratification of CBF AML. Several variables might worse prognosis of these patients, such as
the level of the respective fusion transcripts RUNX1-RUNX1T1 and CBFB-MYH11 [20]. Some
authors even suggested that FLT3-ITDs carriers constitute a biologically distinct group of APL
patients [21].

Almost half of AML is normal cytogenetically, and this subgroup shows a remarkable het-
erogeneity in terms of genetic mutations and response to therapy. In patients with normal
karyotype, as well as in cases with chromosome abnormalities with intermediate prognosis,
the intensity of therapy is driven by the prognostic subgroup. Therefore, the current standard
of care combines cytogenetic results with testing for mutations in FLT3, NPM1, CEBPA, and
KIT to precise the risk. The presence of N°PM1 and CEBPA gene mutations is associated with
a favorable prognosis, however, only in the absence of FLT3-ITD [22].

Several other gene alterations (mutations in WT1, RUNX1, ASXL1, TP53, IDH1, IDH2,
DNMT3A genes, partial tandem duplication of MLL gene, overexpression of BAALC, MNI1,
EVI1, ERG, WT1) have also been demonstrated to predict prognosis and probably will play a
role in future risk stratification, although some of these have not been confirmed in multiple
studies or established as the standard of care [23].

About 30% of AML have an unfavorable karyotype, and if treated with conventional chemo-
therapy, a complete response rate of about 50% and a 5-year OS of 10-20% are expected. The
best chance for patients with an unfavorable karyotype who achieve a complete response is
the allogeneic HSCT [24].

A major achievement is the incorporation of genetic and molecular data in the current clas-
sification systems. However, the major principle of the World Health Organization (WHO)
Classification of tumors of hematopoietic and lymphoid tissues (2016) is to integrate these
data with essential clinical features, morphology, and immunophenotyping in order to define
distinct disease entities of clinical significance [25]. Morphology is the gold standard, and
though it has been the classical tool for diagnosis and classification, it is routinely performed
by subjective microscopic evaluation and is strongly dependent on the morphologist’s exper-
tise. To extract more accurate and detailed information from patient tissue samples, digital
pathology integrated with advances in machine learning is emerging as a powerful tool to
enhance morphology-based decisions. In the fifth chapter in this book, Cecilia Lantos et al.
provide up to date information about the possibilities that computational histology can
provide to improve leukemia diagnosis with an automated biologically meaningful pattern
recognition, as well as the additional contribution of deep-learning approach for a higher
accuracy. The authors claim that if mathematical pattern recognition methods that recognize
cellular phenotypes from microscopic slides and define how morphological features relate
to clinical genetic data and protein signatures, this could significantly speed up leukemia
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diagnosis, reduce the cost of the diagnostic workup, and optimize the assignment of patients
to a particular therapy.

Rare conditions pose a number of problems in both theoretical and practical terms. Myeloid
sarcoma has been recognized for more than a century; however, owing to the rarity of the
entity, most of the study comprises small retrospective studies and case reports. Myeloid
sarcoma can occur under different clinical scenarios including an extramedullary leukemic
tumor with concurrent AML, preceding the blood and bone marrow involvement or without
any history of myeloid neoplasia, as well as an extramedullary AML relapse. These phenom-
ena may not share common mechanisms and outcomes and may need to be treated differently
[26]. Kahali Bhaskar presents a review of current published data regarding the incidence,
clinical presentation, morphological, cytogenetic and immunophenotypic features, progno-
sis, and treatment of this rare neoplastic myeloid entity.

3. Benign hematological disorders

“Benign hematology isn’t so benign” if we use the words of Prof. Alice Ma in ASH Clinical
News (2015). Clotting disorders, anemias, thrombocytopenias, and so on may present as seri-
ous as malignant disorders and are a field of significant progress too.

3.1. New therapies improve the outlook of bleeding and clotting disorders

Coagulation is a dynamic process, and the understanding of blood coagulation system
and the ways to modulate the process have been evolving significantly. The concept of
coagulation originates back to the 1960s when Davie, Ratnoff, and Macfarlane described
their cascade theories [27]. Hemostasis is a complex physiological process that maintains
the blood flow and is regulated by a delicate balance between procoagulants supporting
the formation of hemostatic plugs to prevent the leakage or blood loss and anticoagulants,
preventing the formation of unwanted clots. The imbalance between the two components
may cause either bleeding or thrombosis. The seventh chapter comprises a review of the
defects in the coagulation system and the recent clinical modulators of the coagulation
system by Pilli Vijaya.

The different hereditary and acquired defects of the finely regulated coagulation systems
might result in severe of even life-threatening bleeding complications or thrombotic events.
The recent advances in the knowledge about the structure, function, and regulation of the
coagulation system, as well as in the hereditary genetic abnormalities leading to qualitative
and/or quantitative defects of the multiple elements of clothing cascade, and acquired dis-
orders of coagulation as a consequence of other underlying conditions, were an important
prerequisite of the development of new diagnostic tools and therapeutic strategies based on
the product of recombinant technology. The understanding of the physiology of these pro-
cesses is crucial to identify the pathological scenarios and to predict clinical consequences in
order to implement the relevant therapeutic interventions. In combination with the classical
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laboratory tests and therapeutic blood components, the current management of patients with
disorders of hemostasis and thrombosis is based on the individual approach according to the
individual patient.

3.2. New sickle cell disease research shows improved patient outcomes

Sickle cell disease (SCD) is one of the most frequent inherited genetic disorders in the world.
It predominantly affects people of African descent as well as individuals from the Middle
East, India, and Mediterranean regions [28]. It is an autosomal-recessive disease caused by
a point mutation in the hemoglobin beta gene found on chromosome 11p15.5, Hb S (HBB:
c.20A>T) along with or without any other abnormal Hb gene, and results in a number of
health problems, for example, anemia, acute and chronic pain, infection, acute chest syn-
drome, pulmonary hypertension, cardiac, CNS, gastrointestinal involvement, and so on, lead-
ing to significant morbidity and mortality. Significant advances in prophylactics and therapy
achieved improved survival among children with sickle cell disease, with the majority of chil-
dren attaining adulthood [29]. However, the median age at death of 39 years with only 35.0%
surviving beyond age 35 years was reported by the Centers for Disease Control (CDC). Sickle
cell disease substantially alters renal structure and function leading to nephropathy which is
not only a chronic comorbidity but is also one of the leading causes of mortality in patients
with sickle cell disease [30]. Knowledge of the natural progression of the disease, as well as
identification of persons at risk, allows for timely intervention and improved outcomes. The
search for biomarkers for the early diagnosis of the disorder and its outcomes is an area of
intense contemporary research [31]. The current understanding of the presentation, diagnos-
tic, and therapeutic challenges in sickle cell nephropathy is presented in detail by Inusa Baba
et al. in the chapter 8. Risk factors for renal impairment and acute kidney injury are reviewed
in detail. In addition, data coming from established mouse models are invaluable to elucidate
the pathogenesis of SCD-associated multiple organ complications and to identify targets for
prevention and therapy.

The continuous and rather extensive influx of new information regarding the key features
and underlying mechanisms as well as treatment options of blood disorders requires a fre-
quent updating of this topic. The primary objective of this book is to provide the specialists
involved in the clinical management and experimental research in hematological diseases
with comprehensive and concise information on some important theoretical and practical
developments in the biology, clinical assessment, and treatment of patients, as well as on
some molecular and pathogenetic mechanisms and the respective translation into novel
therapies. Specific clinical scenarios such as myeloid sarcoma or sickle cell nephropathy
are also within the scope of this book. An international panel of experts provides novel
insights of various aspects of hematology and contributes their experience to an update of
the field.

Each chapter is a separate publication that reflects each author’s views and concepts. However,
this book presents an update and introduces novel insights in our current understanding
of the biology and clinical presentation, the risk assessment, and therapeutic challenges in
patients with hematological diseases.
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Abstract

The expression of a functional antigen receptor is necessary for cell survival of normal B
lymphocytes and most B-cell neoplasms alike. When the genetic modifications of the B-cell
receptor locus fail to produce a functional antigen receptor or result in deleterious mutations
of a previously expressed receptor, the affected B cell will undergo apoptosis. The three
physiological mechanisms that generate the B-cell receptor, VD] recombination, somatic
hypermutation, and class switch recombination, can induce double-strand DNA breaks
and can specifically contribute to lymphomagenesis. On the other hand, the B-cell receptor
activation and signaling pathways, which provide strong survival and proliferation signals
to normal B cells, can support the growth and evolution of malignant lymphocytes. As a
result, an otherwise structurally normal B-cell receptor can behave, from the functional
perspective, as a true oncogene. In this chapter, we provide an in-depth discussion of the
most recently discovered recurrent mechanisms involving the B-cell receptor in lymphoma
pathogenesis. The discussion is structured around two major topics: (1) the genetic mecha-
nisms that create a functional antigen receptor and their errors leading to oncogenic events,
and (2) the pathogenic activation of the B-cell receptor signaling cascade. Finally, we will
briefly comment on novel emerging therapies targeting the B-cell receptor at different levels.

Keywords: lymphoma, B-cell receptor, activation-induced deaminase (AID),
somatic hypermutation, class switch recombination, lymphomagenesis, pathogenesis,
oncogenesis

1. Introduction

The immune system has evolved with the primary purpose of eliminating or at least control-
ling invading pathogens. In contrast to innate immunity, the adaptive immune system relies

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



18 Hematology - Latest Research and Clinical Advances

for this task on recognition of the pathogen through antigen-specific receptors. In the case of
B cells, these receptors are membrane-bound or soluble immunoglobulins that engage soluble
or surface-bound antigens.

Hallmarks of the adaptive immune system related to the B-cell receptor are: (1) continu-
ous presence of an extremely broad repertoire of antigen receptors; (2) rapid activation and
expansion of cells whose particular receptors recognize a given antigen, and (3) maintenance
of a memory of every immune response that has taken place in order to react even more effi-
caciously upon re-exposure to the evoking antigen [1].

The immune system has, therefore, developed unique molecular mechanisms to generate vir-
tually unlimited numbers of antigen receptors with different specificities. These mechanisms
are V, D, and ] recombination of immunoglobulin gene segments, class switch recombination,
and somatic hypermutation (SHM). Since these events involve genome editing, they entail
intrinsic oncogenic risk [2].

The expression of a functional B-cell receptor (BCR) on the cell surface after successful com-
pletion of VD] recombination distinguishes precursor from mature B cells, and correspond-
ingly precursor cell from mature B-cell lymphomas.

Upon antigen recognition, B cells can undergo antibody affinity maturation through SHM,
a genetic mechanism that permits antibody diversification. SHM is mediated by activation-
induced deaminase (AID), an enzyme physiologically expressed in the germinal center. AID
converts C:G base pairs in immunoglobulin genes into U:G mismatches. Repair of these muta-
tions creates almost random point mutations [2—4].

Signals generated by the BCR govern the development, function, and survival of normal B
cells. However, its ability to efficiently activate anti-apoptotic and proliferation pathways can
be adopted by malignant B-cell, and even become essential for their survival [5].

In the current chapter, the discussion is structured around two major pathogenic mecha-
nisms: (1) genetic mechanisms that create a functional antigen receptor and their errors
leading to oncogenic events, and (2) pathogenic activation of the B-cell receptor signaling
cascade.

2. Major B-cell receptor-related lymphomagenic mechanisms

2.1. Genetic mechanisms that create a functional antigen receptor and their errors
leading to oncogenic events

Three unique genetic mechanisms operate sequentially in various stages of B-cell develop-
ment to generate a functional antigen receptor: VD] recombination, class switch recombi-
nation (CSR), and somatic hypermutation (SHM). Errors during these events may lead to
lymphomagenesis.
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2.1.1. V(D)] recombination

In the germ line DNA configuration, the antigen receptor gene loci contain discontinuous, non-
functional V, D, and ] segments. Committed B lymphocyte precursor cells create functional
immunoglobulin heavy and light chain genes through VD] recombination and V] recombina-
tion, respectively [6]. The V(D)] recombination starts at the pro-B cell stage by activation of
recombination-activating genes (RAG) 1 and 2. The first step is the D] joining in the IgH locus
followed by the joining of V segments to DJ, resulting in the rearrangement of the p-chain
(uH). The pH paired with a surrogate light chain (SLC) is expressed on the cell membrane as
a part of a structure known as pre-B-cell receptor.

In pre-B cells, RAG1/2 expression results in the recombination of the kappa light chain. A suc-
cessful rearrangement will induce RAG downregulation; otherwise, RAG will start a second
rearrangement of the light chain [7].

During V(D)J recombination, a successful rearrangement of the heavy chain will suppress
the rearrangement of the second allele, a process known as allelic exclusion. In the case of
Ig-Kappa chains, if neither of both alleles generates a productive receptor the process will
continue with the rearrangement of the Ig-Lambda locus [8].

V(D)] recombination can be divided into two phases: the cleavage phase and the joining phase.
In the cleavage phase, RAG1/2 creates double-strand breaks (DSB) at recombination signal
sequences (RSS), which are located at the start of each antigen receptor gene segment. RSS
is composed by a heptamer, a spacer sequence (12-23 nucleotides) and a nonamer sequence.
RAG acts on RSS by introducing a nick between the coding sequence and the heptamer [9]. At
each of the two remaining ends, called the coding ends, the two strands of DNA are joined to
form a hairpin structure. The Artemis nuclease nicks the hairpin, whose ends are then joined
by non-homologous end joining (NHE]) [10]. The recombination process activates the DNA
damage response (DDR), a system that detects any signal of DNA damage. The action of DDR
may result in DNA repair or induction of apoptosis [11].

2.1.2. Class switch recombination

Class switch recombination (CSR) is a process that replaces the default Cu exons with exons
from a downstream constant chain (Ca, Ce, or Cy), resulting in a change from IgM expressed
by naive B cells to expression of one of the downstream isotypes IgA, IgG, IgE.

CSR occurs by intrachromosomal deletion and recombination events between two different
switch (S) regions localized upstream of each constant region in the IgH locus. S regions are
GC-rich with a high frequency of the WGCW (A/T-G-G-A/T) motif, which is a target of acti-
vation-induced deaminase (AID) activity. CSR has two phases: (1) the break at the donor and
acceptor S regions, and (2) the ligation process between distal breaks [12].

The recombination is initiated by AID, an enzyme that deaminates cytosines into uracil at the
donor and acceptor S regions. Subsequently, the base excision repair (BER) pathway creates a
single strand break (SSB) that is processed to double strand breaks (DSB) by mismatch repair
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(MMR). After the formation of DSBs in the S regions (donor and acceptor), these S regions are
recombined by non-homologous end joining (NHE]) [13].

During normal B-cell development, the DNA repair pathways (BER and MMR) reduce the
effect of off-target AID activity. However, several external factors like cellular stress, hypoxia,
and viral infections; or intrinsic factors such as alterations in repair pathways may change the
outcome of AID-induced lesions [14].

2.1.3. V(D)] recombination, class switch recombination, and neoplastic transformation

One evident deviation of the normal V(D)] recombination and CSR processes is the possi-
bility of rearrangements between segments belonging to different genes. In fact, reciprocal
chromosomal translocations are the most common recurrent genetic anomalies in lymphoid
malignancies and the newly formed junctions generated in most human lymphoid transloca-
tions have the canonical features of NHE] [15].

One paradigmatic example is follicular (FL), a lymphoid neoplasm characterized by the
t(14;18)(q32;q21) translocation that juxtaposes the anti-apoptotic proto-oncogene BCL2 to the
immunoglobulin heavy chain locus [16]. The functional result of this translocation is consti-
tutive transcriptional upregulation of BCL2. Although this translocation is considered the
founding event in FL pathogenesis, t(14;18)-positive B cells can be detected in many healthy
individuals [17]. Therefore, this genetic event alone seems insufficient to cause lymphoma.

The t(11;14)(q13;q32) translocation, a hallmark of mantle cell lymphoma (MCL), results in the
overexpression of cyclin D1 and also appears to be a V(D)]-mediated translocation [18]. As
in FL, the sole constitutive overexpression of this cell cycle regulator is insufficient to explain
malignant transformation.

Whereas the t(14;18) or t(11;14) translocations result from a mistake during V(D)] recom-
bination, some translocations involve the IgH class switch regions in a failed CSR event.
Translocations at the IgH class switch regions seem to depend on AID activity and commonly
involve ¢-MYC and BCL-6 [19]. BCL6 is the most commonly rearranged gene in activated
B cell (ABC) diffuse large B-cell lymphoma (DLBCL) and c-MYC rearrangements can be
observed in Burkitt lymphoma (BL) and DLBCL.

BCL6 is a proto-oncogene encoding a transcriptional repressor expressed during B cell differen-
tiation in germinal centers. A block in the normal downregulation of BCL6, through its translo-
cation with more than 20 possible partner genes, might favor differentiation arrest, continuous
cell proliferation, survival, and genetic instability [20]. BCL6 also suppresses the activity of the
tumor suppressor gene TP53, which allows BCL6-expressing cells to escape apoptosis [21].

The c-MYC gene at 8q24 is involved in three translocations observed in DLBCL, most com-
monly t(8;14) (q24;q32), and less often t(2;8) (p12;q24) and t(8;22) (q24;q11) [21]. In the (8;14)
(q24;q32) translocation, also observed in BL, the gene segments from the IgH locus are joined
with various regions around and within the c-MYC proto-oncogene [22]. As a result, IgH
regulatory elements are misplaced upstream, of the c-MYC proto-oncogene [23].
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Four recurrent translocations, t(1;14)(p22;932), t(3;14)(p14.1;,q32), t(11;18)(q21;q21), and
t(14;18)(q32;q21), have been described in marginal zone B-cell lymphomas of MALT type.
The two latter translocations involve the MALT1 gene. These translocations seem to occur as
a result of illegitimate V(D)J-mediated recombination [22, 24].

2.1.4. Somatic hypermutation (SHM)

Somatic hypermutation (SHM) is the biological underlying mechanism for the generation of
the secondary antibody repertoire. AID is the single enzyme that is responsible for the initia-
tion of this process [25].

SHM is a post-rearrangement diversification process that introduces point mutations in the
variable regions of the Ig loci, which can alter the antibody binding to its cognate antigen.
AID acts enzymatically as a cytosine deaminase that converts cytosine to uracil. Uracil is
mutagenic when paired with guanosine, this U:G mismatch triggers error-prone DNA repair
in B cells. SHM results in a mutation rate of circa 1 mutation/1000 bp per cell generation.
This mutation frequency is a million-fold higher than spontaneous mutation rate in somatic
cells [26]. Highly selected antibodies with neutralizing activity against influenza virus can
accumulate 3040 mutations, and broadly neutralizing antibodies against HIV more than 100
mutations [27, 28].

AID acts on a single strand, thus its activity is probably generated during at transcription
bubbles (Figure 1). Once AID produced deamination of dC to dU the error-prone process-
ing begins. First AID-catalyzed uracils in the DNA are recognized by either the uracil-DNA
glycosylase (UNG)—triggering the base excision repair (BER) pathway —or by the mismatch
recognition heterodimer MutSa—initiating the mismatch repair (MMR) pathway. In BER,
UNG binds to the U:G mispair and produces an abasic site, then this site is cleaved by the apu-
rinic/apyrimidinic endonuclease (APE1), which removes the abasic site nucleotide and the
DNA polymerase Pol{3 resynthesizes the DNA strand [29]. In the MMR pathway, the proteins
MSH2 and MSH6 bind to the U:G mismatch and recruit DNA Poln), a low fidelity polymerase,
that introduces error during nucleotide synthesis [30].

The processing of uracils by BER and MMR may result in different outcomes. The introduced
uracils may (1) be replaced by another nucleotide, (2) expose DNA to further mutations in its
vicinity like mutations at A:T pairs or (3) can be converted into DNA DSBs. The latter seems
to be necessary for CSR.

Because of its mutagenic potential, SHM has multiple layers of regulation and competition
between alternative pathways that define the level of SHM [31]. There is also increasing evi-
dence that epigenetic factors, such as DNA methylation and post-translational histone modi-
fications play major roles in regulating SHM [32]. Its implications in lymphoma development
remain elusive.

When SHM affect off-target genes, it is referred to as aberrant SHM. Aberrant SHM can be
mainly detected in FL, BL, DLBCL, and CLL [33-35]. This topic has been extensively reviewed
elsewhere [36-39].
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MutSa

Replication

~Poln

Figure 1. Molecular mechanism of somatic hypermutation (SHM). AID requires a single strand to initiate the SHM
process. Transcription by RNA polymerase II (RNA Pol II) exposes the single-stranded DNA template for AID. AID
deaminates a cytosine to create an uracil, which can then be processed by different pathways. Replication over the uracil
results in C to T or G to A transition mutations. Processing by uracil DNA glycosylase (UNG) generates an abasic site (D)
that is cleaved by the apurinic/apyrimidinic endonuclease (APE1), which removes this site and then Polf resynthesizes
the DNA. Recognition of the U-G mismatch by MutSx (represented by a torus shape) followed by the action of Exol
and Poln spreads mutations (indicated as “N”) to surrounding A-T nucleotides. UNG and Msh2/Msh6 can also act in
the context of high fidelity base excision repair (BER) and mismatch repair (MMR) pathways, which results in error-free
repair.

We have recently described that, in IgM expressing FL, the mutation load of the Ig genes can
be described as a function of the AID expression level. In contrast, in FL cases that underwent
class switch recombination (i.e., IgG expressing lymphomas) AID expression and SHM of
immunoglobulin genes are dissociated [40, 41]. The distinctive patterns induced by SHM may
also have implications for the clinical evolution of the disease [42].
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AID expression is detected in a tumor subset in the peripheral blood of CLL patients [43, 44].
These cases display the dissociation between CSR and SHM, an observation that resembles
our findings in FL. Our data also suggest that functional AID expression in CLL correlates
with a distinctive genomic landscape and disease evolution [45].

Analysis of whole genome and whole exome sequencing data classified by the trinucleotide
context of single nucleotide variants in so-called mutation signatures can help to elucidate
underlying mutagenic mechanisms in tumor samples [46]. Our data indicate that the muta-
tional landscape of both CLL and FL seems to be strongly shaped by AID activity. In FL,
AID-induced mutations are mainly restricted to canonical AID hotspots and CpG methyla-
tion-dependent mutagenesis sites. In strong contrast, both canonical and non-canonical AID
motifs seem to contribute to the mutational landscape of CLL [47].

SHM may not only contribute to lymphomagenesis by acting on oncogenes and proto-onco-
genes, but also may provide adaptive advantages. As suggested by our data, BCR editing
through SHM may allow FL cells to escape from immunosurveillance [48-50].

2.2, Pathogenic activation of the B-cell receptor signaling cascade

Antibody molecules, when expressed on the cell surface, constitute the binding moiety of a
molecular complex known as B-cell antigen receptor (BCR). Signals from the BCR regulate
the development and function of B cells. However, the ability of the BCR signaling path-
way to induce cell survival and proliferation could be adopted and distorted by malignant
cells.

The BCR immunoglobulin consists of a heavy chain and a light chain, whereas its precur-
sor, the pre-BCR, consists of a heavy chain and a surrogate light chain. The transmembrane
domain of the heavy chains anchors the BCR to the cell membrane, where each BCR molecule
associates with the signaling subunit. The signaling subunit is constituted by a heterodimer
of Iga (CD79A) and Igf (CD79B) [51]. Within their cytoplasmic tails, Iga and Ig(3 harbor 2
conserved tyrosine residues as part of a 26 amino acid-long sequence, also referred to as
an immunoreceptor tyrosine-based activation motif (ITAM) [52]. Phosphorylation of ITAM
through kinases, such as Lck/Yes-related novel protein tyrosine kinase (LYN), B-lymphoid
kinase (BLK), or spleen tyrosine kinase (SYK), marks the first step in signal transduction from
the BCR to the nucleus [53]. SYK in conjunction with PI3K recruits Burton’s tyrosine kinase
(BTK). Upon activation of the BCR pathway, BTK binds to PIP3 and attaches to the plasma
membrane [54]. These events contribute to BCR-induced calcium release, cell proliferation,
and activation of the NF-«xB pathway (Figure 2A) [55].

In pre-B cells, the BCR signaling cascade is activated through autonomous signaling, a mech-
anism that relies on the structural conformation of the pre-BCR which is constituted by a
heavy chain and a surrogate light chain [56, 57]. While pre-B cells rely on autonomous BCR
signaling, immature and mature B-cells receive two types of signals from their BCRs: the
antigen-dependent, and the antigen-independent “tonic” signals. The antigen-dependent sig-
nal is generated by binding of an external antigen to the BCR and results in the clustering and
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Figure 2. BCR signals generated in malignant and normal B cells. (A) Tonic signaling: random and transient disruptions
in the equilibrium between positive regulators of BCR signaling, such as the CD79a/CD79b heterodimer, LYN and SYK,
and negative regulators, such as the various phosphatases (PTP), could generate a tonic antigen-independent BCR signal
characterized by increased activity of the PI3K/AKT pathway. (B) Aggregation of neighboring BCRs in polyreactive
receptors initiates a cell-autonomous BCR signal in the absence of an external antigen. (C) The binding of the cognate
antigen induces aggregation of neighboring BCRs that initiate the classical antigen-dependent BCR signal (see text for
details).

activation of a signaling complex that transmits the signal inside the cell. In contrast, the tonic
signal occurs in the absence of external ligands (Figure 2) [58, 59].

Current evidence indicates that all three, tonic, autonomous, as well as antigen-dependent
BCR signaling, are used by different B-cell lymphoid neoplasms. Activation may occur
through physiological mechanisms such as antigen interaction or by pathological mecha-
nisms such as mutations in genes acting downstream the signaling cascade. The relative con-
tribution of these types of signals varies across different B-cell neoplasms and is currently
subject to debate.

2.2.1. Antigen-driven BCR activation and lymphomagenesis

The hypothesis that antigenic stimulation can contribute to the development of B-cell malig-
nancies was proposed over half a century ago [60]. There is growing indirect and direct evi-
dence suggesting that antigen recognition may have a role in the pathogenesis of chronic
lymphocytic leukemia (CLL), follicular lymphoma (FL), marginal zone lymphoma (MZL) of
the spleen, and MZL of mucosa-associated lymphoid tissue (MALT)-type.

Indirect evidence for the role of antigen stimulation includes the association between certain
lymphoma subtypes and specific infections and autoimmune diseases, as well as the iden-
tification of an antigen selection footprint in the BCR; i.e., a bias in gene usage and positive
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selection of somatic mutations in the complementarity determining regions [40, 42, 50, 61, 62].
More direct evidence for the role of antigen stimulation and BCR activation in lymphomagen-
esis is based on the identification of BCR reactivity toward foreign or auto-antigens, and the
induction of intracellular BCR signaling in primary lymphoma cells in response to specific
antigens [63-65].

Although several bacterial and viral infections have been associated with the development
different lymphoma types, direct demonstration of lymphoma development due to infectious
agent-derived antigenic stimulation remains limited.

Helicobacter pylori infection is associated with gastric MZL of MALT-type. This association
relies on epidemiological, biological, molecular, and clinical data [41, 66-70]. Indeed, since the
initial evidence of the association between H. pylori infection with the development of gastric
MALT lymphoma [67], H. pylori eradication has established as the first-line therapy for this
lymphoma [71, 72]. It has been demonstrated that MALT lymphoma B cells exhibit polyre-
active surface BCR immunoglobulins. Direct stimulation by specific alloantigens (including
H. pylori sonicate) and autoantigens recognized by these surface antibodies leads to the pro-
liferation of tumor cells [73]. H. pylori infection may also induce aberrant AID expression fol-
lowed by accumulation of mutations in tumor-related genes, suggesting a link between BCR
activation and AID expression [74]. Nevertheless, a direct link to the activation of the BCR
signaling pathway remains elusive.

Chlamydia psittaci infection is associated with ocular adnexal extranodal marginal zone lym-
phomas (OAEMZLs) [75]. These neoplasms express a biased repertoire of mutated surface
immunoglobulins suggesting, which suggests that antigen receptors have been subject to
clonal selection. In OAEMZL patients, local monocytes and macrophages are the carriers of
Chlamydia psiftaci, and lymphomas seem to preferentially arise in organs primarily exposed
to antigens [76].

Certain lymphomas, such as splenic marginal zone lymphoma (SMZL), are associated with
hepatitis C virus (HCV) infection. Current evidence suggests that a subset of HCV-associated
lymphomas originate from B cells that were initially activated by the HCV-E2 protein, sug-
gesting that this subgroup of lymphomas arise as an expansion of HCV-reactive B cells [77].
Consistently, antiviral treatment results in complete responses in about 75% of HCV positive
lymphoma patients, whereas no responses are seen in HCV negative patients [78]. Altogether,
this data suggest that antigen-dependent BCR activation may be the driver of lymphomagen-
esis for some SMZL cases; and removal of the antigen can lead to clinical remission in these
patients.

Several viral, bacterial, and fungal antigens may bind specific BCRs on chronic lymphocytic
leukemia (CLL) cells [79-81]. Moreover, CLL cells in the lymph node contain increased levels
of activated SYK and express genes upregulated in response to BCR activation [82]. In addi-
tion, the observation of a reversible down-modulation of surface IgM expression on CLL cells
also supports the idea of chronic antigen stimulation [83].

In follicular lymphoma (FL), the BCR is characterized by abnormal N-linked glycosylation.
The mannosylated variable regions of FL immunoglobulins bind to recombinant lectin
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domains of the mannose receptor and dendritic-cell-specific intercellular adhesion molecule-
3-grabbing nonintegrin (DC-SIGN), which results in stimulation of FL cells [84]. It has also
been demonstrated that V-region mannosylation conferred the ability of B cells to be activated
by soluble bacterial lectins from common opportunistic pathogens such as Pseudomonas aeru-
ginosa or Burkholderia cenocepacia while disrupting the initial receptor specificity for potential
autoantigens [64].

The source of the antigen is not necessarily derived from an external pathogen as it has also
been shown to derive from self-antigens. CLL BCRs can react with many different self-anti-
gens, including antigens released by apoptotic cells [85, 86]. In addition, BCR derived from
CLL patients can bind to a conserved epitope within the second framework region (FR2) of
their own BCR [87]. About 26% of FL cases recognize autoantigens, and the interaction with
certain self-antigens such as myoferlin can induce BCR-mediated signaling in vitro [65]. It
has also been demonstrated that interaction of the BCR of ABC DLBCL with a self-antigen is
essential for the survival of these lymphoma cells. This interaction may explain the microclu-
sters observed in the plasma membrane of ABC DLBCL cells [5, 88].

2.2.2. Tonic B-cell receptor signaling and lymphomagenesis

The tonic B-cell receptor signaling (BCR) is thought to provide an antigen-independent con-
stitutive baseline signal essential for B cell survival and development [58, 89]. Although the
detailed molecular mechanisms regulating tonic signaling remain to be defined, current evi-
dence highlights the central role of the SYK tyrosine kinase and the balance between BCR-
associated SYK activation and protein tyrosine phosphatase (PTP)-mediated SYK inhibition
[53, 90]. The tonic signaling transmitted via SYK appears to activate the phosphatidylinositol
3-kinase (PI3K)/AKT/mTOR pathway [91]. The inhibition of the tonic BCR signal results in
increased activation of FOXO1 and increased expression of its target genes, including the pro-
apoptotic BCL2 family member, BCL2L11, and the cell-cycle inhibitor p27 [92].

Evidence about the use of tonic antigen-independent type of BCR signaling by malignant B
cells is reported for Burkitt lymphoma (BL) and germinal center B diffuse large B-cell lym-
phoma (GCB-DLBCL) [93, 94].

In BL, PI3K signals promote the survival and proliferation of BL cells [95]. One study dem-
onstrated by quantitative phosphoproteomics, in which phosphorylation events in tonic BCR
signaling differ from those induced by BCR engagement in BL cells [96].

In DLBCL, BCR signaling differs between the germinal center B-cell (GCB) subtype, which is
insensitive to Bruton’s tyrosine kinase inhibition by ibrutinib, and the activated B-cell (ABC)
subtype [97]. As recently reported, the replacement of antigen-binding regions of the BCR has
no effect on BCR signaling in GCB-DLBCL cell lines, which supports the hypothesis of the use
of tonic BCR signaling by this DLBCL subtype [94]. Unlike antigen-driven BCR signaling, tonic
BCR signaling requires specific phosphorylation of CD79A. This finding provides a rationale
for the development of novel molecular targeted drugs for the treatment of DLBCL [94].
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2.2.3. Autonomous signaling and lymphomagenesis

Autonomous antigen-independent, BCR signaling is a survival mechanism characteristic of
the pre—B-cell receptor [57, 98]. However, immature and mature B cells with BCRs, that recog-
nize multiple self-antigens, may also induce autonomous signaling and selective expansion
of B cell in a manner comparable to the pre-BCR [56]. This functional similarity between auto-
reactive BCRs and the pre-BCR suggests that recognition of self-antigens might not only play
a role in the positive selection of early B cells, but also could contribute to lymphomagenesis
[87, 99-101].

Autonomous signaling has been proposed as a novel oncogenic mechanism in chronic
lymphocytic leukemia (CLL) and diffuses large B-cell lymphoma (DLBCL) [87, 100, 101].
BCR, derived from both mutated and unmutated CLL cases, expressed in a cellular system
designed to measure BCR signaling cascade activation, show signaling properties that are
equivalent to those of the pre-BCR [87]. This striking signaling property is dependent on the
antigen-binding site of the clonal BCR and an internal motif in framework region 2, a part of
the structural BCR backbone [102].

The gene expression profile of activated B-cell (ABC) type of DLBCL resembles that of mature
B cells upon stimulation via their B-cell receptor (BCR). In up to 30% of ABC DLBCL cases,
this signature can be explained by gain-of-function mutations in CD79A, CD79B, or CARD11
[103]. However, in patients without CARD11 mutations activation of the BCR may occur
through autonomous signaling. We have recently demonstrated the presence of autonomous
BCR activity in 72% of non-GCB DLBCL, including primary mediastinal DLBCL [100, 101].
This finding may provide a complementary or alternative explanation to the characteristic
gene expression signature of ABC DLBCL.

These findings in CLL and DLBCL support the concept of the BCR acting as a true oncogene,
despite being structurally normal and solely characterized by this autonomous signaling

property.

2.2.4. Mutations in the BCR signaling cascade

In addition to the natural activation, BCR signaling can be induced by acquired mutations.

Different ABC DLBCL cases carry diverse activating mutations in the BCR pathway (Table 1).
Mutations of a critical tyrosine residue in the ITAM of CD79B increase the signaling response
by interfering with activation of LYN. In this subset of ABC DLBCL cells, PI3K and BTK sig-
naling remain essential for NF-«B activation [104]. About 10% of ABC DBCL cases show acti-
vating mutations of CARDL11, a key protein that connects BCR activation to NF-«B signaling.
This mutation is sufficient to intrinsically activate survival signaling in the malignant B cells
and obviates the need for upstream BCR signaling [103]. Loss of function mutations in the
tumor suppressor A20 contributes to NF-kB pro-survival signaling have also been described
in ABC DLBCL and CLL cases [105, 106].
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Errors in VD] Errors in class switch Resulting event
recombination recombination
Mantle cell lymphoma t(11;14)(q13;q32) Cyclin D1
overexpression
Follicular lymphoma t(14;18)(q32;q21) BCL2 overexpression
Marginal zone lymphoma of ~ t(11;18)(q21;q21), t(14;18) MALT1 dysregulation
MALT type (932;921)
GCB-diffuse large B-cell t(8;14) (q24;932), t(2;8) (p12;q24), c-MYC overexpression
lymphoma t(8;22) (q24;q11
ABC-diffuse large B-cell BCL6 rearrangement—multiple BCL6 dysregulation
lymphoma partner genes
Burkitt lymphoma t(8;14)(q24;932) c¢-MYC overexpression

Table 1. Recurrent translocations and their link to V(D)] recombination or class switch recombination in mature B-cell
neoplasms.

Although germinal center B (GCB) DLBCL seems independent of BCR signaling, still may
require intrinsic activation of the PI3K pathway (Table 1). Some germinal center B (GCB)
DLBCLs display activating mutations in the PIK3CA domain of PI3K [107].

Another example of a transition from a dependence on extrinsic BCR activation to intrinsic
activation has been described in MALT lymphomas (Table 2). In advanced cases, the t(11;18)
chromosomal results in a fusion transcript of API2-MALT1 and the t(1;14) leads to overexpres-
sion of BCL10 under the control of the Ig heavy chain locus. Consequently, MALT1/BCL10/
CARD11 complex activates the classical NF-xB pathway (Figure 2A) [108].

Burkitt lymphoma (BL) seems dependent upon tonic BCR survival signaling through PI3K
but not upon the NF-kB pathway. The hallmark of BL is a translocation of MYC to the Ig
heavy chain locus. However, MYC has strong pro-apoptotic effects and requires activation
of pro-survival signaling through the PI3K pathway. In BL activation of PI3K resembles
the tonic signaling in normal resting B cells [95, 96]. Consistently, BL cells are sensitive to
genetic knockdown of CD79A or SYK and pharmacologic inhibition of PI3K, however, are not
affected by knockdown of BTK [95].

In follicular lymphoma, at least half of the patients show evidence of mutations in the inter-
connected BCR and CXCR4 signaling pathways such as mutations in CD79B, CARD11,
CXCR4, SYK, BTK, and HVCNI1 [3, 109]. Considering the unique characteristics of the BCR in
this lymphoma type, such as high hypermutation rates, distinctive selection patterns, manno-
sylation of the antigen binding site and autoantigen binding, the understanding of the precise
interplay between the tumor dependence on a functional BCR and the presence of this recur-
rent mutation requires further investigation [3, 40, 42, 48].

In CLL there is evidence for mutations in BTK and PLCy2 that may confer resistance to BTK
inhibition [110]. Despite the general consensus on the absence of somatic mutation on both
CD79A and CD79B in CLL, one study has reported mutations in CD79B [111].
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Antigen- Tonic BCR Autonomous BCR  Recurrent mutations in
dependent BCR signaling signaling the signaling pathway
signaling

Chronic lymphocytic ++ + +++ BTK, PLCy2

leukemia

Follicular lymphoma + - - CD79B, CARD11, CXCR4,

SYK, BTK

Marginal zone lymphoma of ~ ++ - - MALT1

MALT type

GCB-diffuse large B-cell - ++ - PI3K, PTEN

lymphoma

ABC-diffuse large B-cell - + ++ ITAM, CARD11, NF-kB

lymphoma dependent

Burkitt lymphoma - ++ - NEF-kB independent

The estimated relative contribution of antigen-dependent, tonic, and autonomous BCR signaling to the pathogenesis is
represented as follows: [++] = major contribution, [+] = potential contribution, [-] = no evidence of contribution or minor
contribution to pathogenesis.

Table 2. Pathogenic activation of the B-cell receptor signaling cascade.

3. Therapeutic implications

In malignancies, in which chromosomal translocations result in the constitutive overexpres-
sion of oncogenes, the use of targeted therapy in these oncogenes represents a very attrac-
tive concept. One example is venetoclax, a highly potent and selective oral BCL-2 antagonist.
Venetoclax has proven to be highly active in patients with CLL, FL, and MCL [112].

The link between antigen-driven BCR activation and lymphomagenesis immediately suggest
that the identification and elimination of the putative antigen could result in tumor regression.
The induction of complete remission of gastric MZL by antibiotic therapy aimed to eradicate
H. pylori represents a paradigmatic example of this idea [70]. However, the identification of
cognate foreign antigens has been extremely difficult. Another therapeutic concept is the idea
of disrupting the interaction of the BCR with its antigen by the generation of anti-idiotype
antibodies. Despite promising results in early phase clinical trials, phase III studies failed
to show a substantial benefit of this approach when used as consolidation therapy [49, 113].

The evident dependence of B-cell lymphomas on the BCR signaling pathway establishes BCR
signaling blockade as a rational and disease-specific therapeutic approach. This strategy has
the potential to block all three BCR signaling mechanisms: antigen-dependent signaling, tonic
signaling, and autonomous signaling.

The BCR signal can be blocked by specific inhibitors of essential tyrosine kinases of the signal-
ing cascade such as BTK [114] or SYK [115, 116], or by blocking integration point of signals
originating from cell surface receptors. PI3K represents one of this integration points and ide-
lalisib, a small molecular PI3Kd inhibitor has shown clinical efficacy in CLL and FL [117, 118].
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Ibrutinib, a BTK inhibitor has demonstrated durable clinical responses in relapsed/refractory
CLL patients, including those with the high-risk del(17p) cytogenetic abnormality. Durable
clinical responses have also been demonstrated MCL and DLBCL [97, 114]. Several oral SYK
inhibitors, including fostamatinib, entospletinib, and cerdulatinib, are being assessed in clini-
cal trials [119].

All these new drugs share a pattern of response resulting in nodal reduction and increased
lymphocytosis. This phenomenon may reflect unique properties such as micro-environment
modulation, and activity on the proliferative pools existing in the bone marrow and lymph
nodes [74, 120].

4. Conclusion and perspective

The understanding of lymphomagenesis remains essential for the development of novel ther-
apeutic strategies. Both the errors in the genetic mechanisms that create a functional BCR and
the pathogenic activation of the BCR signaling cascade have a clearly established role in B-cell
lymphoma pathogenesis.

AID, an essential enzyme for the generation of the BCR, seems to play an important role in
origin and progression of B-cell neoplasms. AID may also be involved in both mechanisms:
the BCR origin and the BCR activation. Its study as a therapeutic target certainly deserves
further research.

Novel technologies, such as next-generation sequencing, are helping to depict the complex
genomic landscape of lymphoid malignancies. Recent developments, not only are enabling
the identification of the underlying mutagenic mechanisms, but also the ongoing determi-
nation of “targetable” genetic aberrations is currently pushing forward the development of
molecularly driven targeted therapeutics.

Current developments may change the natural history of this group of diseases in the near
future. Nevertheless, further progress still depends on our ability to understand and integrate
knowledge on the B-cell biology, the evolving tumor dynamics, clonal heterogeneity, and
microenvironment interaction.
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Abstract

More recently, DLBCL has witnessed advances in the molecular profiling and treatment of
patients with refractory and relapsed disease. DLBCL is biologically and clinically a
heterogeneous disease. Despite its aggressive behavior, DLBCL is a potentially curable
disease with overall survival of 94 and 55% in patients with low and high rIPI scores,
respectively. The combination of anti-CD 20 monoclonal antibody rituximab and cyclo-
phosphamide, doxorubicin, oncovin (vincristine) and prednisone (R-CHOP) chemother-
apy every 3 weeks is the first line treatment. Radiotherapy is reserved for the patients with
bulky disease who fail to achieve complete remission after first line treatment. CNS
prophylaxis is reserved for the patients with high lactate dehydrogenase (LDH) levels
and involvement of more than one extranodal sites and for the patients with involvement
of selective extranodal sites like testes and orbits (the sanctuary sites). Patients who suffer
relapse after first line treatment receive high-dose chemotherapy supported by autologous
stem cell transplantation (HDC/ASCT). Variants of DLBCL like double-hit (presence of
MYC and BCL2/BCL6) and triple-hit (presence of MYC, BCL2 and BCL6) lymphomas are
treated differently and these patients have worse outcome. Several novel immunothera-
peutic agents like checkpoint inhibitors and chimeric antigen receptor T cell (CART) are
being investigated in randomized trials on patients with DLBCL.

Keywords: diffuse large B cell lymphoma, double-hit lymphoma, update, triple-hit
lymphoma, R CHOP, DA-R EPOCH

1. General information

1.1. Epidemiology

Diffuse large B cell lymphoma (DLBCL) is the most common histologic subtype of non-
Hodgkin lymphoma (NHL). It constitutes for approximately 25% of patients with NHL [1].
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The incidence of NHL is 19.5 per 100,000 men and women per year. Approximately 2.1% of
men and women will be diagnosed with NHL at some point based on 2012-2014 SEER
database [2] (SEER data). The incidence of DLBCL is approximately 7 cases per 100,000
persons per year. Males have a higher incidence with (M/F) incidence ratio of 1.5-1.6. Incidence
is higher among whites than blacks or Asians and increases steeply with age. The overall
incidence of DLBCL has declined 0.5% per year during 1992-2001 [2]. This decline was
observed predominantly in men aged 25-54, on contrary in the elderly, the incidence of
DLBCL increased 1.4% per year during the same time-period.

1.2. Etiology and risk factors

DLBCL is a mature B cell neoplasm arising from germinal center and post germinal center B
cells. Etiology of DLBCL is complex and multifactorial. DLBCL can arise de-novo or from
transformation of indolent diseases like chronic lymphocytic lymphoma/small lymphocytic
lymphoma (so-called Richter’s transformation), follicular lymphoma, and marginal zone lym-
phoma. Those that originate from previous hematological malignancies are generally more
aggressive and carry a poor prognosis. Chemical substances such as pesticides, herbicides,
alkylating agents, ionizing radiation have been implicated as risk factors. An association has
been found between inherited immune deficiency disorders such as ataxia-telangiectasia,
Wiskott-Aldrich syndrome, common variable immunodeficiency, severe combined immuno-
deficiency, X-linked lymphoproliferative disorder [3]. Patients with acquired immunodefi-
ciency states such as AIDS, organ or stem cell transplantation, autoimmune or rheumatologic
diseases also have a higher incidence of DLBCL [4].

2. Pathology and biology

2.1. Pathogenesis

DLBCL is composed of large B cells with a diffuse growth pattern arising from mature B cells
at different stages of differentiation. Normal B cell development takes place in the bone
marrow and results in the transformation of a B-progenitor cell into mature B cell. Mature B
cells have undergone immunoglobulin VD] gene rearrangement and express a complete IgM
antibody molecule on the cell surface [4]. After release from the bone marrow, antigen naive
mature B cells are exposed to antigen in the interfollicular area of the secondary lymphoid
tissues. Majority then migrate into the germinal center. Mature antigen exposed B cells prolif-
erate in the center of a primary follicle to form the germinal center. The centroblasts mature
into centrocytes as they transition into light zone of the germinal center. In the germinal center,
B cell undergoes class-switch recombination and somatic hypermutation. Centroblasts are
thought to give rise to germinal center B cell (GCB) DLBCL. After transition through the
germinal center, B cells can become memory cells or plasmablasts which undergo further
development to become plasma cells. Plasmablasts are thought to give rise to activated B cell
like (ABC) DLBCL [4].
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2.2. Cell of origin

The cell of origin classification (COO) has been the most significant development in the under-
standing of DLBCL biology. The gold standard test to identify COO is Gene expression profiling
(GEP). GEP divides DLBCL into germinal center B cell (GCB), activated B cell (ABC) or
unclassifiable (Type 3) types. GCB DLBCL is derived from normal GC centroblasts. Various
mechanisms have been elucidated that drives pathogenesis of these subclasses based on COO
[5]. GCB like tumors contain the (14;18) translocation (IgH/BCL-2 fusion gene) typical of follicu-
lar lymphoma and amplifications of the locus on chromosome 2 which codes for the c-Rel
oncogene. BCL2 is dysregulated by t (14;18), PTEN deletions and amplification of miR-17-92
leading to deregulation of PI3K/mTOR pathway which are activated further promoting cell
survival, proliferation and growth. GCB is further characterized by gain or amplification of
MDM2, a negative regulator of the tumor suppressor p53 as well as deletions of the known
tumor suppressor genes TP73 and INGI that lead to genomic stability. The GEP of ABC DLBCL
suggests that it is derived from B cells that are in the process of differentiating into plasma cells.
Most of the genes expressed by normal GCB cells are down regulated in ABC DLBCL. There is
upregulation of many genes normally expressed by plasma cells including XBP-1, amplification
of BCL2, CD79A/CD79B ITAM mutation/deletion leading to chronic active BCR signaling,
CARD11/A20 mutation, MYDS88 mutation, STAT3 activation which lead to NFkB activation,
FOXP1 activation. ABC-like DLBCL is associated with loss of 6q21, trisomy 3, and gains of 3q
and 18q21-22. This locus on 6q encodes suppressor gene PRDM1 (Blimp-1) which is a master
regulator in the differentiation of mature B lymphocytes to plasma cells, loss of which may lead
to inhibition of terminal differentiation. ABC DLBCL has high expression and constitutive
activity of the nuclear factor kappa B (NF-kB) complex involved in the B cell receptor signaling
pathway. This classification not only defined subgroups with distinct biology and pathogenesis
but also identified groups of patients with different outcomes after treatment [4]. In a study done
at British Columbia looking at outcomes in patients treated with R-CHOP, there were 56%
patients with GCB subtype and 32% with ABC subtype. The ABC group experienced signifi-
cantly inferior outcomes as compared to the GCB group [6]. A third type, type IIl DLBCL
(Unclassifiable as per GEP profiling) is also identified in which tumor cells have gene expression
profiles that do not resemble either germinal center or post germinal center B cells [4, 7].

2.3. Double-hit lymphomas/double expressor

DLBCL with MYC gene rearrangement in addition to BCL2 and/or BCL6 gene rearrangements
by Fluorescent in Situ Hybridization (FISH) or standard cytogenetics are known as double-hit
lymphomas. MYC is rearranged in 5-15% of DLBCL and is frequently associated with BCL2 or
to a lesser extent, BCL6 translocation. They are more aggressive and have a much poorer
prognosis. Double-hit lymphomas are now recognized as a distinct entity in the 2016 WHO
classification [8]. MYC and BCL2 are the key regulators of cellular proliferation and apoptosis,
respectively. Dysregulation of MYC and BCL2 can cause chromosomal translocation or gene
amplification but it may also occur by transcriptional upregulation downstream of NFkB
pathway signaling [9]. This leads to a highly aggressive clinical behavior with very high Ki67
and overlapping pathologic features with Burkitt's lymphoma. These patients have an inferior
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prognosis compared to those with DLBCL without these mutations. FISH for MYC, BCL2 and
BCL6 gene rearrangements should be tested for patients with expression of MYC and either
BCL2 or BCL6 by IHC and a GCB like immunophenotype to identify these double- (or triple-
hit) lymphomas [10]. They have very poor outcomes with standard R-CHOP-based chemo-
therapy [11]. While the cases identified by FISH positive results are called double- (or triple-
hit) lymphomas, those patients with high expression of MYC and BCL2 protein by Immuno-
histochemistry (IHC) alone in the absence of gene rearrangements by FISH are labeled as
double expressor and they seem to have an intermediate prognosis.

In a study on 193 patients who were double expressor the 3 year OS rate was 46 vs. 75% and
the 3 year PES rate was 46 vs. 65% [11].

2.4. Morphology

Under light microscopy, the normal architecture of lymph nodes is completely effaced by the
sheets of atypical lymphoid cells. The tumor cells resemble normal centroblasts or immunoblasts
with nuclei size at least twice the size of a small lymphocyte. While the centroblasts are large,

Figure 1. Lymph node sections showing GC type DLBCL (a) The H&E stained sections of lymph node showing diffuse
infiltration of atypical lymphoid cells that are large in size with irregular nuclear contours, vesicular chromatin, and some
with prominent nucleoli (X10 and X40 magnification). (b) On immunohistochemistry, CD20 highlights the infiltrating cells
(X20 magnification) (c) cells are negative for MUMI (major subset) (X20 magnification).
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noncleaved cells, with round to oval nuclei with multiple nucleoli and thin rim of basophilic
cytoplasm, the immunoblasts are larger cells with more prominent nucleoli and abundant cyto-
plasm. Other less common cytological variants include multilobated and anaplastic forms. How-
ever the clinical significance of less common forms is debatable. Due to inter- and intra-observer
variability in the characterization of DLBCL based on the appearance of tumor cells, all the
morphological subtypes are grouped as one category in the current WHO classification except
for plasmablastic lymphoma. The plasmablastic lymphoma displays immunophenotype charac-
teristics which allows its distinction from other morphological subtypes of DLBCL (Figures 1-3).

Histopathological and immunohistochemistry slides of diffuse large B cell Lymphoma show-
ing characteristics of DLBCL of germinal center origin (GC) in Figure 1 and activated B cell
origin (ABC) in Figure 2.

2.5. WHO classification

The revised WHO classification 2016 [8] classifies DLBCL NOS into GCB and ABC/non-GC
subtypes based on cell of origin. The use of IHC algorithm is accepted [8]. We also now have a

Figure 2. Lymph node sections showing ABC type DLBCL (a) The H&E stained sections showing diffuse infiltration of
large atypical lymphoid cells with irregular nuclear contours and vesicular chromatin (X40 magnification). On immuno-
histochemistry cells are (b) CD20 positive (X20 magnification) (c) MUM1 positive (X20 magnification) (d) CD 79A positive
(X20 magnification).
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" a)

Figure 3. Lymph node sections showing very aggressive DLBCL on immunohistochemistry. (a) bcl-2 positive (X20
magnification) (b) bcl-6 positive (X20 magnification) (c) ki 67 proliferation index is approximately 70-80% positive (X20
magnification).

better understanding of MYC alterations in DLBCL. These are included in a new category of
“High grade B cell lymphoma with MYC and BCL2 and/or BCL6 translocations”. Co-expression
of MYC and BCL2 is considered a new prognostic marker (double-expressor lymphoma). High
grade lymphoma, NOS replaces B cell lymphoma unclassifiable (BCLU) category. It includes
blastoid appearing large B cell lymphomas and cases lacking MYC and BCL2 or BCL6 that
would formerly have been called BCLU.

2.6. Other distinctive clinicopathological subtypes of DLBCL

2.6.1. T cell histiocyte-rich large B cell lymphoma

As the name suggests this variant is characterized by the predominance of infiltrating reactive
T cells and macrophages (histiocytes). Presence of <10% cellularity, has been suggested to label
this diagnosis. This pathological subtype does not appear to affect the outcome when adjusted
for IPI. In a study of 40 patients comprising of predominantly middle-aged males, splenomeg-
aly, bone marrow involvement, and hepatomegaly were present in 60, 43, and 40%, respec-
tively [12]. The International Prognostic Index (IPI) (Table 3) was >2 in 77% of the patients.
Tumor cells were uniformly positive for CD20 and negative for CD5, CD10, CD15, and CD138.
Although these patients were relatively young, the use of combination chemotherapy, led to
complete remission in only 40%, with an overall survival of 50% at 3 years. On multivariate
analysis, only the IPI and deletions or point mutations in p53 were predictive of survival. In
another study, the 5-year overall or event-free survival between this variant and DLBCL was
not different among the IPI matched patients [13].

2.6.2. Plasmablastic lymphoma

The tumor cells in plasmablastic lymphoma have large eccentrically placed nuclei, usually with
single placed nucleoli and abundant basophilic cytoplasm. However these cells are distinct
immunophenotypically. Instead of pan B cell markers which are present in typical DLBCL (CD
20, CD 79a), these tumors comprise of late B cell and express plasma cell markers like CD 138.
MYC rearrangement is present in up to 50% of cases and 70% of these patients are Epstein-Barr
virus (EBV) positive. Some tumors in this subtype are distinct genetically and clinically. For
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example oropharyngeal plasmablastic lymphomas occur most frequently in HIV-patients and
are positive for EBV. Another rare variant of plasmablastic lymphoma is characterized by
rearrangements of the ALK tyrosine kinase gene [7].

2.6.3. Primary mediastinal large B cell lymphoma

Primary large B cell lymphoma of the mediastinum is a distinct clinicopathological entity that
arises from the thymic (medullary) B cell. It has clinical and pathologic features that differ from
DLBCL.

2.6.4. Intravascular large B cell lymphoma

This is variously known as intravascular lymphomatosis, angiotropic large cell lymphoma,
and malignant angioendotheliomatosis. It usually presents with disseminated intravascular
proliferation of large lymphoid cells involving small blood vessels without an obvious extra-
vascular tumor mass or leukemia. It commonly affects central nervous system, kidneys, lungs,
and skin, but virtually any site may be involved.

2.6.5. Diffuse large B cell lymphoma, leg type

It manifests as red or bluish (violaceous) nodules or tumors on one or both legs, usually below
the knee; 10-15% develop outside of the lower extremities. Contrary to other cutaneous B cell
lymphomas, these tumors frequently disseminate to extracutaneous sites and pursue an
aggressive course. MYD88 L265P mutations are seen in ~50% of cases.

2.6.6. Diffuse large B cell lymphoma associated with chronic inflammation

Also known as pyothorax-associated DLBCL, it usually develops in patients with a long
standing history of pyothorax; however it may also arise at other sites with chronic inflamma-
tion [14]. It is seen worldwide but is more common in Japan and China. Clinically, it is an
aggressive tumor. These tumors are almost always EBV-positive and are believed to arise from
EBV-infected post germinal center B cells. The pattern of EBV gene expression present in this
type of lymphoma (LMPI and EBNAZ2 positivity) suggests the role of local immunosuppres-
sion within the sites of chronic inflammation.

2.6.7. Lymphomatoid granulomatosis

This is also an EBV-positive large B cell lymphoma with a T cell-rich background which is
clinically and pathologically distinct from DLBCL [15]. The usual manifestations are cough
and fever (60%), rash/nodules (40%), malaise and weight loss (35%), neurological abnormali-
ties and dyspnea (30%), or chest pain (15%) [16]. Extranodal involvement is common. The
lungs are commonly affected. Other commonly involved sites include kidney, liver, brain, and
skin. Lymph nodes and splenic involvement is rare. Histologically, the infiltrates are either
angiocentric or angioinvasive. Often extensive necrosis is present with only a few atypical
large B cells in a pleomorphic background of lymphocytes, plasma cells, and histiocytes. The
large atypical B cells represent the neoplastic component and show evidence of EBV infection
with in situ hybridization. Pulmonary nodules exhibit central necrosis and cavitation.
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2.6.8. EBV-positive DLBCL, NOS

EBV-positive DLBCL, NOS is a variant of DLBCL that replaced the entity, EBV-positive DLBCL
of the elderly and was added in the 2016 WHO classification. It may affect persons of all ages
[17-21]. This is seen in patients without known immunodeficiency or prior lymphoma. It is
seen most commonly in Asian countries where it accounts for 8-10% of DLBCL among
patients without a known immunodeficiency. The majority of patients present with extranodal
disease, with or without nodal involvement. While the initial reports were in adults >50 years
old, this entity has been increasingly recognized in younger patients [17, 22].

2.6.9. EBV-positive mucocutaneous ulcer

It is considered a provisional entity in the 2016 revision of the WHO classification. This is
characterized by the presence of isolated circumscribed ulcerative lesions, typically affecting
elderly individuals [23, 24]. Its association with immunosuppression is not clear. Usually, the
oropharynx is affected but lesions may also occur in the skin or in the gastrointestinal tract.
Histologically, a polymorphous inflammatory infiltrate mixed with scattered EBV-infected B cells
is seen in the lesions, which frequently include cells resembling Hodgkin/Reed-Sternberg cells
both morphologically and immunophenotypically. This entity is distinguished from Hodgkin
lymphoma by its extranodal presentation and has a benign disease course which is characterized
by frequent spontaneous regressions and its excellent response to conservative treatment.

2.7. Molecular subtypes

As noted above, the classification of DLBCL NOS, into GCB vs. ABC subtypes is important for
the prognostication. The prognosis of GCB-type DLBCL is considered to be better than ABC-type
DLBCL. In the rituximab era the 5-year survival of GC type DLBCL is 87-92% as compared to
44% in the ABC-type DLBCL [7, 25]. Moreover, response to novel therapies may be different for
the two subtypes. The classification into GCB- vs. ABC-type is best conducted by genomic
expression profiling [26]. The DNA microarray is an effective tool to characterize the molecular
features of DLBCL and specific genes associated with response to therapy. Though microarray
GEP are gold standard for profiling of DLBCL to determine COO, they are expensive and not
readily available. Moreover, they have poor flexibility and reproducibility in evaluating low
quality RNA samples from formalin-fixed paraffin-embedded (FFPE) tissues and for high qual-
ity data, they require RNA extraction from the frozen tissues [27]. Thus their implementation in
the routine clinical practice is limited [28]. IHC-based methods are rapid, cost effective and thus
are widely used in the clinical practices. Different algorithms have been developed to improve
the accuracy. These algorithms use different combinations of antibodies to identify germinal
center or activated B cell-related proteins [4, 7, 29]. The relatively simple and most well-known
is the Hans algorithm which is based upon the application of 3 antibodies, CD10, BCL6, IRF4/
MUMI1 and has a reasonable correlation with the GEP [30]. Cases are considered positive if 30%
or more of the tumor cells are stained with an antibody (CD10, BCL6, and MUM1). The overall
concordance with gene expression array is 80%. The Choi algorithm added FOXP1 and GCET 1
to Hans algorithm and showed 93% concordance with GEP [25, 31]. A Tally classifier substituted
BCL6 for the LMO2 antibody which predicted COO better than rest of the IHC algorithms [32].
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However, it was not superior in predicting the outcome. In a study on 108 patients, it was shown
that Hans and Choi algorithms predicted OS and PFS significantly better than the Tally method
[33]. Other algorithms use combinations of other markers (Muris et al.: BCL2, CD10, MUM1
[34]), (Natkunam et al.: LMO2 [35]), (Nyman et al. 50: MUM1, CD10, GCET1, MUM1, FOXP1,
LMO?2 [36]) and have been described in detail in Figure 4.

However, the utility of IHC methodology is also limited by its poor concordance to GEP,
inferior accuracy and reproducibility and a lack of prognostic utility. IHC algorithms do not
recognize the 10-15% of tumors and are not always reproducible [37]. Lymph2Cx is a 20-gene
version of a Nanostring code set for a COO typing assay of DLBCL. This represents GEP like
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Figure 4. Immunohistochemistry algorithms for the characterization of diffuse large B-cell lymphoma on the basis of cell
of origin. (a) Hans algorithm; (b) Choi algorithm; (c) Nyman algorithm; (d) Visco-young algorithm; (e) Muris algorithm;
and (f) Tally algorithm.
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platform that can run on FFPE tissue. Twenty genes have been selected out of 93 candidate
genes [38, 39] to identify COO using this platform. In NanoString technology, digitally colored
code sets are attached to the sequence-specific probes to directly measure mRNA [28, 40]. This
technique offers highly sensitive, quantitative and reproducible results on FFPE and frozen
tissue samples. This requires a very small amount of RNA and covers a large number of genes
enabling complex genetic analysis. Studies have demonstrated strong concordance between
patient-matched frozen and FFPE materials. It showed 98% concordance for ABC/GCB and
95% in the unclassifiable cases when compared with GEP [38]. In a study on 82 patients, who
were treated with R-CHOP the concordance rate between Lymph2Cx assay and Hans algo-
rithm was 73.6%. The outcome of Lymph2Cx-defined ABC (77.1%) was significantly poor as
compared to the GCB type (96.6%). On contrary, there was no difference in the outcome of two
groups classified by the Hans algorithm [41].

3. Clinical presentation, diagnosis and staging

3.1. Clinical presentation

Patients typically present with a rapidly enlarging single or multiple masses. In case of lymph
nodes, enlargement usually involves cervical or the abdominal lymph nodes. The primary
mediastinal DLBCL presents as a mediastinal mass. Patients with early stage (I/Il) disease
often presents with extranodal involvement. These comprise of about 40% of cases [42], while
remainder 60% present with stages III/IV disease [43]. Extranodal disease is often seen in
elderly patients with poor performance status and lower disease burden [42]. In a series
published by Guillermo et al. extranodal gastrointestinal tract involvement was noted to be
the most frequent in 12% of all cases, with majority of the lesions being in stomach; other
regions included 4.5% soft tissue, 2.5% central nervous system (CNS), 2% each of liver and
bone, 1% of skin, breast, kidney, testis/ovaries, and the remainder <1% each of thyroid, bone
marrow, lung, prostate, uterus and pericardium [44]. Presenting symptoms may be related to
the rapidly enlarging mass depending upon the site of the mass; B symptoms such as fever,
night sweats, weight loss may be seen in about 30% of patients [43]. Some may present with
hypercalcemia of unknown origin with imaging work up leading to diagnosis of lymphoma.
Others may present with oncologic emergencies such as spinal cord compression, superior
vena cava syndrome, acute airway obstruction, CNS mass lesions, renal failure due to
hydronephrosis and liver failure.

3.2. Diagnosis

Diagnosis of DLBCL needs an expert hematopathologist with expertise in hematologic malig-
nancies. An incisional or excisional lymph node biopsy is recommended when possible, to
establish the diagnosis. This allows evaluation of the lymph node architectural details. Core
needle biopsy is not encouraged. FNA is not suitable for the initial diagnosis although it may
be sufficient to establish the relapse.
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3.3. Immunophenotype

It is essential for the differentiation of various subtypes of DLBCL. This is established either by
flow cytometry or IHC. Flow cytometry can be employed in determining bone marrow involve-
ment [45] when PET/CT is not readily available for staging and in determining CNS involvement
by CSF flow cytometry [46]. Immunophenotype findings are usually combined with morpho-
logic findings to arrive at a diagnosis. Tumor cells in DLBCL generally express pan B cell
antigens (CD19, CD20, CD22, and CD79a) as well as CD45. The typical immunophenotype is
CD20+, CD45+, and CD3—. The panel should include CD20, CD3, CD5, CD10, CD45, BCL2,
BCL6, Ki-67, IRF4/MUM]1, and MYC. 50-75% of tumors express surface and cytoplasmic mono-
clonal immunoglobulin (Ig). The proliferative fraction of cells is usually higher than 40% and
may occasionally be >90%. CD5 positive tumors are associated with a more aggressive disease
and a higher incidence of CNS involvement and a worse prognosis. CD10+ and BCL6+ indicates
GCB lymphoma while MUM1+ indicates ABC lymphoma. The three most common transloca-
tions noted in DLBCL include MYC, BCL2 and BCL6. MYC is an oncogene involved in patho-
genesis of aggressive lymphomas based on partner gene translocation. MYC protein is a
transcription regulator for cellular proliferation acting on metabolic and angiogenic mechanism.
Genetic translocation involving MYC are considered primary events in 5-15% of DLBCL [47]
and in around 20% on first relapse [48]. In DLBCL frequently the partner gene is BCL-2 or to a
lesser extent BCL-6 or both, in the so-called double-hit or triple-hit lymphomas. Overexpression
of MYC protein can be tested with IHC which can occur independent of translocation in 30% of
cases; however for confirmation of specific translocation FISH studies are required [49]. Both,
overexpression and translocation confer adverse outcome as documented in different studies
[50]. More information on this translocation and their effect on outcome is detailed in Sections 2.3
and 6.2.

3.4. Workup

Initial work up includes thorough physical examination with special attention to node bearing
areas and evaluation of performance status (PS) and constitutional symptoms. Appropriate
site for excisional/incisional biopsy should be earmarked as stated above. Laboratory assess-
ments include complete blood count (CBC) with differential, complete metabolic profile
(CMP), lactate dehydrogenase (LDH) and Beta-2 microglobulin. Additional tests including
uric acid and phosphorus, in patients with high tumor burden. Hepatitis B virus (HBV) testing
is also warranted as there is an increased risk of HBV reactivation in patients who may require
Rituximab. Positron emission tomography (PET)/computed tomography (CT) scan is
recommended for initial staging as upstaging can result in altered therapy. Also baseline PET/
CT is necessary to confirm the response on the post treatment PET scans. A systematic review
and meta-analysis by Adams et al. showed that sensitivity and specificity of PET/CT for
detection of bone marrow involvement ranged from 70.8 to 95.8% and from 99.0 to 100%,
respectively [51]. There were 3.1% patients who were PET negative but had bone marrow
involvement on bone marrow biopsy. On contrary 12.5% patients with negative bone marrow
biopsies had marrow involvement on PET scan and PET/CT [51]. Bone marrow biopsy is not
needed if the PET/CT is negative unless finding another concomitant lymphoma is important
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in treatment decision. Another study showed that the incidence of bone marrow involvement
was 3.6% in 192 patients with stage I and II DLBCL [52]. Echocardiogram or multigated
acquisition (MUGA) scan if required if anthracycline-based regimen is being considered. In
selected cases discussion of fertility issues and sperm banking should be considered. Consider
lumbar puncture if there is suspicion of CNS disease or if patient is at high risk of CNS
involvement such in patients with testicular lymphoma, aggressive histology, human immuno-
deficiency virus (HIV) lymphoma, double-expressor lymphoma and in patients with 4-6 factors
on the prognostic score which is discussed in the section on CNS prophylaxis. The role of various
imaging modalities has been reviewed in detail elsewhere [53].

3.5. Staging

Ann Arbor staging system was originally introduced for Hodgkin’s lymphoma and was later
adopted for NHL. Lister et al. classified patients with NHL into stages I (localized) to IV
(extensive) disease [54]. Patients are classified into A or B depending on the absence or
presence of B symptoms, respectively. B symptoms mainly include fevers, drenching night
sweats or weight loss of 10% or more within 6 months of diagnosis. DLBCL is a non-
contiguous disease while Hodgkin’s lymphoma involves contiguous sites hence the Ann
Arbor staging has limited utility in DLBCL. In 2014, the Lugano classification was proposed
(Table 1) [55]. According to this classification, patients with stage I or II disease can be grouped
and considered as having limited disease while patients with Ann Arbor stage III or IV disease
can be grouped as advanced stage disease. The suffix A and B is only reserved for Hodgkin's
lymphoma. The X for bulky disease is now replaced with the recording of the largest nodal
diameter by CT scan. Limited evidence suggests that 6-10 cm should be considered as bulky
disease in the rituximab era for DLBCL. National comprehensive cancer network (NCCN)

Stage Involvement Extranodal (E) status

Limited

I Single lymph node or a group of adjacent nodes One extranodal lesion without nodal

involvement

I Two or more lymph nodal groups on the same side of the Stage I or II by nodal involvement with limited
diaphragm contiguous extranodal extension

I II as above with “bulky” disease Not applicable

bulky'

Advanced

11 Lymph nodes on both sides of the diaphragm or lymph nodes  Not applicable
above the diaphragm with splenic involvement

v Wide spread extralymphatic involvement Not applicable

Note: Extent of disease in DLBCL is determined by PET-CT or CECT if former is not available. Tonsils, Waldeyer’s ring,
and spleen are considered nodal tissue.
IThe decision to treat stage IT bulky disease as limited or advanced disease is determined by the histology and IPI.

Table 1. Revised staging system for primary nodal lymphomas.
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considers more than or equal to 7.5 cm as bulky disease. A single nodal mass of 10 cm or
greater than third of the transthoracic diameter is the definition of bulky disease only for
Hodgkin’s lymphoma.

Staging has limited prognostic value due to the heterogeneity of the disease. To fully incorpo-
rate prognostic information several models have been developed to predict survival. The
staging should generally be used with these prognostic models for accurate information.

3.6. Role of PET/CT in management of DLBCL

In oncology, the focus of imaging modalities is drifting from morphological to functional imag-
ing and combined PET/CT is making its foray in each step of DLBCL management. Bone
marrow evaluation is a part of staging that upstages DLBCL to stage IV if positive. Focal
positivity on PET/CT scan can obviate the need for bone marrow biopsy in staging these patients.
In a study where it was compared to standard bone marrow biopsy, PET/CT showed higher
sensitivity, accuracy and negative predictive value (94, 98 and 98%, respectively, for PET/CT vs.
24, 80 and 81% for bone marrow examination) [56]. Similarly PET/CT has established its role in
response assessment (see Section 7.6). Interim PET/CT can be used as a predictive marker for
prognosis with PET response in the interim denoting better outcomes. In a study [57] negative
PET/CT after 2 cycles when compared to those who had positive scans, showed significantly
higher CR (97.3 vs. 33.3%), 3-year PFS (75.8 vs. 38.2%) and 3-year OS rates (93.5 vs. 55.6%). This
advantage was also seen in those patients whose PET/CT was negative after 4 cycles and showed
higher CR (96.9 vs. 16.2%), 3-year PFS (75.3 vs. 24.7%) and 3-year OS rate (91.6 vs. 49.4%).

4. Differential diagnosis

Includes wide range of pathologies that cause lymphadenopathy such as infectious mononu-
cleosis, Carcinoma, anaplastic large cell lymphoma, gray zone lymphoma, Burkitt's lym-
phoma, rarely pathologies that cause small blue round cells such as Ewing’s sarcoma may be
in the differential diagnosis.

5. Subtypes

Several distinct subtypes of large B cell lymphoma need to be distinguished from DLBCL, NOS
(see sec 2.6 above) [8].

1. Primary mediastinal (thymic) B cell lymphoma
2. Gray zone lymphoma.
3. T cell/histiocytes rich large B cell lymphoma.

4. DLBCL associated with chronic inflammation.
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. Primary cutaneous lymphomas, leg type.

ALK positive large B cell lymphoma.

EBV-positive DLBCL NOS.

Primary cutaneous B cell lymphomas.

© ® N o o

Primary DLBCL of the CNS.
10. Lymphomatoid granulomatosis.

11. Intravascular large B cell lymphoma.

6. Prognosis

6.1. International Prognostic Index (IPI)

Staging in DLBCL has a limited value. The original IPI was developed to identify variables that
could predict OS and PFS (Table 2). The factors included were age >60 years, elevated serum
lactate dehydrogenase (LDH), Eastern Cooperative group (ECOG) performance status >2,
clinical stage III or IV, more than 1 involved extranodal disease sites. One point was given for
each of the characteristics ranging from zero to five. Five-year survival rates worsened as the
scores increased. Five-year overall survival rates for patients with scores of zero to one, two,

Original IPI (1 point to each) Age adjusted IPI (1 point to each) NCCN IPI

Stage III or IV disease Stage III or IV disease Stage III or IV disease—1 point

Elevated serum LDH Elevated serum LDH 'LDH ratio > 1-3—1 point
LDH ratio > 3—2 points

PSof2,3,0r4 PSof2, 3, 0rd PS of 2 or more—2 points

Age greater than 60 years Age

More than 1 extranodal site

Low risk—0-1 Low risk—0
Low-intermediate risk—2 Low-intermediate risk—1
High-intermediate risk—3 High-intermediate risk —2
High risk—4 or 5 High risk—3

41-60 years—1 point
61-75 years—2 points
>75 years—3 points

Extranodal sites involving bone marrow,
CNS, liver/GI tract or lung—1 point

Low risk—0-1
Low-intermediate risk—2-3
High-intermediate risk —4-5

High risk—6 or above

'Ratio of patient’s LDH level to the labs upper limit of normal.

Table 2. Original and modified International Prognostic Index.
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three, four to five were 73, 51, 43, 26%, respectively [58] (project TIN-HsLPF). This was before
the rituximab era. The utility of IPI was reassessed in a retrospective analysis of patients with
DLBCL treated with R-CHOP in the province of British Columbia to assess the value of IPI [5].
They redistributed the IPI into revised IPI which identified 3 distinct prognostic groups of very
good (score-0), good (scores 1, 2) and poor (scores 3, 4, 5) with a 4 year OS of 94, 79 and 55%,
respectively. The NCCN incorporated detailed information about the variables in the original
IPI and the location of extranodal disease is used rather than the number of extranodal disease
as the lymphomatous involvement in major organs (bone marrow, CNS, liver/GI tract or lung)
appeared to be a stronger predictor for a worse prognosis. It stratifies patients into four risk
groups low—0-1 points, low-intermediate risk—2-3 points, high-intermediate risk—4-5
points and high risk—=>6 points with OS of 94, 72, 54, 35%, respectively. Both the R-IPI and
the NCCN-IPI predict clinical outcome with accuracy and the use of R-IPI or the NCCN-IPI
routinely to better understand the prognosis of these patients is recommended [59].

6.2. Double-/triple-hit lymphoma

Several strategies with intense regimens have been tried to mitigate this risk. Table 3 illustrates
the studies of these regimens. Additional randomized control trials are needed to evaluate the
efficacy of intense regimens. Based on these small data sets, R-CHOP is associated with inferior
outcome. Current literature indicates better outcomes when treated with DA-EPOCH-R
in this group of patients [60]. The regimen is a dose adjusted regimen combining etoposide,
prednisone, vincristine, cyclophosphamide and doxorubicin in an infusional manner targeting
prolonged drug exposure to reduce resistance and dynamic dose adjustments allowing for
highest acceptable doses.

Study Number of Treatment PFS oS
patients
Petrich et al. [44] 311 R-CHOP (32%) 10.9 months 21.9 months
Induction therapy Hyper CVAD/MA (2%) PFS (R-CHOP): 7.8 months vs. (p=0.14)
with HDSCT R-EPOCH (21%) 26.6 months (intensive regimen
R-CODOX-M/IVAC (14%) p=0.001)
Oki et al. [43] 129 R-CHOP 25% OS with R-EPOCH
R-Hyper CVAD/MA 32% vs. R-CHOP
R-EPOCH 67% (p =0.057)
Dunleavy et al. [45] 52 DA-REPOCH 79% (14 months follow up) 77%
Howlett et al. [46] 394 R-CHOP 12.1 months |
R-EPOCH 22.2 months’
R-Hyper-CVAD/MC 18.9 months
R-CODOX-M/R-IVAC 18.9 month

*p = 0.032 (significant at p <0.05).

Table 3. Intense regimen studies for MYC rearranged with/without BCL2 rearrangement.
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7. Treatment

Treatment for DLBCL includes chemo-immunotherapy with an anthracycline backbone.
Options differ for patients with limited vs. advanced disease.

7.1. Initial treatment of limited stage DLBCL

Limited stage DLBCL which is usually Ann Arbor stage I or II ( usually non-bulky stage II
which may be included in one irradiation field) accounts for 30-40% of patients with DLBCL.
Combined modality therapy is considered the standard of care for these patients. This was
initially established by a large randomized SWOG 8736 trial which was conducted in the pre-
rituximab era. The trial compared 3 cycles of CHOP plus RT (radiotherapy) vs. 8 cycles of
CHOP alone in localized stage IE, non-bulky stage IIE aggressive lymphoma. The PFS for
patients receiving CHOP plus RT and for patients receiving CHOP alone were 77 and 64%,
p = 0.03, respectively. The 5 year OS for patients receiving CHOP plus RT vs. CHOP alone were
82 and 72%, p = 0.02, respectively [61]. However, further follow up showed that the advantage
negated. Patients with RT had more late relapses while patients with CHOP alone had
increased toxicity. Addition of rituximab to combination chemo showed improved responses
in patients with early stage disease. In a multicenter randomized clinical trial, MInT, which
comprised of atleast 2/3rd early stage patients, 3-year event-free survival (EFS) in R-Chemo
arm (79% [95% CI 75-83]) was higher as compared to chemo alone arm (59% [54-64]) and 3-
year overall survival (OS) in R-chemo arm was also higher than the chemo alone arm (93 vs.
84%) [62]. The SWOG 50014 study [63] was a phase II study where patients with limited stage
disease and at least 1 adverse feature, based on stage modified-IPI were given rituximab with 3
cycles of CHOP followed by involved field radiation therapy (IFRT). The study showed 2-year
PFES of 93% and 4 years PFS of 88%. OS was 95% at 2 years and 93% at 4 years. These results
were better than SWOG 8736 trial where CHOP+ RT without rituximab was given. R-CHOP x
3 followed by RT remains the standard of care for patients with limited stage non-bulky
disease while R-CHOP x 6 cycles with or without RT remains the standard for patients with
limited stage bulky disease (NCCN guidelines).

7.2. Initial treatment of advanced stage DLBCL

60-70% of patients present with advanced disease. R-CHOP every 21 days is the standard of
care for this group of patients. About 60% of patients are cured with this approach. The
beginnings of modern chemotherapy dates back to the use of nitrogen mustard with remark-
able tumor response in a patient at Yale in 1942. The initial use of Adriamycin containing drug
combinations (CHOP) was reported in 1979 by Miller et al. in 45 patients with localized NHL
[61]. In Phase III trials, a complete remission (CR) rate was 53% and the survival rate was 30%
after 12 years of follow up [64]. Several intense regimens such as m-BACOD; proMACe-
CytaBOM and MACQOP-B were investigated to improve on the results of CHOP. SWOG and
ECOG did a prospective randomized phase III trial to compare these with CHOP and found
no difference between these regimens but higher toxicity with the intense regimens [65]. It
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remained the standard of care for two decades until the introduction of first monoclonal
antibody Rituximab which improved the OS by 10-15%. In the landmark GELA trial, 399
DLBCL patients 60-80 years old were randomly assigned to receive either 8 cycles of CHOP
every 3 weeks vs. 8 cycles of CHOP plus rituximab every 3 weeks. There was an improvement
in all endpoints including complete response rate, event-free and overall survival without
significant increase in toxicity. R-CHOP became the standard of care [66]. (Table 4). Recent
follow up of the study reported 10 year OS of 43.5%. The Mabthera International trial (MInT)
studied R-CHOP for 6 cycles vs. CHOP for 6 cycles in young patients 18-60 years who had IPI
score of 0 or 1, advanced disease or stage I bulky disease. The EFS was 79 vs. 58% and OS of 93
vs. 84% which established 6 cycles of R-CHOP as the standard of care in advanced stage
disease. Eight cycles of R-CHOP 21 has not been compared with 6 cycles of R-CHOP 21, 6
cycles is recommended in most patients (NCCN guidelines).

An attempt to intensify R-CHOP-21 by giving it every 14 days in a dose dense manner has
been tried in several trials. The first trial by Cunningham et al. assigned 1080 patients to R-
CHOP 21 x 8 or R-CHOP 14 x 6 along with two more infusions of rituximab along with G-
CSF support. There was no significant improvement in OS and PFES [67]. Another study,
LNHO03-6B also showed no difference in EFS in elderly patients treated with R-CHOP-14. R-
CHOP-21 has thus remained the standard of care.

Maintenance Rituximab has shown some benefit in some subtypes of lymphoma. This was
tested in ECOG intergroup 4494 study comparing CHOP vs. R-CHOP in elderly patients.
Patient who had a CR had a second randomization to maintenance rituximab every 6 months
for 2 years vs. no maintenance. There was no difference in OS or PFS. The maintenance was
only useful in patients who did not receive it during induction. Based on these results, there is
no role for maintenance Rituximab in DLBCL therapy [68].

7.3. Role of transplant

High-dose therapy with autologous stem cell rescue (HDT/ASCR) has shown significant
improvement in OS and PFS in pre-rituximab era [69, 70]. However in the era of chemo-
immunotherapy with addition of rituximab to chemotherapy, the indication for HDT/ASCR
has significantly become limited with many studies showing no statistical significant advan-
tage of proceeding to transplant in first remission except may be in patients with high risk
score [71, 72].

7.4. Treatment in the elderly

Conventionally, very elderly patients are not considered candidates for aggressive therapy for
various reasons. This population is not represented well in the clinical trials that form the basis
for standard treatment. To address this issue GELA study group undertook a phase II study
where 149 patients age 80 years and above were administered reduced dose CHOP with
conventional dose rituximab (so-called R-mini-CHOP). The extended follow up from this
study revealed 4-year OS and PFS rates of 49 and 41% with neutropenia being most frequent
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Initial evaluation

History

Physical examination

Diagnosis

Staging

Bulky disease

Splenic involvement-

Hepatic involvement

Bone marrow
involvement

Response assessment

Demographics including age and gender

Clinical including fever (>38.3°C or 101°F), night sweats, significant weight loss (>10% in

6 months) of unknown etiology and swelling.

Assessment of comorbidities which could affect the lymphoma management and outcome.

Specifically assessment of nodal regions and size of spleen and liver. CT imaging is more
accurate for organomegaly.

FNAC is inadequate for initial diagnosis. Incisional and excisional biopsy is the standard if
feasible core needle biopsy is acceptable if excisional biopsy cannot be done.

Morphology, IHC and flow cytometry in most of the cases and molecular studies in selected
cases.

Additional tissue or cell suspension should be preserved for future research.

PET-CT is the preferred imaging modality over CT scan wherever available. Chest X-ray is
not required.

CECT should be included in selected cases for more precise measurement of lymph nodes,
to distinguish bowel from lymph nodes, in cases with compression or thrombosis of medi-
astinal or central vessels and for planning of radiation.

If CT is used for imaging, up to 6 of the largest lymph node masses or other lesions should
be measured (largest diameter LDi] and smallest diameter) as marker of disease burden. It
should include mediastinal and retroperitoneal regions, if affected. Significant lesions are
lymph node with LDi > 1.5 cm and extranodal masses with LDi >1 cm

Instead of classical, modified Ann Arbor staging is used in which bulky stage Il is a separate
stage.

Exact size for bulky tumor is not clear for DLBCL. 6-10 cm is reported as bulky in various
studies in the rituximab era.

The exact cut off is affected by ethnicity, body size and height. No consensus. More than 10—
12 cm has been used in various studies. Current recommendations are >13 cm.

Normal size does not rule out lymphomatous involvement. PET-CT is the best modality
which could show homogenous splenomegaly, diffuse infiltration, miliary lesions, nodular
or solitary mass.

Size is not a reliable marker of lymphomatous involvement. Presence of focal or diffuse
uptake, with/without focal or disseminated nodules support involvement.

Routine bone marrow biopsy is not required in DLBCL.

Involvement of BM on DLBCL is sufficient to label advanced stage disease. In patients with
negative PET

CT, BM may be required to r/o simultaneous presence of other histologies or when malig-
nant transformation is suspected.

Should be done with PET-CT wherever available.

5-point scale should be used both for interim analysis (for early treatment response) and end
of treatment assessment (to establish the remission).

Score of 1 (no uptake) and 2 (uptake < mediastinum) = complete metabolic response at
interim or end of treatment

Score of 3 (uptake > mediastinum but < liver) = good response in real practice but in clinical
trials should be considered as inadequate response.

Score of 4 (uptake moderately > liver) and 5 (uptake markedly > liver) = in interim analysis,
if uptake is decreased from baseline, is considered as chemosensitive disease. However, if it
persists till end of treatment, it is considered as treatment failure. New foci of lymphoma at
any time is also considered treatment failure.
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®  In Waldeyer’s ring uptake may be more than mediastinum with complete response but
should not be higher than the uptake in surrounding normal tissues.

Follow up evaluation

®  Every 3 months for first 2 years, then every 6 months for 3 years followed by annually
afterwards.

. Physical assessment and lab investigations including CBC, metabolic panel and LDH
should be checked.

®  No role of imaging and it should be discouraged.

Table 4. Summary of updated recommendations for the initial evaluation, staging, response assessment and follow up
evaluation of patients with DLBCL as suggested in Lugano classification.

high grade toxicity [73]. Comprehensive geriatric assessment may help in identifying patients
suitable for chemotherapy [74].

7.5. Supportive care

Supportive care is imperative to mitigate the toxic effects of the chemotherapy. Care must be
taken during initial cycles of chemotherapy and patients should have prophylactic allopurinol
to prevent tumor lysis syndrome with highly effective regimens used currently. Patients
should be screened for and appropriately treated for underlying hepatitis B infection if
rituximab use is contemplated [75].

7.6. Assessment of therapeutic response

Assessment of response to therapy is accomplished by PET scans. Interim PET scans after
2 cycles may have prognostic significance. In a study 2-year PFS and OS were shown to be
significantly better for the patients with PET negative disease after 2 cycles of therapy than
those with positive scans [69]. Interpretation of PET scans should be done according to 5-point
scoring system —Deauville criteria [76]. As per Deauville criteria score of 1, 2 or 3 with or
without residual mass is considered a complete response, while a score of 4 or 5 with reduced
uptake from baseline, represents responding disease when PET-CT is performed in the interim
or residual disease if the PET-CT is performed at the end of the treatment. A score of 4 or 5 with
no significant change in FDG uptake from baseline at interim or end of treatment is regarded
as no response or stable disease. New lesions or a score of 4 and 5 with increase in intensity of
uptake from baseline at interim or end of treatment, signify disease progression [77]. There is
not enough evidence that this can be used to change the therapy when performed in the
interim. Re-biopsy should be performed if contemplating change of therapy due to positive
scans, since false positive scans may be encountered [78]. Additional imaging with MRI or
biopsy is also recommended when bone marrow only findings are evident on PET-CT.

7.7. Surveillance and follow up

Routine imaging in patients after complete remission (CR) without any symptoms can safely be
deterred, in a study by Guppy et al. only 6% relapses were noted in asymptomatic patients as
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against 86% in those who had symptoms [79]. However, imaging can also pick up changes early
on when disease recurs. Although imaging can diagnose recurrence earlier, it has not been
shown to alter the outcomes. The current work up and follow up recommendations for DLBCL
are summarized in Table 4.

7.8. CNS prophylaxis

The rate of secondary CNS involvement is 3-5% but it is much higher with certain risk
factors. Risk factors for CNS involvement include [80] elevated LDH, >1 extranodal site,
involvement of testis, renal, breast, epidural space or adrenal gland, high CNS-IPI or
MYC + BCL2/BCL6 gene rearrangement. Patients with 3 or more of these risk factors have
a risk of CNS recurrence of as high as 25%. Prognosis is very poor with CNS recurrence
and death is inevitable with median overall survival of 2-5 months. Hence patients at
high risk of CNS recurrence should be considered for intrathecal chemotherapy with
methotrexate or ara-C or high-dose IV methotrexate with leucovorin rescue. The intrathe-
cal chemotherapy can be incorporated once in each cycle; alternatively, IV high-dose
methotrexate can be given on Day 15 of 21-day R-CHOP. CNS prophylaxis has been
reviewed elsewhere in detail [81].

8. Therapy of relapsed refractory DLBCL

Patients with relapsed/refractory disease have traditionally been treated with HDT/ASCR as
per PARMA trial in the pre-rituximab era [82]. However, many chemotherapy regimen com-
binations with rituximab have since been shown to be active. For instance, R-ICE (rituximab,
ifosfamide, carboplatin and etoposide) when given in out-patient setting has shown ORR of
71% with an estimated 1-year EFS rate and OS rate of 60 and 72%, respectively [83]. More
recently lenalidomide monotherapy in a phase II trial in patients not eligible for transplant,
showed improvement in RR, PFS and OS in non-GCB subtype DLBCL [84]. Brentuximab
vedotin, a CD30-directed antibody-drug conjugate has shown ORR of 44% (CR17%) in a
planned subset analysis in a phase II study [85]. Bruton's tyrosine kinase (BTK) inhibitor
ibrutinib is proposed to be active in DLBCL and is being tried in combination with R-ICE in
relapsed patients [86] (clinical trials.gov-NCT02955628).

8.1. Novel therapies and future directions

Many novel targeted agents are under trial and have been reviewed elsewhere [5]. A brief
description of novel immune and cellular therapies has been presented below and in
Table 5. Some novel therapeutic strategies being tested in double-hit lymphoma include
the BCL2 inhibitor, PI3K inhibitor and mTOR inhibitor. The INKa/ARF deletion cause
genomic instability. Constitutive activation of NFkB is being targeted in several trials of
proteasome inhibitors, immunomodulatory agents, and B cell receptor signaling pathway
inhibitors.
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Drug MOA (target) Eligibility (and design) Phase Subjects (N) Results
Chemotherapeutic agents
Pixantrone [95] Aza- Ist line CHOP-R vs. I N =124 ORR 82% for the CPOP-R
anthracenedione CPOP-R arm vs. 90% for the CHOP-
R arm, and median PFS
not reached in the CPOP-R
arm and was 40 months in
the CHOP-R arm; median
OS not reached in either
arm. OS inferior for
CPOP-R (hazard ratio 2.37,
p = 0.029), with more
deaths occurring in the
CPOP-R arm (30% vs. 14%)
Liposomal Chemotherapy Refractory/relapsed I N =60 ORR: 95%; (CR/CRu:
vincristine [96] 92%, PR: 3%) 5 years OS
87% and PFS 81%
Monoclonal antibodies
Obintuzumab Anti-CD 20 Refractory/relapsed I N=6 CR 100%; neutropenia
Plus (grade 3: 50%, grade 4:
Lenalidomide 33%), thrombocytopenia
plus CHOP [97] (grade 3: 17%), and Rash
(grade 2: 17%).
Veltuzumab Anti-CD20 plus Heavily pretreated NHL 1T N=7 PD in all DLBCL: 100%
plus anti-CD74
Milatuzumab
[98]
Blinatumomab  Single chain Refractory/relapsed I N =25 stepwise (9- ORR 43%, CR 19%. Three
[99] bispecific T cell 28-112 pg/d with  patients had late CR in
engaging antibody weekly dose follow up without other
anti-CD19 and increases; n=23)  treatment
anti-CD3 mAb or flat (112 pg/d;

Antibody drugs conjugates

1-131 Anti-CD20 radio-
tositumomab immunotherapy
[100]

Previously untreated
DLBCL (with R-CHOP)

Consolidation therapy  1I
after first line R-CHOP

n=2)

15

71

CR rate increased from
60% post-CHOP to 80%
post TST/I-131 TST. At
120.0 months, median
DOR was 58.4 months.
PFS and time to
treatment failure were
63.0 months. OS was not
reached. Grade 3/4
hematologic adverse
events were decreased
absolute neutrophil
count (47%), white blood
cell count (40%), platelet
count (27%), and
hemoglobin (20%)

2 year event-free survival
was 75%; grade 3—4
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Drug MOA (target) Eligibility (and design) Phase Subjects (N) Results
0y- Radiolabeled in DLBCL in untreated thrombocytopenia in
epratuzumab humanized anti- patients aged 60— 84% and neutropenia in
tetraxetan [101] CD22 mAb 80 years 79%
Brentuximab Antitubulin Refractory/relapsed 1I 49 DLBCL ORR 49% for DLBCL,
vedotin (SGN-  monomethyl including 17% CR with a
35) [102] auristatin E DOR of 16.6 months
(MMAE) anti-
CD30 mAb
conjugate
Immunomodulatory agents
Lenalidomide Immunomodulator Lenalidomide as I 650 At 39 months median
[103] maintenance therapy vs. PFS was not reached for
placebo in elderly lenalidomide
patients with DLBCL maintenance vs.
who achieved a 58.9 months for placebo.
complete response (CR) At 52 months OS was
or partial response (PR) similar between the two
to R-CHOP induction arms. Most common
grade 3 or 4 adverse
events associated with
lenalidomide vs. placebo
maintenance were
neutropenia (56 vs. 22%)
and cutaneous reactions
(5 vs. 1%), respectively
Targeted therapies
Bortezomib Proteasome Previously untreated I 206 PFS 25% with R-CHOP
[104] inhibitor non-GCB DLBCL (R- and 18% with VR-CHOP.
CHOP vs. VR-CHOP) 2-year PFS rates were
77.6% with R-CHOP and
82.0% with VR-CHOP;
ORR with R-CHOP and
VR-CHOP was 98% and
96%, respectively. 2-year
OS was 88.4 and 93.0%
Panobinostat Deacetylase Refractory/relapsed I 40 28% response. DOR
[105] inhibitor 14.5 months. MEF2B
positive were
significantly associated
with response
Immune checkpoint inhibitors
Ipilimumab CTLA-4 inhibitor ~ Refractory/relapsed I 18 2 patients had clinical
[106] responses, 1 CR at 31+
months
Nivolumab [93] PD-1 inhibitor Refractory/relapsed I 11 ORRs 36% (CR, 18%; PR,
18%)
Pembrolizumab  PD-L1 inhibitor PMBCL Ib 19 ORR 41% (12% CR and

[107]

29% PR). 35% SD. DOR
not reached
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Drug MOA (target) Eligibility (and design) Phase Subjects (N) Results

Kinase inhibitors

Fostamatinib Spleen oral Refractory/relapsed I 68 The most common
[108] tyrosine kinase treatment-related
(Syk) inhibitor adverse events of all

patients were diarrhea
(21% total, 6% grade 3/4),
nausea (19% total, 3%
grade 3/4), and, fatigue
(18% total, 9% grade 3/4).
The ORR rate was 3%
across both arms and
clinical benefit (>stable
disease) was achieved for
13% of all patients

Enzastaurin Protein kinase beta For maintenance among III 758 At 48 months, DFS
[109] inhibitor high risk patients after hazard ratio for
CR to first line therapy Enzastaurin vs. placebo
was 70 vs. 71%,
respectively

Table 5. Novel therapies undergoing clinical trials for the treatment of DLBCL.

8.2. CAR T cells

Chimeric antigen receptor (CAR) confers antigen specificity to T cells for antigens expressed by
lymphoma cells in a non-MHC restricted fashion. The typical CAR T cell in clinical practice has
an antigen binding pocket or single chain variable fragment (scFv) derived from an immuno-
globulin molecule and a spacer or a hinge region and a range of different co-stimulatory
molecules (CD 28, OX 40, 4-1BB). CD19 is expressed during all stages of B cell differentiation
and is absent in any other cell types. Kochenderfer et al. reported the initial results on 15
patients with advanced B cell malignancies of which 8 achieved complete remissions (CR), 4
achieved partial remissions (PR) [87]. Some of the patients had a durable response. This led to
the single arm, phase II JULIET study of CTL09 in adult patients with relapsed or refractory
DLBCL. The overall response rate (ORR) was 45 with 37% achieved a complete response, and
80% achieving a partial response (PR), respectively [88]. This overall response rate was impres-
sive in this heavily pretreated population. 57% of all treated patients experienced cytokine
release syndrome (CRS) and 26% experienced grade 3, 4 CRS. The CAR T cell therapy received
FDA breakthrough designation for treatment for relapsed refractory lymphoma in the United
States based on the interim results of the JULIET trial. United States FDA finally approved
axicabtagene ciloleucel for DLBCL following 2 prior therapies based on phase II Zuma-1 study
[89] that showed 82% ORR and 54% CR rate. Development of the CAR T cells takes time
and that becomes a limitation of this therapy in patients with rapidly progressive disease.
Also cytokine release syndrome (CRS) and neurotoxicity (grade 3 or more CRS in Zuma-1 in
13% and neurotoxicity in 28% patients) can be life threatening and requires considerable
expertise and critical care support which may be a limitation to the wide use of CAR T cells in
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the community hospital setting [90]. The use of humanized anti IL-6 receptor antibody
tocilizumab have been successfully used to manage these toxicities. Pretreating these patients
with lymphotoxic agents such as cyclophosphamide or fludarabine is helpful for the survival
of the infused T cells. Targeting of normal B cells results in B cell aplasia which may require
intermittent infusion of immunoglobulin as prophylaxis from infectious complications.
Upregulation of PD-1 expression has been shown among responders to CD19 CAR T cells.
This may be vital in developing further strategies including combination therapies [91].

8.3. Immune checkpoint inhibitors

Checkpoint proteins such as PD-1 on T cells and PD-L1 on tumor cells help keep immune
responses in check. The binding of PD-L1 to PD 1 keeps T cells from killing tumor cells in the
body. Blocking the binding of PD-L1 to PD-1 with an immune checkpoint inhibitor allows T cell
to kill tumor cells. PD L-1 expression has been variable in different subsets of lymphomas. PD-L1
expression in follicular lymphomas is seen but the role in DLBCL is not that clear [92]. Lesokhin
etal. did a phase 1b study of Nivolumab every 2 weeks in patients with relapsed refractory B cell,
T cell, Multiple myeloma patients. 11 patients had DLBCL. ORR were 36% in the DLBCL patients
[93]. Genetic alterations in 9p24.1 are known to upregulate PD-L1 and PD-L2 expression. This is
seen in Hodgkin’s lymphoma and also in patients with primary mediastinal B cell lymphoma.
This was studied in a phase 1b trial of pembrolizumab in relapsed refractory primary mediasti-
nal B cell lymphoma. ORR of 41% was seen among the 18 patients enrolled with 35% of patients
had stable disease [94]. Patients with EBV-associated DLBCL and T cell rich B cell lymphomas
express high levels of PD-L1 and warrant further studies with checkpoint inhibitors.
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Abstract

Liquid biopsies represent an innovative methodology for cancer diagnostics and disease
monitoring. The analysis of circulating cell-free nucleic acids (CFNA) and circulating
tumour cells (CTC) are rapidly being adopted for quantitative and qualitative charac-
terisation of the tumour genome and as a mode of non-invasive therapeutic monitor-
ing. Circulating cell-free DNA (cfDNA) and CTC are representative of the underlying
mutational profile of a cancer whereas the evaluation of extracellular RNA (exRNA) can
be utilised as a prognostic biomarker thus providing critical biological information both
at the time of diagnosis and during disease evolution. In this chapter, we will review the
emerging utility of CFNA and CTC as biomarkers of prognosis and for both mutational
characterisation and monitoring disease progression, and how these have the potential
to provide additional information as an adjunct to bone marrow biopsies and conven-
tional disease markers in multiple myeloma (MM). Emerging data suggest that liquid
biopsies might offer a potentially simple, non-invasive, repeatable analysis that can aid
in diagnosis, prognostication and therapeutic decision making in MM, with particular
applicability in subsets of patients where conventional markers of disease burden may
be less informative.

Keywords: cell-free nucleic acids, multiple myeloma, liquid biopsy, circulating tumour
cells, non-invasive, diagnostics, disease burden

1. Introduction

1.1. Multiple myeloma

Multiple Myeloma (MM) is a multi-focal genetically heterogeneous clonal plasma cell (PC)
malignancy that at diagnosis is present at multiple intra-medullary sites within the bone mar-
row (BM, Figure 1). It is the second most common haematological malignancy after lym-
phomas [1]. MM is preceded by a usually unrecognised asymptomatic clonal PC disorder
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exclusively confined to the BM called monoclonal gammopathy of undetermined significance
(MGUS) [2, 3]. During disease progression the PCs evolve the capacity to grow independently
of the BM milieu and thus proliferate outside of the BM, manifesting as extramedullary (EM)
MM and/or plasma cell leukaemia (PCL), with published observations showing that PCL rep-
resents a more genetically abnormal sub-clone that evolves from the original intra-medullary
PC population [4]. The incidence of EM soft-tissue plasmacytomas in newly diagnosed (ND)
patients ranges from 7 to 18% with an incidence of almost 20% at the time of relapse [5, 6]. The
diagnosis and monitoring of MM relies on sequential BM biopsies and the quantitation of bio-
markers of disease burden in the blood and/or urine - clonal immunoglobulin (paraprotein,
PP) and/or isotype restricted free-light chains (Serum Free light chains, SFLC or Bence Jones
Proteinuria) and in 15-20% of patients the MM cells secrete only SFLC, so called light chain
MM [7]. Notably, the routine biomarkers of tumour burden are not informative in subsets
of patients with oligo-secretory (OS)-MM or non-secretory (NS)-MM, which are subsets of
MM that have low or no measureable levels of PP (<10 g/L) and/or SFLC (<100 mg/L), respec-
tively, and constitute about 10% of MM patients at diagnosis (Australian National Myeloma
and Related Diseases Registry, [8]). Moreover, patients with secretory MM at the time of
initial diagnosis can transform to NS-MM or OS-MM at the time of relapse and patients
with advanced disease are significantly more likely to have OS-MM disease compared to
ND patients [8]. These low or immeasurable levels of PP prevent a patient’s disease from
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Figure 1. Multiple myeloma (MM) is a multi-focal malignancy manifesting at several sites black within the BM at
diagnosis and in EM tissues in more advanced stages. (A) A PET image of a patient with MM is shown here, demonstrating
disease foci at multiple sites (shown in the circles) with the potential that the tumour genome at these individual sites
may demonstrate clonal heterogeneity. (B) Representation of the potential changes in clonal and sub-clonal fractions
(represented in the different sized circles) are shown with the increasing spatial heterogeneity thought to be present during
disease progression. Primary translocations of the IgH gene locus and chromosomal aneuploidies occur during MGUS
and chromosomal abnormalities along with primary and secondary driver mutations emerge during MM progression.
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being monitored using traditional blood and urine tests and as such OS-MM and NS-MM
patients are typically ineligible to participate in clinical trials of newer anti-MM therapeutics.
Conventionally, therefore, treatment response in these patients is determined via sequential
BM biopsies, where available, and whole-body PET/CT or MRI represent the only accepted
non-invasive modality for following response in NS-MM. Therefore, despite well-established
diagnostic and monitoring modalities, there remains a critical need to address specific subsets
of patients where these conventional markers are inadequate.

The treatment of MM has witnessed significant progress with the introduction of proteasome
inhibitors (PI) and immunomodulatory agents (IMID), however, the disease remains incur-
able. MM cells acquire resistance to systemic therapies through the accumulation of mutations
that are often not present during the initial stages of the disease [9] with this genetic evolution
providing the more resistant clones with a growth and survival advantage (Figure 1, [10]).
Mutational characterisation of MM utilising whole genome sequencing (WGS) or whole exome
sequencing (WES) of single-site BM biopsies predominantly of ND patients have indicated that
the MM mutational spectrum is both complex and heterogeneous with recurring mutations
in KRAS, NRAS, TP53, BRAF, IRF4, MAX, ATM, ATR, CCND1, CYLD, DIS3, BRAF, FGFR3,
RB1, HIST1H1E, EGR1, TRAG3, FAM46C and LTB [11-14]. The MM mutational landscape is
dominated by RAS-MAPK pathway mutations (45-50%) and while these mutations can be
targeted therapeutically, the biological implication of the presence of these mutations remains
controversial. Chng W] and co-authors observed that the presence of KRAS mutations, but
not NRAS mutations, was associated with inferior overall survival (OS) and a more aggressive
disease phenotype [15]. However, it has been recently demonstrated that NRAS mutations
may confer reduced sensitivity to bortezomib but not dexamethasone, while the presence of
KRAS mutations does not appear to correlate with drug sensitivity [16]. Conversely, more
recent studies have concluded that harbouring RAS mutations has no significant impact on
disease outcome [13, 14]. In contrast, available data suggests that the presence of mutations
involving the DNA damage response genes (TP53, ATM and ATR) is associated with a nega-
tive impact on survival [14]. Recently, mutational analysis of PCs from 33 MGUS patients indi-
cated that while the number of somatic mutations was significantly lower when compared to
MM the spectrum of mutations mirrored that of MM with KRAS, NRAS, DIS3, HISTIHIE,
EGR1 and LTB mutations being observed [17]. Importantly, mutations in the DNA damage
response genes were not found, indicating that these are secondary drivers accounting for dis-
ease progression and drug resistance. Notably, one patient harboured both KRAS and NRAS
mutations highlighting that diversification and heterogeneity in this pathway may exist before
the development of symptomatic MM [17]. To date the mutational characterisation of MM
has utilised single-site BM biopsies, however, it is now increasingly recognised that such an
approach may fail to capture the spatial and temporal genetic heterogeneity of this multi-focal
disease, self-evidently with EM MM, but also, based on emerging data, in patients with “typical
MM’ manifesting intra-clonal heterogeneity [11, 18-20]. Moreover, both spatial and temporal
genetic heterogeneity are now recognised as adding to the genetic complexity of the disease
as it evolves [21]. This is exemplified by recent observations from comparisons of BM and tar-
geted biopsies of EM disease that sub-clones absent from the BM may be present at EM sites
and critically, that these disease foci may respond differentially to treatment (Figure 2, [9, 22]).
Therefore, despite the pivotal BM-based studies that currently inform our understanding of
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Figure 2. Different sites in a MM patient may respond differentially to treatment. PET image of a MM patient receiving
thalidomide therapy taken 2 months apart showing regression of disease at one site (pelvis), while tumour growth is
observed at another site (humerus).

the mutational spectrum in MM, the evident shortcomings of these approaches necessitates
the adoption of newer and more novel strategies to enable the more comprehensive genomic
characterisation of the disease.

1.2. Liquid biopsy

The utilisation of liquid biopsies continues to generate significant attention as it represents a
platform that has the potential to provide rapidly evaluable and non-invasive, genomic char-
acterisation of a patient’s cancer. In simple terms, liquid biopsy refers to analyses that utilise
blood or bodily fluids that contain circulating tumour cells (CTC) and/or fragments of nucleic
acids or proteins that are derived from primary and/or secondary tumour sites. This material
can then be interrogated to provide comprehensive information about the tumour genome
and other biological characteristics of the disease. Moreover, liquid biopsies can be used to
monitor the effects of therapy and may provide early evidence of recurrence or relapse of
disease enabling early and informed changes in disease treatment. In this section, the two
most widely studied types of liquid biopsy sources, CTC and cell-free nucleic acids (CFNA),
will be discussed.
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1.2.1. Circulating tumour cells (CTC)

CTC are intact tumour cells that disengage from tumour sites thus entering the circulation
and are a recognised feature of metastatic cancers [23-25]. Historically, CTC were considered
to be present only in a sub-set of ND, untreated or end-stage MM patients. Now with the
advent of highly sensitive next-generation (NG) flow cytometry techniques the detection of
CTC in pre-malignant MGUS and at different stages in MM has become feasible [26-28] and
CTC can be detected in the peripheral blood of a substantial proportion of MM patients evalu-
ated in this fashion [29, 30]. Importantly, the numbers of CTC in the peripheral blood in MM
patients with active disease is known to be significantly higher than in patients with inactive
disease, with higher numbers of CTC being a risk factor for progression to symptomatic MM
for patients with either MGUS or smouldering MM (SMM) [29-33]. The number of CTC in
ND and RR patients is also known to be an independent prognostic factor for survival [34-37].
Finally, the absolute numbers of CTC was found in one study to be a better predictor of dis-
ease activity than SFLC ratios [30].

1.2.2. Circulating cell-free nucleic acids (CFNA)

CENA, refers to cfDNA and extracellular RNA (exRNA - includes mRNA and miRNA), and are
being widely assessed in an ongoing fashion for their potential utility as blood biomarkers for
cancer diagnostics. CFNA are derived predominantly through necrosis, spontaneous or che-
motherapy induced apoptosis and active cellular release [38, 39]. Given that CFNA is also pres-
ent at higher levels in certain physiological conditions and clinical scenarios (reviewed in [40]),
it is critical to determine if the nucleic acids released are tumour-specific in cancer patients. In
this section the different types of CFNA and their potential clinical utility will be discussed.

1.2.3. Cell-free DNA

The presence of CENA in body fluids was first described by Mandel and Metais in 1948 [41].
One of the earliest observations in relation to cfDNA was that patients with malignant disease
had higher levels of cfDNA in their serum than normal individuals, and that patients with per-
sistently high levels of cfDNA demonstrated a lack of treatment response [42—44]. Mutated RAS
fragments and microsatellite alterations in cfDNA were later observed in cancer patients and
critically these alterations were not detected in paired tissue biopsies, highlighting the concept,
very early-on, that isolated tissue biopsies may not represent the optimal material for defining
the tumour genome [45, 46]. The development and utilisation of NGS technologies, WGS and/
or WES of ¢fDNA containing tumour-derived DNA has identified mutations, tumour-derived
chromosomal aberrations and gene rearrangements associated with acquired resistance to
therapy without the need to perform sequential tumour biopsies [47-51]. Furthermore, it is
evident that secondary mutations are more readily detectable in the plasma than via re-biopsy
of primary tumours validating the utility of plasma-based analysis for the characterisation
of potentially targetable oncogenes and the identification of resistance-associated mutations
that are acquired during disease progression, thus informing therapeutic changes [48, 52, 53].
Available evidence would also suggest that cfDNA may be more representative of the entire
tumour genome than the information derived from single BM or nodal/tumour biopsies, as
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emerging evidence supports the notion that a range of haematologic malignancies including
MM are likely to harbour significant sub-clonal and spatial genetic heterogeneity. In MM, lev-
els of cfDNA are significantly higher than in both normal volunteers and non-MM cancers [54,
55] and the potential utility of cfDNA in MM will be discussed below.

1.2.4. Extracellular RNA (mRNA and miRNA)

The presence of extracellular RNA (exRNA) in plasma/serum was also described some
decades ago [41, 56, 57] with significantly higher levels in cancer patients compared to healthy
individuals [58]. Additionally, tumour burden was shown to correlated with the level of cir-
culating mRNA [59]. The exRNA released into the circulation is surprisingly stable owing to
its protection from RNAse-mediated degradation through packaging into exosomes, which
are shed into the blood stream [60-64]. Biomarker studies measuring cancer-specific circulat-
ing mRNA have identified higher level of mRNA and correlation with disease status in a
number of malignancies including nasopharyngeal carcinoma [65], prostate [66, 67], gastroin-
testinal [68-72], breast [73-76], hepatocellular carcinoma [77], lung [78, 79], cervical [80], lym-
phoma [81] and thyroid [82]. These findings highlight the potential utility of exRNA in cancer
diagnostics, and while promising, it will be critical to assess exRNA in larger and annotated
sample sets to establish specific circulating mRNAs as reliable non-invasive biomarkers.

Similarly, extracellular miRNA are found in virtually all fluid compartments of the body
including blood where they can circulate bound to proteins, high-density lipoproteins or
apoptotic bodies, or within exosomes, thus providing stability against RNases (reviewed
in [83]). The levels of circulating miRNA have been described in a number of cancers with
one of the earliest reports being in diffuse large B-cell lymphoma (DLBCL) demonstrating a
correlation between the level of specific miRNAs and prognosis [84]. Subsequently, several
publications of circulating miRNA in malignancy have demonstrated increased miRNA in
cancer patients when compared to healthy individuals and a decrease in levels following
tumour debulking surgery (reviewed in [85-87]). Circulating miRNA expression profiles are
also known to have signatures correlative to disease stage, diagnosis and relapse [88-91]. The
origin of circulating RNA subtypes is, however, not as well understood as for cfDNA, as these
can potentially be sourced from tumour cells, the supporting micro-environment or immune
cells [92]. While mRNA has not been assessed in MM, there are a number of studies of miRNA
and the prognostic utility of these will be discussed in the next section.

2. Biological and clinical implications of liquid biopsy analysis in MM

Liquid biopsy is gaining momentum in MM due to the inherent nature of the disease and the
obvious limitations associated with BM biopsy. A summary of the potential utility of CTC and
CFNA evaluation are presented in this section (Figure 3).

2.1. Determining the tumour genome composition

Given the clonal genomic heterogeneity that exists within MM, particularly with disease
progression, it is theoretically necessary to perform repeated BM biopsies to track tumour
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Figure 3. Currently in MM, BM-derived tumour cells are utilised for mutational characterisation, biomarker identification
and to define disease burden. Peripheral blood can be utilised to obtain both CTC and CFNA. DNA and RNA can be
derived from both sources and as both CTC and CFNA are derived from multiple tumour sites they theoretically will
provide a more comprehensive profile of the disease in comparison to a single-site BM biopsy.

genomic evolution within any particular patient. Such an approach, however, remains an
unattractive proposition as BM biopsies are invasive, not without complications, subject to
sampling error and cannot capture the increasing spatial heterogeneity present with disease
evolution. Therefore, the capacity to perform sequential mutational characterisation using
a more “holistic’ and non-invasive approach would be a highly desirable alternative option.
Both CTC and CFNA have been explored for this purpose in MM, however, the field is rela-
tively unestablished with only a small number of publications addressing this concept. One
of the earliest reports by Zandecki et al. evaluated CTC and matched BM-MM cells and dem-
onstrated that chromosomal abnormalities were consistent between these two compartments
[93]. The recent development of both NG flow cytometry and contemporary sequencing tech-
nologies has enabled the analysis of CTC at the single-cell level [27] but to date only small
numbers of patients have been evaluated using this approach. Analysis of 9 patients with
single cell WGS revealed that all BM-defined mutations were similarly present in CTC [27].
Further analysis was done on CTC in two patients with low disease burden (one with treated
MM and one with MGUS). The CTC of the MM patient harboured readily detectable somatic
mutations in BRAF, TP53 and IRF4, with reappearance of the mutations when the patient
relapsed, indicating that the treatment had not eradicated these particular sub-clones. CTC
analysis of the patient with MGUS revealed the presence of a NRAS mutation, also present
in the BM. The concordance with BM genetic composition was also confirmed by Mishima
et al. utilising NGS when analysing 8 paired CTC and BM aspirates [28]. Clonal, defined
as a > 0.90 mutant allele fraction (MAF), mutations were present in >99% of CTC and BM,
while subclonal shared mutations (defined as >0.05 MAF) were concordant in >80%, with 16%
of subclones (<0.05 MAF) discordant between the two compartments consistent with spatial
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heterogeneity [28]. Similarly, copy number alternations (CNA) were assessed and found to
be 92% concordant. Likewise, RNA-seq at the single cell level also accurately predicted the
recognised non-random chromosomal translocations that manifest in MM responsible for
overexpression of key MM-associated oncogenes [27]. Overall, for both somatic mutations
and CNA, CTC appear to harbour more variances indicating that they are likely sourced from
multiple tumour sites and the manifestations of spatial heterogeneity may thus be more accu-
rately captured by this type of analysis.

The evaluation of cfDNA for mutational characterisation and monitoring of disease burden in
MM has also recently been described [54, 55, 94, 95]. Importantly, and for the first time, spa-
tial and clonal heterogeneity on a large scale in MM was confirmed by our study evaluating
paired BM-derived CD138 selected MM cells and cfDNA utilising a highly sensitive targeted
sequencing platform consisting of a panel of 96 cancer-associated mutations including muta-
tions of KRAS, NRAS, BRAF and TP53. This demonstrated that 21% of MM patients had muta-
tions detectable only in the plasma and that the prevalence of spatial heterogeneity increased
with disease evolution [55]. Numerous signalling pathways are known to be mutated in MM
[13, 14], with previous BM WES studies demonstrating that activating mutations of the RAS-
MAPK pathway were present in approximately 50% of patients. In contrast, our study dem-
onstrated RAS-MAPK activating mutations in 69% of cases and the co-existence of multiple
mutated sub-clones in a significant proportion, with >3 activating mutations in 23% of patients
(range, 3-17 mutations per patient) representing a hitherto unrecognised mutational conver-
gence on the RAS-MAPK pathway. This had remained largely undiscovered in single-site BM
WES studies owing presumably to the relative insensitivity of the methodologies used and
the presence of clonal heterogeneity at sites distant to the BM biopsy site. While it is likely,
with high-sensitivity approaches, that there will be a MAF threshold for minor BM sub-clones
that enables them to be reproducibly detected in the plasma, this will not be relevant with less
sensitive strategies like WES and targeted amplicon sequencing that cannot detect smaller
sub-clonal mutations, thus explaining, and consistent with, the 96% concordance between
BM and PL demonstrated using NGS technologies [54]. Interestingly, mutations in PIK3CA,
which have only rarely been described in MM, were found in a recent study to be present, but
only in the plasma, indicating that these could be a feature of EM disease [54]. However,
confirmatory studies with larger cohorts of patients and more comprehensive and targeted
panels of MM-associated mutations are required to validate these observations. Theoretically,
therefore, plasma cfDNA analysis of MM patients, particularly in the case of EM-MM, would
not only provide information on the underlying biology of this disease, but could also furnish
information on response to therapy through quantitative sequential tracking of plasma-only
mutations. Moreover, RNA-seq of plasma cfRNA derived from MM patients is also theoreti-
cally possible to provide information on single nucleotide polymorphisms (SNP), although
this has not yet been described in the published literature. So, while in the short-term it is
unlikely that plasma cfDNA evaluation will replace BM biopsy, as the latter remains neces-
sary in MM for diagnostic purposes, we believe ¢fDNA analysis as an adjunct to BM biopsy
for comprehensive mutational characterisation is likely to become a reality in the near future.

To date, the analysis of CTC or ¢fDNA with paired BM has largely been performed only
at single time-points and has not been comprehensively utilised for longitudinal assess-
ment using sequential specimens that would be critical to identify the evolution of the



Liquid Biopsy in Multiple Myeloma
http://dx.doi.org/10.5772/intechopen.72652

clonal architecture of the disease during therapy. The prognostic significance of mutational
profiling in MM also remains largely unknown, with only a few genes thought to have
prognostic significance. Furthermore, it should be recognised that the prognostic impact of
certain mutations has been based on studies profiling material sourced from BM aspirates
and therefore may not have been representative of the entire tumour genome. This shortfall
could be potentially overcome using CTC and/or ctDNA as an adjunct to BM biopsy for
mutational analysis and consequently, for prognostic profiling.

2.2. Biomarkers

The establishment of single-cell RNA-seq methodology in CTC from MM patients [27] pres-
ents an important opportunity for the identification of biomarkers that may define differing
sub-sets and stages of the disease. Theoretically, this may represent a technically feasible and
hence more reliable strategy than evaluation of exRNA as the RNA would be derived from
tumour cells that should overcome some of the stability issues that may be associated with
exRNA. Furthermore, CTC-derived RNA should address the issue of spatial heterogeneity
and hence provide a more inclusive RNA-signature during disease evolution, as compared to
present data based on single-site BM biopsies. To date, the potential of exRNA for differen-
tiating the continuum of plasma cell dyscrasias ranging from MGUS to intra-medullary, EM
MM and PCL has been explored in MM, but mainly through the analysis of miRNA and not
mRNA (reviewed in [83]). Available evidence would suggest that MM cells contain differing
populations of miRNA species at defined disease stages [96-100], therefore an approach iden-
tifying miRNA biomarkers non-invasively utilising exRNA would represent a readily acces-
sible and novel approach. However, while circulating miRNA biomarker studies, including
patients from different disease stages, have defined relative differences in both the expression
of specific miRNAs and the absolute levels of circulating miRNAs as potential biomarkers
[101-109] there is widespread discordance between the published studies with respect to the
specific miRNAs identified [83]. For example, Yoshizawa et al. found significant downreg-
ulation of miR-92a in patients with symptomatic MM when compared to normal subjects,
conversely, Besse et al. when comparing serum miRNA profiles between healthy, ND and
EM patients, demonstrated that miR-130a expression was significantly decreased in the EM
patients, hence a potential biomarker for EM disease, but no correlation with patient outcome
was evident [101]. Jones et al., identified that a combination of miR-1246 and miR-1308 could
distinguish MGUS from MM patients [106], whereas miR-25 was shown to correlate with con-
ventional serum markers of MM at both diagnosis and at complete response (CR) post autolo-
gous stem-cell transplantation (ASCT) [103]. Some of the studies also identified a prognostic
correlation with the actual levels of circulating miRNA. Rocci et al. demonstrated that miR-16
and 25 were significantly associated with OS in ND MM [102]. Qu et al. identified miR-483-5p
as a potential predictor of MM survival [110]. Hao et al. showed that lower expression of miR-
19a predicted poor OS [107], while Kubiczkova et al. concluded that a combination of miR-34a
and let-7e can distinguish MM patients from normal individuals, and that patients with lower
levels of miR-744 and let-7e had shorter OS [105]. In parallel with these studies, an evaluation
of exosome-derived miRNA demonstrated that both let-7b and miR-18a were significantly
associated with progression-free survival (PFS) and OS [111]. Unlike CTC, one of the sig-
nificant shortcoming of assessing circulating miRNA levels is that expression levels might be
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impacted upon by both the biological characteristics of the disease and the tumour burden,
thereby presenting significant challenges when it comes to identifying correlations with prog-
nosis. Moreover, the discrepancy between these studies highlights the lack of concordance
between the analytical methodologies, study populations and treatment regimens employed.
A recent publication that provided a systematic review and meta-analysis of 7 circulating
miRNA studies in MM established that utilising a combination of miRNAs rather than single
miRNAs would be more effective in the diagnosis and prognostic classification of MM [112].

2.3. Therapeutic monitoring

Longitudinal and dynamic monitoring of CTC and CFNA could provide an avenue for
detecting loss of response in patients before the emergence of clinical relapse. This could be
particularly useful in patients with minimal residual disease (MRD) or when conventional
markers are inadequate. MM treatment has witnessed significant progress with the utilisa-
tion of novel therapies including PI and IMID with approximately 75% of patients achieving
a near-complete response (CR) or CR with front-line therapy. In this context the attribution of
MRD negativity has emerged as a paradigm that may be critical in informing treatment deci-
sions. While MM invariably relapses, MRD-negative patients consistently demonstrate more
prolonged PFS and may represent a group where therapeutic de-escalation or modification
can be safely considered [113, 114]. Consequently, the necessity for highly sensitive assays to
detect MRD is critical and this has led to the development and increasing adoption of NGS
MRD approaches [115-119]. Currently, MRD status is determined via single site BM biopsy,
which clearly has its limitations. Given that the numbers of CTC in the peripheral blood in
MM patients with active disease is known to be significantly higher than in patients with inac-
tive disease and the developments in the detection of CTC in MM, the possibility of assess-
ing the overall numbers/presence of CTC in patients during therapy for MRD assessment
is imminent [29-33]. Recently, CTCs were monitored to predict response to in MM patients
treated within an open-label, randomised, multicenter phase III clinical trial MM5 of newly
diagnosed MM patients with the authors concluding that CTC detection in conjunction with
BM for MRD detection [120]. Likewise, cfDNA has been used for dynamic monitoring fol-
lowing surgery/radiotherapy for the detection of residual disease in a number of solid can-
cers, with persistently high or increasing levels of cfDNA detectable mutations post-surgery/
radiotherapy associated with a lack of treatment response and a much greater risk of relapse
[42], while patients with undetectable levels of somatic mutations in ¢fDNA have demon-
strated fewer or no recurrences [121]. The monitoring of MRD using cfDNA in diffuse large-
cell B Lymphoma has also demonstrated that the persistence of cfDNA mutations identifies
patients at risk of recurrence before the emergence of clinical relapse [122]. However, any
correlation between the presence or re-emergence of cfDNA detectable mutations and disease
progression has not yet been assessed in MM.

Currently, only three studies in MM have utilised liquid biopsy in comparison with con-
ventional markers of disease burden in sequential plasma samples, of which only one study
has compared CTC and ctDNA for therapeutic monitoring. All three studies utilised differ-
ent approaches. Oberle and colleagues assessed clonotypic V(D)] rearrangement in CTC and
cfDNA in a cohort of 27 MM patients. Overall, an association between both the presence
of cfDNA and CTC V(D)] detectable rearrangements with response was demonstrated [94].
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Notably, the study detected V(D)] rearrangement in cfDNA in all patients assessed while rear-
rangements in CTC were only detectable in 70% of patients, indicating that cfDNA, derived
from CTC, BM and EM tissue, may represent a better medium for disease evaluation than CTC
alone. Long-term monitoring of recurrently occurring mutations in sequential serum samples
from 11 patients over a period of 7 years has also been performed in MM [95]. While the
majority of patients assessed demonstrated a correlation between PP and the quantifiable lev-
els of specific mutations in sequential plasma samples, there were clearly some patients where
analysis of cfDNA was able to identify impending relapse prior to the emergence of clinical
relapse, showing the potentially higher sensitivity of cfDNA analysis for disease monitoring.
However, a major limitation of sequentially monitoring an initially identified mutant clone is
the possibility a sub-clonal mutations not detectable at diagnosis evolving during relapse or
being present at an undetectable level initially and subsequently predominating due to selec-
tion pressure. Indeed, this appeared to be evident in one of the patients studied, where the
initial detection of a BRAF V600E mutation was not maintained despite the continued sero-
logically persisting disease [95]. The evolution of the tumour genome during therapy was also
clearly demonstrated in our study, in which 7 patients were monitored sequentially [55]. One
patient in particular demonstrated the potential complexities presented by genomic disease
evolution. Initially the patient manifested both TP53 R273H and NRAS G13R mutated clones
that were responsive to therapy with lenalidomide and dexamethasone (Rd). Subsequently a
rapid increase in SFLC consistent with light-chain escape was coincident with the emergence
of two new KRAS clones, KRAS G12A and KRAS G12 V. The clonal fraction of both KRAS
clones reduced with a switch to Ixazomib-cyclophosphamide-dexamethasone (ICd) therapy
coinciding with a serological response. However, the NRAS G13R clone that was responsive
to Rd. progressed on ICd in contrast to the TP53 R273H clone that continued to respond,
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Figure 4. Line graph represents the clonal fraction of 4 mutant clones (left Y-axis) and lambda LC (right Y-axis) in
sequential PL of relapsed patients collected at months 1, 13 and 24 during therapy. Patient relapsed on revlimid and
dexamethasone with increase in levels of two mutant clones KRAS G12 V and KRAS G12A at month 13 coinciding with
lambda LC, however, TP53 R273H and NRAS G13R were found to decrease. A switch to Ixazomib, cyclophosphamide
and dexamethasone (cd) at month 13 decreased levels of KRAS G12A and KRAS G12 V with increasing levels of NRAS
GI13R suggesting differential response of mutant clones to treatment. Image reproduced from [55].
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highlighting the differential responses of the 4 mutant clones to two different lines of therapy
(Figure 4). These observations signify that comprehensive mutational analysis in sequential
plasma is critical to define therapeutic response in a timely manner. Plasma ctDNA analysis
may also represent a novel and informative strategy for disease monitoring in OS-MM and
NS-MM patients as demonstrated in our recent publication [55]. Sequential plasma ctDNA
analysis in a ND NS-MM patient over a period of 19 months showed that relapsed disease
was associated with the reappearance of mutant KRAS G12 V and KRAS G12D clones that
had been present at diagnosis in the BM and the emergence of two new clones, NRAS G13D
and NRAS Q61K, with the former showing refractoriness to both Thalidomide — dexametha-
sone, cyclophosphamide, etoposide and cisplatin (T-DCEP) and re-treatment with bortezo-
mib (velcade) — cyclophosphamide — dexamethasone (VCD) and persisting until the patient
died shortly thereafter from progressive disease (Figure 5). Interestingly the BM biopsy at
month 19 showed apparent reduction in disease burden coincident with reintroduction of
VCD but droplet digital PCR (ddPCR) of plasma ctDNA showed an increasing clonal frac-
tion of the NRAS G13D clone consistent with VCD-refractory disease distant to the site of
BM biopsy. This first-time observation indicates that ctDNA represents a readily accessible
non-invasive biomarker of disease burden that may be superior to BM biopsy for monitor-
ing treatment response in NS-MM. Overall, all three studies demonstrated the potential for
ctDNA to be used in monitoring MM patients. Clearly, there were limitations due to small
sample sizes, lack of homogenous patient treatment and the critical need to be more com-
prehensive in mutational identification to address tumour genome evolution. Future studies
should therefore incorporate sequential cfDNA assessment adopting NGS-based approaches,
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Figure 5. Line graph represents the clonal fraction of mutant clones by ddPCR in a non-secretory patient, patient
#2. PL was collected at 1, 3, 13, 17 and 19 months post- diagnosis. The proportion of BM MM cells is shown with an
increasing clonal fraction of 4 clones coinciding with BM relapse at month 13, only 9 months post-autologous stem cell
transplantations (ASCT). At month 19 a BM response to VCD was evident but with an increasing abundance of the NRAS
G13D clone. The patient succumbed to refractory progressive disease shortly afterwards. Image reproduced from [55].
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at diagnosis and subsequent relapses, to quantify previously detected and emergent clones,
in larger annotated sample sets, thus enabling the comprehensive tracking of mutations and
assessment of disease burden with correlation to conventional serum biomarkers.

3. Methodologies and challenges

An increasing number of publications have proven the utility of liquid biopsy for cancer
screening, diagnosis and disease monitoring. However, for this paradigm to be more widely
incorporated into the clinical setting a standardised approach for both the pre-analytical pro-
cessing and the analytical platforms utilised is necessary. Identification and isolation of MM
CTC has been established through the utilisation of ultra-sensitive NGS multicolour flow
cytometry techniques [26-28]. Lohr et al. devised a combination methodology that allowed
for isolation of CTC using the standard markers (CD138+ CD38+ CD56 variable, CD45 low)
and serial dilutions to single cells through fluorescence microscopy to improve the detection
of CTC [27]. Currently, these are the only described methodologies for isolation of CTC and
more studies are required to standardise the methodologies described.

CFNA analysis relies on the standardisation of collection, processing and optimal storage of
cfDNA and exRNA, which can now be streamlined with commercially available specialised
collection tubes that can stabilise blood at room temperature and preserve the white blood
cells to avoid rupture and therefore contamination with cellular DNA in the plasma (Streck,
PAXgene, Roche, NORGEN BIOTEK, etc.). Isolation of genomic DNA or RNA from both CTC
and CFNA, to a large extent, has also been simplified through the use of commercially avail-
able specific isolation kits, although the performance of each of these kits in comparison to
other conventional methods is controversial [123]. The choice of the NGS methodologies to
address specific questions is however, more complicated and is confounded by the type of
nucleic acid being analysed, assay sensitivity and specificity and the heterogeneous content
of tumour-derived nucleic acids. A substantial technical challenge to overcome in optimis-
ing cfDNA analysis is the level of sensitivity of the various NGS methodologies, as cfDNA
may contain low-frequency mutant alleles that might not be readily detectable in WES and
targeted amplicon sequencing, which have a sensitivity between 1 and 5%. This is being
addressed with the utilisation of unique molecular indices that provide further resolution
[48, 124] and such approaches are currently offered by a number of commercial companies
(Rubicon genomics, QIAGEN, Agilent).

Analysis of exRNA is more complicated as a technology-of-choice needs to be determined for
large-scale identification of potential biomarkers. Additionally, the validation and diagnos-
tic implication of circulating RNA sub-types currently relies on “internal controls” which are
often not suited for this type of analysis. This could be addressed using absolute quantifica-
tion methods, a plausible approach utilising ddPCR, which provides a more robust approach
by quantitating targets per unit in serum or plasma, as done in cfDNA studies.

For CFNA and CTC, unfortunately, to date, few of the described methodologies are as yet val-
idated or standardised, complicating generalisability and inter-study comparisons. Overall,
the field would benefit from establishment of certain guidelines for each aspect of sample
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analysis to allow for comparison of studies of similar kind. These limitations not withstand-
ing, the analysis of ctDNA has gained significant momentum is the past couple of years, with
numerous commercial companies offering ‘liquid biopsy’ testing. Such analysis is now fre-
quently integrated into clinical trials and plasma DNA EGFR mutation testing for non-small
cell lung cancer has recently been approved by the FDA [125-127]. Further commercialisation
of these ‘liquid biopsies’ as diagnostics is rapidly evolving, but currently is largely limited to
informing treatment choices in late stage cancers.

4. Conclusions

Liquid biopsy analysis can provide a dynamic and comprehensive picture of the genomic
landscape in MM. Specifically, serial analysis can provide a non-invasive approach to monitor
tumour burden and genomic evolution that also incorporates characterisation of the spatial
and temporal genomic heterogeneity, which predominates over time, in this multi-focal dis-
ease. Accumulating published evidence and imminent developments in the field indicate that
this type of analysis will provide critical information for precision medicine and likely trans-
form the management of more problematic sub-groups of MM including NS, OS patients and
those with EM disease. In the future, instead of utilising extensive imaging and invasive and
potentially misrepresentative BM biopsies, liquid biopsies could be used to inform real-time
clinical decision thus further improving the outcome for MM patients.
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Abstract

Leukemia, a blood cancer originating in the bone marrow, presents as a heterogeneous
disease with highly variable survival rates. Leukemia is classified into major types
based on the rate of cancerous cell growth and cell lineage: chronic or acute and myeloid
or lymphoid leukemia. Histological and cytological analysis of the peripheral blood and
the bone marrow can classify these major leukemia categories. However, histological
analyses of patient biopsies and cytological microscopic assessment of blood and bone
marrow smears are insufficient to diagnose leukemia subtypes and to direct therapy.
Hence, more expensive and time-consuming diagnostic tools routinely complement
histological-cytological analysis during a patient’s diagnosis. To extract more accurate
and detailed information from patient tissue samples, digital pathology is emerging as a
powerful tool to enhance biopsy- and smear-based decisions. Furthermore, digital
pathology methods integrated with advances in machine learning enable new diagnos-
tic features from leukemia patients’ histological and cytological slides and optimize
patient classification, thus providing a cheaper, more robust, and faster diagnostic tool
than current standards. This review summarizes emerging approaches to automatically
diagnose leukemia from morphological and cytological-histological analyses.

Keywords: blood cancer, acute leukemia, machine learning, digital pathology,
classification, supervised learning

1. Introduction

Leukemia is a very heterogeneous cancer that arises from the combination of many genetic and
epigenetic mutation events, all of which alter hematopoiesis [1-3]. Hematopoiesis is the
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proliferation of blood cells in the bone marrow (BM). Blood cells differentiate in the BM and,
then, when mature, spread out to the peripheral blood (PB) system. In normal circumstances,
the multipotent progenitor hematopoietic stem cells in the bone marrow reproduce and com-
mit to differentiate into common myeloid or lymphoid progenitor cells. Myeloid and lym-
phoid progenitor cells differentiate into two main cell lineages containing unipotential
precursor cells. Each precursor matures through multiple stages to become a red blood cell
(RBC), a platelet, or a white blood cell (WBC) type. Myeloid cells consist of RBCs, platelets,
segmented neutrophils, monocytes, eosinophils, basophils, and mast cells; lymphoid cells are
T and B lymphocytes, dendritic cells, or natural killer (NK) cells (Figure 1) [1, 4].

Malignant proliferation in the myeloid or Ilymphoid cell linage causes myeloid or lymphoid
leukemia. The diseased cells stop maturing, halt differentiation, and then accumulate, hence
blocking the development of healthy progenitor cells. Cell maturation in chronic leukemia is
blocked at a later stage, and it has a longer course of development compared to acute leuke-
mia, where lineage proliferation is arrested at an early stage of differentiation leading to a very
aggressive, fast-growing disease [4, 5].

Based on these two major differences, myeloid or lymphoid and chronic or acute, four major
leukemia types are distinguished: acute myeloid leukemia (AML), acute lymphoid leukemia
(ALL), chronic myeloid leukemia (CML), and chronic lymphoid leukemia (CLL). Each type has
a distinguishable morphology, and diagnosis is based on histological analysis of each patient’s
bone marrow biopsy and cytological microscopic assessment of bone marrow smear or periph-
eral blood smear [5, 6].

However, full classification requires more refined categories than the four major leukemia types,
and modern classification also includes mutation analysis, cytogenetics, and flow cytometry
data. Therefore, older morphological-based classification systems (French-American-British
(FAB)) cannot be fully matched with the World Health Organization (WHO) scheme, which
utilizes all of these features. The FAB classification system is predominantly used for the 30—
40% of AML cases that are not otherwise specified, while in special cases, a morphological
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Figure 1. Schematic chart of hematopoiesis.
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pattern can be matched to an individual gene mutation or clinical criteria (e.g., AML t(8;21)(q22;
q22.1)/RUNX1-RUNXIT1 or AML with myelodysplasia-related changes) [7]. To enable more
personalized therapy, diagnosis and therapy selection require the analysis of histology and
cytology in combination with all clinical and genetic data of the patient including cytogenetics,
gene mutation analysis, and gene expression data obtained from flow cytometry [5, 6, 8, 9].

The ancillary diagnostic tests are costly and time-consuming, currently often requiring a week
or more, compared to the histological-cytological analysis, which can typically be performed
in a day. The delay in diagnosis can lead to delays in treatment, seriously impacting patients
suffering from acute leukemia. A faster, less time-consuming, and more precise automated
histology- and cytology-based diagnostic tool would facilitate diagnosis and personalized,
rapid treatment [10].

Due to the development of whole slide imaging (WSI), which yields large digital images
of an entire tissue sample, patients’ histological-cytological data are stored in an image
bank format to allow easy access to study their pathology. A digital tissue bank fosters
the computational, automated analysis of the histological-cytological images [11-14]. This
review describes possible solutions to integrate morphometrics obtained from images of
biopsy and smear samples with standard clinical covariates to optimize diagnosis and
direct therapy for leukemia.

2. Morphological diagnosis in leukemia

The current major standard diagnostic test in leukemia is histological-cytological analysis. This
includes basic light microscopy of routinely stained bone marrow biopsy, bone marrow smear,
and peripheral blood smear.

Diagnosis from the smear is established based on the complete blood count and differential
count (the proportion of specific cell types in the specimen). A biopsy can confirm the percent-
age of the specific cell types in the smear. Normal PB smear contains mature cells and up to
1-2% immature cells. The presence of immature cells at a significantly higher percentage leads
to the diagnosis of leukemia. Leukemia in the BM smear is detected based on the irregular
proportion of specific immature cells and their morphological alterations [1].

Based on abnormally high proportions of specific blood cells and morphological dysplasia in
the biopsy and smear specimen, the French-American-British (FAB) system describes a
morphologically based classification for acute leukemia. AML subtypes are divided into
eight different groups (M0-M7) and ALL subtypes into three different groups (L1-L3). Such
classification system for chronic leukemia is less precise, where the subtypes are overlapping
[5, 9].

Although the FAB classification system is based on cellular appearance, some immature cells
do not have distinguishable morphological characteristics. Immunophenotyping confirms the
diagnosis, especially in ALL T- and B-cell lineage and AML minimally differentiated (M0) and
AML megakaryoblastic (M7) subtypes [5].
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As a result, histology and cytology are major diagnostic tools: however, their current prognos-
tic potential is limited, as the majority of genetic events do not have known, defining morpho-
logical characteristics [5, 10]. Thanks to emerging computer technologies, a pathologist’s
qualitative decision can be supported by an automated quantitative decision tool. Morphomet-
rics of the pathological slides can both provide new diagnostic information not visible to the
naked eye and improve the prognostic ability of histological-cytological analyses [15, 16].

3. Digital cytology analysis

Statistical analysis of cells and cellular features can guide a pathologist’s diagnosis of leuke-
mia. The number of RBCs, WBCs, and platelets, the proportion of specific immature and
mature cells, and more detailed morphological features recognized by automated WSI can all
help direct a diagnosis. Digital image analysis of BM biopsy has been applied to study relapse
in AML [17, 18]. The focus of most prior studies has been recognition of the acute leukemia
FAB subtypes or differentiation of acute and chronic leukemia from the PB and BM smears.
While PB and BM smears can differ in the type and maturation of their cells, the quantitative
process to recognize the cell types and extract morphometric information is similar. We
describe it below:

Following steps a pathologist would take, computer-based digital pathology aims to detect,
localize, and recognize the specific cell type under study (Figure 2). An acquired image is
preprocessed through image enhancement steps; then, cells are detected, and cell boundaries
are traced out using segmentation algorithms for morphometric analysis.

Processing steps to automate the analysis of leukemia smear images are shown in Figure 2. A
whole slide image (WSI) of a Wright-Giemsa-stained bone marrow smear is shown in
Figure 2a. This is a typical smear image annotated by a pathologist. The Wright-Giemsa-
stained image reveals RBCs as smaller pink cells without nuclei (either distributed as single
cells or clustered) and a few WBCs of different sizes with dark purple nuclei. Notably, image
acquisition techniques, staining methods, and digitization protocols can differ in each labora-
tory. Furthermore, environmental effects can introduce artifacts and degrade the quality of the
image. Image preprocessing steps can improve the image quality and correct for differences in
protocols and in illumination. Methods of image correction techniques include illumination

IMAGE ACQUISITION — PREPROCESSING —— SEGMENTATION —— FEATURE EXTRACTION —— CLASSIFICATION

] [¢]

Feature Engineering Supervised

Feature Learning Unsupervised

Figure 2. Image processing pipeline (a—e: Image from Carlos Bueso-Ramos, MD, PhD, MD Anderson Cancer Center).
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normalization, color or stain correction for image enhancement, contrast enhancement and
smoothing, contrast stretching, and histogram equalization [19-21].

Leukemia is detected based on the number, type, and proportion of various cell types in the
blood. Segmentation algorithms enable identification of individual cells from smear images
(Figure 2b); these algorithms can distinguish overlapping cells from individual cells in order to
extract cell-based features and can also divide each WBC into its components: cell membrane,
nucleus, and cytoplasm (Figure 2c) [19, 21-37]. Following segmentation, metrics can be
extracted from the WBCs and their subcellular components (cell size, nuclear size, etc.).

4. Quantification of cytology using machine learning

To computationally classify tissue types from smear images, identified cells and tissues in the
images have to be transformed into a vector of features. Conventional machine learning
algorithms typically utilize a domain-specific approach to classify cell and tissue types based
on a series of handcrafted features. These algorithms extract metrics from images based on a
human engineering process that requires domain knowledge [38, 39].

Features of the smear sample can be extracted from an individual cell in the image or across
the entire slide. Once a WBC is segmented within the image, features are extracted either from
the whole WBC or separately from the nucleus and cytoplasm. The major discriminating
cellular characteristics to classify WBCs are (a) geometric features such as shape (e.g., round-
ness) and size (e.g., nucleus-cytoplasm size ratio); (b) color features; (c) texture features such as
density, granularity, and Fourier descriptors for texture quantification calculated by the two-
dimensional Fourier transform; and (d) irregularity or boundary roughness measured by
fractal dimension [10, 23, 33, 35, 40—-49]. Although the analysis at the single cell level provides
useful information, it is not sufficient for the diagnosis of a very heterogeneous disorder such
as leukemia. In addition to single cell data, characteristics of multicellular groups need to be
studied [1]. New studies have extended cell-based morphometric analysis to distinguish major
leukemia types and subtypes (Table 1).

The common characteristics in these studies are general steps of the image processing pipeline:
preprocessing, segmentation, feature engineering, and supervised classification (Table 1).
They discriminate cancerous vs. healthy tissue, AML vs. ALL, CL vs. AL, or AML and ALL
subtypes. The main differences across the various studies are the choice of the specific engineered
features and the choice of the classification method as illustrated below.

Most of the digital pathology studies of leukemia analyze PB. A healthy blood smear is
distinguished from a leukemic smear if one or more immature cells are present. This can be
determined from the nucleus structure or from whole cell characteristics. Discriminating
features that classify healthy tissue, AML and ALL in the PB are extracted from the cell
nucleus. BM is more heterogeneous than PB, and features of BM images are extracted from
the whole cells or separately from the nuclei and the cytoplasm. Commonly used features
include texture-based metrics and morphology. Texture is based on the spatial variation of the
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gray-level pixel intensities which can be characterized by their homogeneity, energy, and
correlation, among other metrics represented in the gray-level co-occurrence matrix (GLCM).
Shape is based on geometrical parameters such as area, perimeter, compactness, minor axis,

Reference Leukemia type Extracted features Classification

Reta et al. 2015 [58] BM (Bone marrow): AML vs Cell + nucleus + cytoplasm: k-nearest neighbor (kNN),

ALL, M2 vs M3 vs M5 vs vs L1 Shape: area, perimeter, Random Forest (RF), Simple

vs L2 circularity, width, Length, Logistic (SL), Support Vector
elongation, major axis, minor Machines (SMV), Random
axis, eccentricity, extent, Committee (RC)

equivalent diameter, Euler
number, Convex area Size
Ratio: Nucleus/Cytoplasm area,
Nucleus/Cell area and
perimeter Color/Pixel Intensity
Statistics: Mode, Mean,
Standard deviation, Variance,
Sum Texture: Homogeneity,
Contrast, Correlation, Energy,
Entropy 10 Eigenvalues (PCA)
of R, G, B channel of RGB image
and of gray image

Kazemi et al. 2016 ~ PB (Peripheral blood): AML vs Nucleus: Shape: Area, Support vector machine (SVM)
[57] Healthy, M2 vs M3 vs M4 vs vs  Permieter, Elongation, Major
M5 vs (M1+M6+M7) and Minor axis, Solidity,

Eccentricity, Form Factor,
Compactness, Size Ratio:
Nuclues/Cytoplasm Color:
Mean, Standard deviation,
Variance Texture: Energy,
Entropy, Contrast, Correlation,
Homogeneity Fractal:
Hausdorff dimension (HD)
Nucleus boundary Irregularity

Madhukar et al. PB: AML vs Healthy Nucleus: Support vector machine (SVM)
2012 [54] Texture: Gray-Level

Co-occurrence Matrix:

Contrast, Homogeneity, Energy,

Entropy, Correlation

Image Slide:

Fractal: HD dimension

Agaian et al. 2014  PB: AML vs Healthy Nucleus: Support Vector Machine (SVM)
[53] Shape: Area, Parameter,
Compactness, Minor and Major
Axis, Eccentricity, FormFactor,
Elongation, Solidity Color:
Standard deviation, Mean,
Energy Texture: GLCM:
Homogeneity, Contrast,
Correlation Fractal: HD
dimension
Image Slide:
Fractal: HD dimension
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Reference

Leukemia type

Extracted features

Classification

Vaghela et al. 2016
[62]

Jacob et al. 2016
[50]

Supardi et al. 2012
[55]

Gumble et al. 2017
[51]

Harun et al. 2011
[56]

Escalante et al.
2012 [59]

Mohapatra et al.
2014 [52]

PB: CLL vs CML

PB: AML vs ALL vs Healthy

PB: ALL vs AML

PB: ALL vs Healthy

PB: AML vs ALL

BM: ALL vs AML, L1 vs L2, M2
vs (M3+M5), M3 vs (M2+M5),
M5 vs (M2+M3), M1 vs M3 vs
M5, L1 vs L2 vs M1 vs vs M3 vs
Meé

PB: ALL vs Healthy

Nucleus: Roundness + Count

Nucleus:

Shape: Area, Parameter,
Compactness, Minor and Major
Axis, Eccentricity, FormFactor,
Elongation, Solidity Texture:
GLCM: Homogeneity, Energy,
Contrast, Correlation Fractal:
HD dimension

Cell:

Shape: Size: Area, Radius,
Perimeter Second order central
moment Color: std and mean
variance of Red, Green, Blue
and intensities of RGB color

Nucleus & cytoplasm (Binary
gray):

Shape/Texture: Area, Total
White Cells, Total Black Pixels,
Perimeter, Eccentricity, Solidity,
Form Factor, Bounding Box

Cell & cytoplasm & nucleus:
Shape: Area, Nucleus/
Cytoplasm Size Ratio

Cell & Nucleus:

Shape: Perimeter

Cell & nucleus: Shape: Area,
Perimeter, Circularity, Width,
Height, Elongation, Major and
Minor Axis, Eccentricity,
Extension, Diameter, Euler
number, Convex number,
Solidity Pixel intensity
Statistics: Mode, Mean,
Standard deviation, Variance,
10D, avg. IOD Texture:
Entropy, Contrast, Correlation,
Energy, Homogeneity
Eigenvalues (PCA) - R,G,B,
grayscale

Cytoplasm:

Shape: Area Pixel Intensity
Statistics: Mode, Mean,
Standard deviation, Variance
Eigenvalues (PCA) - R,G,B,
grayscale

Nucleus & cytoplasmé& cell:
Shape: Area

Nucleus & Cytoplasm:

Color: mean intensity of R,G,B
and Hue, Saturation, Lightness
components Texture: Wavelet

Not applied

Support Vector Machine (SVM)

k-Nearest-Neighbor (kNN)

k-Nearest-Neighbor (kNN)

Hybrid Multilayer Perceptron
Neural Network (HMLP NN)

Ensemble Particle Swarm
Model Selection (ESPMS)

Ensemble of Classifiers (EOC),
Naive Bayesian (NB), K-nearest
neighbor (KNN), Multilayer
Perceptron (MLP NN), Radial
Basis Functional Network
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Reference Leukemia type Extracted features Classification

coefficients and GLCM (RBEN), Support Vector
statistics: Contrast, Correlation, Machine (SVM)
Energy, Homogeneity, Entropy

Nucleus:

Shape: Form Factor,

Roundness, Compactness,

Elongation, Perimeter Color:

mean intensity of R,G,B and

Hue, Saturation, Lightness

components Texture: Fourier

transform: Mean, variance,

skewness, kurtosis of the

frequency components

Boundary roughness: Fractal

HD dimension Contour

signature: Variance, skewness,

kurtosis (center-contour)

Mohapatra thesis ~ PB:L1 vs L2 vs L3 Nucleus & Cytoplasm & Cell: ~ Ensemble of classifiers (EOC),
2013 [61] Shape: Area Naive Bayesian (NB),
Nucleus & Cell: K-nearest neighbor (KNN),
Shape: Size ratio: Nucleus / Cell Multilayer Perceptron
Nucleus & Cytoplasm: (MLP NN),
Color: RGB and HSV Radial Basis Functional
components Network (RBFN),
Cytoplasm: Support Vector Machine (SVM)
Vacuole count
Nucleus:

Shape: Form Factor,
Roundness, Compactness,
Elongation, Perimeter Nucleus
Indentation, Nucleoli count,
Texture: Frourier descriptor,
Wavelet and Haralick
coefficients (GLCM statistics):
Contrast, Correlation, Energy,
Homogeneity, Entropy

Mohapatra thesis ~ PB: ALL vs AML Nucleus & cytoplasm & cell Ensemble of Classifiers (EOC),

2013 [61] Shape: Size Naive Bayesian (NB), K-nearest
Cytoplasm: neighbor (KNN), Multilayer
Color: RGB and HSV Perceptron (MLP NN), Radial
components Texture: Basis Functional Network

Coarseness Intensity and shape: (RBFN), Support Vector
Auer Rodes as Cytoplasmic Machine (SVM)

Holes

Nucleus:

Nucleoli count Texture:

Frourier descriptor, Wavelet

and Haralick coefficients

(GLCM statistics): Contrast,

Correlation, Energy,

Homogeneity, Entropy

Table 1. Leukemia subtype classification.
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major axis, eccentricity, form factor, elongation, and solidity. Fractal or Hausdorff dimension
(HD) represents the nucleus boundary roughness (Jacob and Mundackal) [50].

4.1. Examples of digital pathology for leukemia

To provide examples of digital pathology’s impact in leukemia classification, we summarize
here a few of the recent studies. In one study, ALL cells were distinguished from healthy PB cells
from shape and texture features extracted from the nucleus and cytoplasm (Gumble and Rode).
These features included area, total white blood cells, total black pixels, perimeter, eccentricity,
solidity, form factor, and bounding box parameters [51]. In another study, Mohapatra et al.
added color and the Fourier descriptor as a cell-based nuclear feature to the shape, fractal, and
texture parameters to distinguish ALL from healthy lymphoblasts/lymphocytes [52].

What literally do these features mean? In the Mohapatra et al. study, color features of a cell
were calculated from the mean intensity of the nucleus color components in RGB or HSV color
space and from a grayscale intensity map. In the case of RGB images, the mean intensity of the
red, green, and blue channels and, in the case of HSV images, the mean intensity of the hue,
saturation, and lightness components were computed. The same color features were calculated
for the cytoplasm. The Fourier descriptors were the mean, variance, skewness, and kurtosis of
the texture in the frequency domain. The fractal/HD of the nucleus boundary roughness was
considered, as was the variance, skewness, and kurtosis computed between the cell’s center
and each contour point. Texture features from the cytoplasm included wavelet coefficients and
metrics derived from the GLCM including contrast, correlation, energy, homogeneity, and
entropy values. The area was calculated for the nucleus, cytoplasm, and the whole cell [52].

In addition to determining leukemia from cell-based features, AML can be distinguished from
healthy tissue by extracting whole tissue—/slide-based features as illustrated in two other
studies (Madhukar et al., Agaian et al.) [53, 54].

Furthermore, AML can also be distinguished from ALL through comparing cellular features in
patient smears, as shown by Jacob and Mundackal [50], Supardi et al. [55], and Harun et al.
[56]. Jacob et al. and Supardi et al. used cellular metrics based on texture, shape, and Hausdorff
dimension, while Harun et al. classified the two leukemias by cell and nuclear perimeters,
areas of the cytoplasm and whole cells, and nucleus-cytoplasm ratio [56].

More specifically, AML and ALL subtypes have been discriminated based on cell-based fea-
tures in three different studies. To classify AML subtypes, Kazemi et al. predicted five AML
groups (M2, M3, M4, M5, and all the remaining subtypes (M0, M1, M6, M7) considered as one
group) based on handcrafted morphological features from blood microscopic images. The
features used were extracted from cells’ nuclei: irregularity, Hausdorff dimension, shape, color,
and texture features complemented by the nucleus-cytoplasm ratio. The same set of features
allowed more accurate discrimination of healthy tissue vs. AML tissue than AML tissue vs.
ALL tissue [57]. Reta et al. performed a similar analysis which discriminated L1, L2, M3, M3,
and M5 subtypes in ALL and AML based on cellular features, with nucleus features proving to
be the most discriminative [58]. An earlier study (Escalante et al.) was also able to discriminate
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multiple leukemia tissue types from the BM: ALL vs. AML, L1 vs. L2, M2 vs. M3 + M5, M3 vs.
M2 + M5, M5 vs. M2 + M3, M1 vs. M3 vs. M5, and L1 vs. L2 vs. M1 vs. M3 vs. M5 [59].
However, in the latter study, there was no significant difference in model performance using
features extracted from the nucleus and cytoplasm vs. the whole cell.

This contradicts other studies that suggest classification based on subcellular morphometry
improves AML [60] and ALL [61] subtype recognition. In particular, these groups found that
color and shape information in the cytoplasmic holes, which indicate vacuoles, and color and
shape information on the nucleus, which indicate nucleoli, can reveal the presence of Auer
rods discriminating AML from ALL where Auer rods are absent [61].

In addition to the large number of publications characterizing acute forms of leukemia, studies
(Vaghela et al.) have suggested measurements of WBC roundness and counts can discriminate
chronic myeloid vs. chronic lymphoid leukemia [62].

4.2. Classification methods

4.2.1. Traditional machine learning methods

Support vector machine (SVM) is a common classification method in leukemia (Jacob et al.
[50]; Agaian et al. [53]; Kazemi et al. [57]; Madhukar et al. [54]). However, other methods
(Supardi et al., Gumble and Rode) have been applied with success to classify AML and ALL
histology and cytology images including k-nearest neighbor classifiers [51, 55], a hybrid
multilayer neural network (HMLNN) (Harun et al.) [56], and an ensemble particle swarm
model selection method (EPSMS) (Escalante et al.) [59]. Alternatively, Kumar et al. suggested
using a shallow neural network (NN) classifier after the AML slide is processed using wavelet
transformation [37]. Other groups (Mohapatra et al.; Reta et al.; Escalante et al.) have com-
pared multiple classifiers on leukemia image datasets and found that depending on the target,
different classification methods appear to be the optimal solution [52, 58, 59].

When a small amount of data is available, conventional feature engineering-based machine
learning algorithms provide fairly accurate predictions [39]. The accuracy of feature engineering
proposed models depends on the distinct leukemia databases studied, the number and quality
of the images, and the image acquisition mode; these require different data preprocessing steps.
These methods are mainly based on supervised classification of leukemia subtypes. When the
set of quantitative morphological features of the leukemia subtype is trained on a labeled
dataset, then classifiers have been able to predict the four major leukemia types or the FAB
classes applied to a test set. In case of insufficient number of training samples, Kasmin et al.
proposed reinforcement learning to classify ALL, AML, CLL, and CML from PB cellular
nucleus’ geometrical, texture, color, and statistical parameters [63].

Although these previous studies found new morphological features from the digitalized leu-
kemia patient histology slides, and were successfully able to identify the major leukemia types
and M0-M7 and L1-L3 subtypes, morphological features from the leukemia cells were not
correlated with non-morphological information such as genetic mutations and clinical data.
The morphological classification methods currently are not sufficient to recognize the majority
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of the underlying molecular abnormalities and cannot be used to direct therapy. In addition,
the subtype groups’ underlying genetic patterns are not unique per subtype. Should morpho-
logical classification match genetic backgrounds, this could help speed up the diagnosis pro-
cess. One study attempted to correlate morphological quantitative features in order to classify
ALL lymphoblasts into the WHO subtypes and compare the results with flow cytometry
analysis. To this aim, an unsupervised feature selection method was applied, and an optimal
subset of the features was extracted to match the WHO classification [61]. This study and
others that follow are helping pave the way for increasingly sophisticated means of classifying
leukemia by images that enable incorporation of genetic and epigenetic details. Advances in
computational methods are too, as the next section describes.

4.2.2. Deep learning methods

Although engineered feature-based conventional machine learning algorithms provide fairly
accurate predictions, they do not reach the capability of human perception. The feature engi-
neering process requires defining a carefully chosen set of features. This is a laborious process,
and the feature parameters are very sensitive to the specific training set from where they were
extracted. Due to this rigidity, a conventional machine learning algorithm likely could not be
applied to a second dataset without parameter tweaking. To overcome these limitations, deep
learning algorithms trained on large amounts of data can extract generalized features to
perform human-level pattern recognition [64, 65].

When a large amount of data is available, for identifying morphological features in leukemia, a
deep learning approach can be applied. Deep learning can self-discover new, hierarchical fea-
tures in images (feature learning) allowing better pattern recognition for classification. These
features are identified without human knowledge, and the learning approach is called “domain-
agonistic,” where the computational system alone is able to distinguish distinct tissue types in
any type of cancer. Today, with the increasing computing capacity of modern computers and the
availability of big data storage, huge amounts of data can now be extracted and analyzed to
identify key features for classification. This has enabled deep learning methods to outperform
previous conventional machine learning approaches and to achieve higher accuracy [39, 66].

Deep learning is the extension of conventional, artificial neural networks where, instead of a
single-layered network, a multilayered connected network processes input data and generates
output. The network design is dependent on the input dataset and classification target. For
pattern classification problems, convolutional neural networks (CNNs) are the ideally suited
network design. The network learns from the example images fed to it and extracts hierarchi-
cal features automatically layer by layer (e.g., from low-level features like edges to higher-level
features such as the cell, tissue, and then organ) without expert human intervention while
retaining highly expressive power (Figure 3) [65-67].

The input of the CNN is a series of images, cropped from the whole slide image, and the images
are processed in batch. For WBC classification, one cropped image contains one whole cell.
Contrary to the cell-based analysis, for tissue classification, the images are slide-based, so the
features are learned directly from the spatial pattern. The image size and the number of images
fed to the network should be chosen carefully, and the variety of images should represent the
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Figure 3. Feature learning for classification.

variability of the tissue type. Grayscale images are two-dimensional: width and height. Color
images have a third dimension, depth, representing the RGB color channels [38, 65, 67, 68].

Once the set of images is defined and labeled, feature maps are created by sliding a series of
filters representing shapes, textures, or colors over the input image (convolution), thus identify-
ing local dependencies. The filters representing the features are learned during the training
process through backpropagation and a gradient descent algorithm. After convolution, an acti-
vation process introduces nonlinear properties to the linear convolution to improve the model
accuracy and to avoid overfitting. The convolutional layer then is down-sampled (pooling). This
is successively repeated as many times as necessary according to the hierarchical complexity of
the image. The last feature map is then flattened into a one-dimensional vector to feed a fully
connected layer for neural network (NN) classification. The NN classification process can be
replaced by a different classification scheme such as an SVM or random forest [38, 65, 67, 68].

Convolutional neural networks are ideally suited for pattern recognition and medical image
analysis. In fact, CNNs have been successfully applied to feature learning to detect and
diagnose a number of different cancers, including leukemia cells. Deep learning methods have
been used for white blood cell detection and classification [68], lymphocyte detection [38], and
lymphoma subtype classification [38] by identifying three subtypes of lymphoma: chronic
lymphocytic leukemia (CLL), follicular lymphoma (FL), and mantle cell lymphoma (MCL). It
also has been applied to the analysis of ALL cellular images to classify ALL subtype histopa-
thology [67, 69].

Although the current research in pattern recognition is dominated by the supervised deep
learning approach, the unsupervised approach is expected to provide breakthrough results in
the near future, and extensive research is currently ongoing to optimize these algorithms [65, 66].

5. Conclusions and future outlook

Standard leukemia diagnosis and therapy are currently based on morphological classification
of patients’ bone marrow smears and biopsies, peripheral blood smears, and molecular and
cytogenetic analyses to identify genetic abnormalities. However, morphological and genetic
classification analysis is insufficient to fully predict appropriate response to therapy, while
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emerging nonstandard methods to improve and personalize leukemia classification can be
expensive and time-consuming. Digital pathology is emerging as a powerful, inexpensive tool
to enhance biopsy- and smear-based decisions.

This review discussed how computational cytology can help improve leukemia diagnosis by
enhancing pathologist smear-based decisions and improve leukemia diagnosis with auto-
mated, biologically meaningful pattern recognition. Techniques summarized in this review
extract quantitative imaging features from stained bone marrow and peripheral blood smear
samples to detect and classify leukemia. To identify morphological features, conventional
machine learning approaches have been broadly applied to classify leukemia types and sub-
types based on feature engineering. However, to acquire a new set of morphological features
in leukemia, a deep learning approach would provide higher accuracy.

For most of the cases reviewed in this chapter, the image processing pipeline implements a
supervised classification scheme, where the morphometric features are extracted from a set of
labeled data (ALL vs. AML, FAB, M1, etc.) and then are validated on a test dataset. In future
studies, supervised morphological analysis can be complemented with unsupervised classifi-
cation schemes such as unbiased clustering. This approach could reveal whether entirely new
classification schemes should be implemented for ALL or AML, independent from known
acute or chronic leukemia subtype morphological classification. It also could potentially reveal
common underlying genetic or proteomic patterns.

Emerging omics analysis methods are determining protein expression signatures for leukemia
patients; however, these new processes can be time and labor intensive. To determine genetic
information and protein signature membership rapidly and without the time delay required
for proteomic-based signature assignment, advances in digital pathology offer potentially
exciting, inexpensive, rapid alternatives. If morphological surrogates that reliably correlate
with clinical, genetic, or proteomic features, either individually or in combinatorial patterns,
can be identified directly from histology images, then this could significantly speed up leuke-
mia diagnosis, reduce the cost of the diagnostic workup, optimize the assignment of patients to
a particular therapy, and potentially uncover new pathways for drug targeting.

Cell metrics can be predefined manually, and often metrics are those known to be pertinent
to leukemia cells. These algorithms, which together are employed as part of a “feature
engineering process,” extract metrics from images based on features of cells (e.g., size or
nucleus shape). Using a supervised classification approach, the metrics are extracted from
predefined leukemia subtypes. As an example, a set of quantitative morphological features
defining a leukemia subtype are trained on a labeled dataset according to the FAB morpho-
logical classes, and the resulting developed classifier is then used to predict the leukemia
subtypes on a test set.

In the unsupervised classification approach, new clusters of leukemia subtypes are created
from the engineered features. Contrary to the feature engineering process, learning algorithms
self-discover features representative of leukemia cell types (feature learning) where features
are learned from annotated (supervised) or unannotated (unsupervised) data (Figure 2).
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Abstract

Myeloid sarcomas are extramedullary myeloid masses with associated tissue damage.
Myeloid sarcomas usually arise before, during or after diagnosis of acute leukemia, most
often AML. Majority of the patients with myeloid sarcoma respond to upfront systemic
chemotherapy and sometimes bone marrow transplant, but it is unclear which patients
will benefit from which treatments. This is primarily due to the paucity of knowledge on
myeloid sarcoma. At present, there are no prognostic biomarkers for myeloid sarcoma,
which can help in risk stratification in patients with myeloid sarcoma. Several studies
have suggested that myeloid sarcoma is more likely to occur with certain translocations
such as CBF and MLL rearrangements. In addition, sequencing analysis has identified
several mutations in genes such as FLT3, NPM1, EZH2, and KIT. Nevertheless, there is
still lack of knowledge to understand why particular leukemia migrates to the skin and
soft tissues and becomes refractory to systemic therapy.

Keywords: extramedullary infiltration, myeloid sarcoma, acute leukemia

1. Introduction

Myeloid Sarcoma (MS) constitutes a rare pathological condition of extramedullary manifesta-
tion of leukemic cells of primarily myeloid origins that destroy the normal tissue architecture
at the site of origin. Presence of the enzyme myeloperoxidase (MPO), gives the tumors its
characteristic green hue, leading to the term, ‘chloroma’ (Greek, Chloros, meaning green)
coined by a British physician, A. Burns in 1811 [1, 2]. Alternatively, MS is also referred as,
Granulocytic sarcoma or Myeloblastoma. In the majority of the cases, MS is associated with
acute myeloid leukemia (AML), however, it may also manifest in non-leukemic individuals. In
addition, MS has also been reported in cases of myeloproliferative neoplasms (MPN), or
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myelodysplastic disorders (MPD) [3, 4]. At present, MS represents a major subgroup of mye-
loid neoplasms and acute leukemia in WHO classification [5].

2. Epidemiology

MS can manifest under different clinical scenarios including, (1) MS with concurrent AML, (2)
as an isolated tumor and may precede the blood and bone marrow involvement or without
any history of myeloid neoplasia and, (3) extramedullary relapse of AML [1, 3, 6-9]. However,
with a limited number of prospective studies, the exact frequency and the extent of MS are not
well described. Based on the retrospective and the autopsy studies, the occurrence of MS in
AML patients is reported to be ~10% across genders and all age groups [3, 10, 11]. In depth
analysis however revealed that MS primarily affects pediatric patients (>50% of all MS
patients) with slight male biasness [7, 12, 13]. In 15-35% of cases, MS can appear concomitantly
with AML, whereas, in 50% of cases MS appears following the diagnosis of AML. In rare
instances (<1%), MS has also been diagnosed after allogenic stem cell transplantation (allo-
SCT), which manifests as an isolated tumor with or without accompanying blood and bone
marrow relapse [14, 15].

3. Mechanisms

The precise mechanism underlying the development of MS is unclear. However, extra-
medullary infiltration by acute leukemia strongly implicates the presence of an alternative
homing signal that enables the blast cells to re-localize to these secondary sites. In this context,
strong evidence was provided by the studies demonstrating the presence of different chemo-
kine receptors on blast cells in MS and concurrent AML involving blood and bone marrow
[16]. Taken together, these observations led to the proposal that unusual manifestations of
adhesion molecules dictate the migration of AML subclones to surrounding tissues.
Stefanidakis et al. provided further insights into the migratory capacity of blast cells. In their
study, the authors reported that a major factor for the migration of AML cells into non-myeloid
regions is the interactions between matrix metalloproteinase (MMP) — 9 and leukocyte (32
integrin along with some unidentified proteins [2]. Stefanidakis et al. termed the complex,
‘invadosome’ [2]. The observations that highly invasive AML cell lines express high level of
MMP-2 and tissue inhibitor of metalloproteinase 2 (TIMP2) further support the conclusion of
Stefanidakis and colleagues [17]. In a recent study, Zhu et al. has reported a correlation
between high expression of enhancer of Zeste 2 (EZH2), the catalytic subunit of polycomb
repressor complex 2 (PRC2), and extramedullary infiltration of AML [18]. The authors have
indicated that increased expression of EZH2 attenuates the expression of TIMPs, which result
in the upregulation of MMPs. The uninhibited MMPs ultimately degrades the extracellular
matrix (ECM) and thus aid in the escape of the blast cells in the extramedullary space [18].
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4. Sites of involvement and symptoms

MS can manifest in different anatomical sites. However, there is a lack of study to establish a
correlation between AML and predilection for sites by MS. The most commonly involved sites
of MS are skin, bone and lymph nodes [3, 10, 11]. In addition, other sites associated with MS
include central nervous system (CNS), oral and nasal mucosa, breasts, genitourinary tract,
chest wall, testis etc. Skin is the primary sites for the development of MS in pediatric patients
(~54%), followed by ocular region [3, 10, 11].

In majority of instances, MS is asymptomatic. Even so, depending on the size and location of
the tumor, the most common signs and symptoms associated with MS are compression
accompanied by pains, bleeding, fever and fatigues [1].

5. Diagnosis and disease pathology

At present, there is no specific diagnosis for MS. Given the fact that MS in majority of cases is
asymptomatic and does not elicit any specific symptoms, it often poses serious diagnostic
challenge for a clinician. Consequently, MS is often misdiagnosed as large cell lymphoma,
malignant melanoma, extramedullary hematopoiesis or inflammation. However, diagnosis of
MS in association with existing leukemia is comparatively easier than isolated MS. Detection
and identification of MS requires the coordinated intervention of different medical procedure.
Computed tomography (CT) and magnetic resonance imagery (MRI) are generally used for
the detection of the tumors [19]. Following the detection of tumors biopsies are conducted to
confirm the malignancy of the mass.

However, accurate diagnosis of MS requires histological examination and immunophenotypic
analysis. Histological analysis of MS generally elicits myeloid cells at different stages of matu-
ration. The infiltrating leukemic cells generally elicit irregular large nuclei and large
cytoplasm-to-nuclear ratio. Depending on the predominant cell types in the tumors, MS are
classified into granulocytic, monoblastic and myelomonocytic. In addition, depending on the
maturity of the cells, MS are further subdivided into immature, mature and blastic types [11].
In addition to morphology, cytochemical stainings on imprints may allow for confirming the
myeloid affiliation and differentiating granulocytic-lineage and monoblastic forms. According
to the WHO 2016 classification, cytochemical stains may include myeloperoxidase and naph-
thol AS-D chloroacetate esterase (positive in granulocytic MS), as well as non-specific esterase
(positive in monoblastic MS) [5]. The diagnosis is further validated by immunophenotyping.
Flow cytometric analysis on cell suspensions can be performed; however, immunohistochem-
istry on paraffin-embedded tissue sections is more commonly used for the detection of lineage
affiliation and evaluation of maturation. MS are usually positive for myeloid and monocytic
markers, i.e. CD33, CD68, lysozyme, the more immature markers such as CD117 and CD34,
CD61, glycophorin, CD4, etc. CD99 and TdT may also be positive. CD56 can be detected in
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Immunophenotypic Most common markers

profiles

Myeloid Myeloperoxidase (MPO), CD33, CD68 (detected by KP1 monoclonal antibody but not by
PG-M1), CD34, CD117

Promyelocytic Myeloperoxidase (MPO), CD15, CD117, lacking CD34 and TdT

Myelomonocytic Homogeneous expression of CD68 (KP1), while CD68 (PG-M1) and MPO in distinct
subpopulations

Monoblastic CD68 (PG-M1), CD14, lacking MPO, CD163, CD11c

Megakaryoblastic CDé61, von Willebrand factor

Erythroid CD71, glycophorin A, glycophorin C

Table 1. Common immunophenotypes.

around 20% of MS cases [1, 12]. NPM1 cytoplasmic and nuclear staining indicates NPM1 gene
mutations. To exclude the possibility of lymphoma the tumors should be interrogated for
different T and B lineage markers such as, CD3, CD20, and CD79a. Aberrant expression of
B/T-cell markers is possible, however, if criteria for a mixed-lineage leukemia are fulfilled the
case is not classified as MS according to WHO 2016. Particular antigenic constellations may
more precisely define subtypes shown in Table 1.

MS is also associated with several cytogenetic and chromosomal abnormalities (please see next
section for detailed report). Consequently, fluorescence in situ hybridization (FISH) should be
employed as a part diagnostic work up for patient stratification [20].

6. Cytogenetics and molecular genetics of myeloid sarcoma

Cytogenetic analysis conducted with bone marrow and peripheral blood blasts in MS patients
has demonstrated cytogenetic abnormalities in more than 50% of instances [21]. Nonetheless,
the rates of specific cytogenetic abnormalities associated with MS are rather diverse. Studies
have elicited the frequent association of between MS and core binding factor (CBF) leukemia
and AML with MLL rearrangements [22]. The most common chromosomal abnormality,
t(8;21), is associated with pediatric MS or in patients with ocular involvement [21, 23, 24]. The
second predominant chromosomal aberration associated with pediatric MS is inv16 [3, 25].
However, studies by Pileri et al. showed the relative rarity of t(8,21) in adult MS patients [21].
Instead, trisomy 8, monosomy 7 and MLL rearrangements constitute the majority of the cases
[21]. The prevalence of inv16 was also not well documented in adult patients. In addition,
other chromosomal aberrations including monosomy 5, 7 or 8 were reported in isolated cases.
Nucleophosmin (NPM)-1 mutations have been reported to be in 15% of MS patients. This
particular variant of MS elicits clinical attributes similar to NPM-1 positive AML and manifest
primarily in M4 and M5 French American British (FAB) subclasses of AML [26]. NPM-1
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mutant positive MS is also associated with the loss of CD34 expression and normal karyotype.
Studies conducted by Ansari-Lari et al. have reported the presence of FLT3-ITD mutation in
~33% (three of nine) of MS patients with concurrent AML [27]. However, the implications of
NPM-1 and FLT3-ITD mutations on prognosis of MS are still not clear and data are too scarce
for definite conclusions. In their retrospective study, Vega-Ruiz et al. showed that 3% of
patients with acute promyelocytic leukemia (APL) manifest MS, predominantly in CNS [28].
Studies conducted by several groups have also attributed the development of MS to the use of
all-trans retinoic acid (ATRA) or with conventional chemotherapy [29].

7. Imaging as a diagnostic tool

Timely identification of MS has a significant impact on the treatment outcomes and achieving
remission in case of AML. As often, these extramedullary tumors serve as sanctuary sites for
future relapse. However, detection and simultaneous identification of MS is challenging. The
standard AML diagnosis does not include MS, nor there are any specific diagnostic regimens
for MS. Consequently, in majority of cases diagnosis of MS is either significantly delayed or
remain undetected. In this context, multimodal imaging procedure can be beneficial for early
detection of tumors [30]. This generally involves employment of traditional imaging tech-
niques such as, positron emission tomography (PET), CT and MRI [25]. Particularly, in the last
decades, PET/CT is becoming an essential tool for disease detection [25]. In this context, 18F-
fluorodeoxygenase (18F-FDG)PET/CT has been recognized as a very potent instrument for the
identification of not only leukemia but also extramedullary invasion of blast cells [8, 31, 32]. In
a prospective study, Stolzel et al. have successfully employed whole-body 18F-FDG PET/CT in
94 AML patients, consisting of both newly diagnosed and relapsed cases of AML for detection
of MS [33]. In a different study, Aschoff et al. have demonstrated the sensitivity of 18F-FDG
PET/CT by reducing the number of false-positive associated with traditional PET imaging [34].
In addition, 18F-FDG PET/CT has also been able identify new sites of MS, which is not
identified by traditional imaging techniques [8].

Although, encouraging, 18F-FDG PET/CT does have some restrictions. Several reports have
shown that 18F-FDG PET/CT is not sensitive enough to pick up extramedullary infiltration in
the soft tissues such as skin meninges and mucus membranes. In addition, 18F-FDG is not a
tumor specific marker but rather depends on the glucose uptake by the cells [8]. As such, there
is an increase chance of false-positive signals associated with 18F-FDG PET/CT specifically, in
brain and kidney that have high basal glucose metabolism [9]. As an alternative, various
groups have used 18F-fluorodeoxythymidine (FLT), a thymidine analogue and proliferating
marker, as a tracer for PET/CT in place of 18F-FDG [8]. Unlike 18F-FDG, 18F-FLT has generally
low uptake in different organs, such as brain and kidney and therefore elicits comparatively
less background [35]. Although, as of now there has been no prospective/retrospective study
with 18F-FLT PET/CT for MS detection, but the sensitivity and accuracy of 18F-FLT PET/CT
has been demonstrated in different cancers including, non-small cell lung cancer (NSCLC) and
NPM-ALK-Positive lymphoma [8, 36].

119



120 Hematology - Latest Research and Clinical Advances

8. Treatment

Given the scarcity of positively diagnosed MS and randomized prospective trials, there is at
present no consensus MS specific therapeutic regimen. The current routine includes conven-
tional AML-type chemotherapy and radiotherapy for both isolated and MS or MS with con-
comitant AML. Studies led by different groups have shown that standard AML therapy
exhibits better overall survival in case of isolated MS incidents [10]. Nevertheless, there is a
lack of data addressing a particular chemotherapeutic regimen for MS. Existing data indicates
cytarabine to be an essential drug in this regard [37].

The use of radiotherapy is also not well studied as a prospective means of treatment of MS.
Although, in some instances, radiation is used in combination with chemotherapy to treat MS.
However, no added advantage was observed in those cases [11, 38]. In addition, hematopoietic
stem cell transplantation is also used, albeit retrospectively, in MS patients [1]. Reported data
does suggest an advantage of auto- or allo-HSCT in MS patients with or without concomitant
AML irrespective of age, gender, anatomic location, clinical presentation or cytogenic status
[1, 3, 11]. In addition, retrospective chemotherapy trials conducted by the Children’s Cancer
Group demonstrated a better event-free survival for children with isolated MS than patients
with concurrent AML [38].

Taken together, however, no studies ever compared the different prognostic factors in MS
patients with or without AML and consequently, their effects on the treatment regimens. The
published data, nevertheless, do suggest a difference in prognosis between patients with
isolated MS and with concurrent or relapsed AML. Traditionally, the simultaneous expression
of MS at diagnosis of AML is considered as poor prognosis. However, there is evidence
contrary to this observation.

As stated above, till now there is no specific treatment for MS. Consequently, to a large extent
the treatment of MS depends on the site, volume as well as the timing of diagnosis of the
extramedullary tumor. Based on these factors, the clinicians determine the treatment plan by
employing singly chemotherapy, radiation therapy or bone marrow transplantation or in
combination. A detailed discussion of these different therapeutic regimens is discussed below.

9. Chemotherapy

Systemic chemotherapy is the primary choice of treatment for both isolated MS and MS with
simultaneous bone marrow involvement. This is largely due to the fact that even if there is no
primary bone marrow involvement, isolated or primary MS ultimately gives rise to AML in
majority of the cases [3, 39]. Consequently, the chemotherapy regimens for MS generally
follow the same protocol as AML. All these regimens mainly include cytarabine with
fludarabine, idarubicin, or both. In some instances, granulocyte colony-stimulating factor (G-
CSF), daunorubicin and cyclophosphamide are also used [32, 37, 40]. In particular, combina-
tion therapy with cytarabine and daunorubicin has been demonstrated to achieve complete
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remission in ~65% of MS patients. In addition, chemotherapy has also shown to be effective in
attenuating AML development in isolated MS cases (~71%) in both adult and pediatric popu-
lation [37, 41]. However, at present there is not enough data to identify a specific chemother-
apy plan that is beneficial for MS.

10. Radiotherapy

In some instance, radiation is also used as a part of the treatment plan for MS. However,
existing data does suggest that radiation alone may not be sufficient enough to completely
eradicate MS. Study conducted by Bakst et al. has demonstrated that patients with isolated MS
generally respond better to systemic chemotherapy compared to radiotherapy [39]. In addi-
tion, there is also no conclusive data demonstrating that radiotherapy in MS alone can prevent
the development of systemic leukemia involving bone marrow (~40%). Consequently, in most
cases radiation is used in combination with chemotherapy in treating MS [42].

11. Bone marrow transplantation

Allo-SCT has also been demonstrated to be beneficial in treating isolated MS. Consequently,
many investigators/clinicians considered allo-SCT as a primary line treatment following
remission in MS patients [21, 43]. However, in a retrospective study, Chevallier et al. have
showed that there is no difference in 5-year survival rate in patients with isolated or MS
with leukemia when treated with allo-SCT [43]. In both the cases, the average survival was
~48% for 5-year survival. In a different study, Pileri et al. showed that MS patients receiving
transplantation demonstrated a better overall survival rate (~70%), than patients who did
not receive transplantation (0%) as a part of the treatment plan [21]. In subgroup analysis,
transplantation did not display any biasness depending on age, tumor site, timing of diag-
nosis etc. [21].

Taken together, these reports do suggest that transplantation should be considered as a part of
the consolidation therapy following remission in both isolated and leukemic MS in adult and
pediatric patients. However, one should be cautious as there are reports of manifestation of MS
postallo-SCT, most likely due to reduced graft-versus-leukemia (GVL) state at extramedullary
sites [25].

At present, there is not enough data in the field to make an informed choice for the best course
of treatment for different variants of MS. Based on the existing data, it is reasonable to consider
systemic chemotherapy as the best course of action, in association with radiotherapy and allo-
SCT depending on the bone marrow involvement. Given the fact that most of the reports are
isolated, single center analysis with small patient pool, it is not possible to develop a consensus
therapeutic regimen. To achieve such MS specific therapy, large multicenter collaboration and
development of prospective clinical trials is imperative.
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12. Targeted therapy: a possibility for the future?

Next-generation sequencing (NGS) and mutational analysis have uncovered significant
insights into the pathogenicity of leukemia. Consequently, the chances to develop targeted
therapies for leukemia have become a distinct possibility. However, due to misdiagnosis and
paucity of clinical samples, such comprehensive analysis for MS is still lacking. Nonetheless,
studies conducted with small cohorts of patients did report mutations in genes such as FLT3
and NPMI1. Li et al. performed an NGS analysis with six patients with a custom panel targeting
21 common genes associated with AML and myelodysplastic syndrome (MDS) [44]. In addi-
tion to FLT3 and NPM1, the authors were also able to identify mutations in several genes such
as KIT, TET2, EZH2, SF3B1 and ASXL1 akin to AML [44]. This report does provide substantial
evidence of an underlying similarity in the pathogenicity between MS and AML. The impor-
tance of targeted therapy is further accentuated by Piccaluga and colleagues [45]. In this study,
the authors used an anti-CD33 monoclonal antibody to treat MS patients with concurrent
CD33-positive AML. Two out five patients in the study elicited a complete remission of both
MS and AML, while two patients showed reductions of extramedullary disease only [45]. In a
different study, treatment of MS patients with BCR-ABL1, FLT3-ITD and FIP1L1-PDGFRA
mutations by tyrosine kinase inhibitors (TKIs) also showed encouraging outcome [46].

Taken together these observations does suggest that akin to AML a similar sequencing (whole
genome, whole exome, and RNA seq.) base analysis should be employed in case of MS.
However, the success of such an endeavor depends on the obtainability of large cohorts of
samples, which unfortunately is a rarity in case of MS. Large multicenter collaboration is
essential to circumvent this problem.

13. Conclusion

Myeloid sarcoma is acknowledged as a separate disease entity for a significant period. It is an
extremely rare hematological malignancy and is often associated with poor prognosis. Due to
the scarcity of samples, there is no risk assessment study for MS. There are several unanswered
questions for MS. Specifically, is there a bias for certain AML (such as CBF leukemia) to induce
extramedullary infiltration. If yes, what is the primary mechanism(s) that drives the processes?
Does MS represent alternate molecular landscapes, clonal evolution, from the original bone
marrow disease? It can be argued that MS reflects a state of reduced immune surveillance in a
patient at diagnosis or following hematopoietic stem cell transplantation. Consequently, this
raises the possibility that MS may serve as a sanctuary site for leukemic relapse. The observa-
tion supports this implication that isolated MS ultimately gives rise to leukemia involving
bone marrow.

MS is often challenging to identify and even more challenging to diagnose. Owing to its
similarity with solid tumors, MS is often misdiagnosed, particularly as non-Hodgkin Iym-
phoma. Accurate diagnosis of MS required an orchestrated approach involving whole body
imaging (PET/CT, MRI), broad panels of immunohistochemical staining, and FISH assay for
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cytogenetic and chromosomal abnormalities. Also, bone marrow biopsy should be that part of
the diagnosis. In fact, all isolated MS cases should be prophylactically treated for AML even if
there is no detectable leukemia. Caution should be exercised when analyzing immunohisto-
chemistry for MS. For example, CD43 and CD68, although, a reliable indicator of AML, should
be correlated with CD33, myeloperoxidase staining for accurate MS diagnosis. Treatment
should involve systemic chemotherapy as the first line of treatment with radiotherapy and
allo-HCT as part of the consolidation therapy. Surgery should be employed for tumor resec-
tion, if possible.

We need more prospective studies with larger patient cohorts to understand the mechanism(s)
of MS development. In addition, future studies should be directed to whole genome sequenc-
ing of MS samples to understand the different genetic abnormalities associated with MS and
how they differ from the corresponding bone marrow disease. Genetic information will also
help in better patient stratification. As evident from the whole-body PET/CT imaging, the
incidence of MS is more prevalent than expected indicating that we most likely have
underestimated the impact and implications of MS.
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Abstract

The circulatory system plays a vital role in the survival of an organism by supplying it
with essential nutrients, signaling molecules and eliminating the waste or toxic products
from the body. This flow is tightly regulated by various factors, procoagulants support
the formation of hemostatic plugs to prevent the leakage or blood loss and anticoagulants
prevent the formation of unwanted clots. Disruption or dysregulation of procoagulants
and anticoagulants lead to clinical complexities. In this chapter defects in the coagulation
system, hereditary, acquired coagulation disorders, their diagnosis and recent clinical
modulators of the coagulation system are discussed.

Keywords: coagulation, hemophilia, thrombosis, pro-coagulants and anticoagulants

1. Introduction

Blood carries a set of zymogen serine proteases called procoagulants these serine proteases
are activated upon injury and promote the formation of a clot [1]. The clot formation initi-
ates by two mechanisms [1-4]. One of the mechanisms is termed as tissue factor pathway or
extrinsic pathway, and the other pathway is called as contact pathway or intrinsic pathway [2].
Extrinsic pathway or tissue factor pathway is initiated by the tissue factor (TF) released form
the damaged cell [1-4]. TF proteolytically cleaves a zymogen factor VII (FVII) and activates it
[1-4]. Activated factor VII (FVIla) forms a complex with TF, forming a potent protease com-
plex which activates the downstream cascade by limited proteolysis. TF-FVIla complex con-
verts the inactive factor IX (FIX) and factor X to activated factor IX (FIXa) and activated factor X
(FXa). The activated FIXa binds to activated Factor VIIla(FVIIIa) to form X-ase complex on the
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phosphatidylserine-rich membrane surface, this complex converts FX to FXa. Intrinsic/ contact
pathway is initiated by artificial surfaces in the plasma. Artificial surfaces induce conforma-
tional change in factor XII (FXII) and results in activation of small amount of FXII. Activated
factor XII (FXIIa) activates high molecular weight kininogen (HK) and plasma prekallikrein
(PK) and this acts as a positive feedback loop for FXII activation [1-4]. Further, FXIla activates
Factor XI (FXI) to FXIa, which intern activates FIX. Both extrinsic and intrinsic pathways col-
laborate with a common pathway that involves activated FXa. FXa binds to activated factor V
(FVa), forming prothrombinase complex and Prothrombinase complex cleaves prothrombin
to generate activated thrombin. Thrombin cleaves fibrinogen to fibrin, these fibrin monomers
polymerizes to form insoluble fibrin polymer (Figure 1A).

Along with the clotting factors, platelets play a vital role in regulating the hemostasis by
forming a cellular plug at the site of injury. The circulating platelets get immobilized at the
sub endothelial surface of the site of injury by binding to the von Willebrand factor (VWF)
[3]. Platelet receptor GPIb-IXV is essential for this process. Similarly, receptor GPVI helps
to anchor the platelets at the site of injury with the help of collagen. Further these platelets
get activated and expose phosphatidylserine, which provides a lipid surface for the clotting
factors [3]. Among the clotting factors, fibrin helps in activating the platelets by cleaving the
protease activated receptors (PARs) that include PAR1 and PAR4 (Figure 1B).

Hemostasis is tightly monitored by feedback mechanisms, where anticoagulants inhibit the
protease function of coagulation favors by directly inhibiting them or their cofactors [1-4].
The natural anticoagulants include tissue factor pathway inhibitor (TFPI), Activated protein
C (APC), Protein S (PS) and Protein Z (PZ). These anticoagulants help in regulating blood clot
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Figure 1. (A) Schematic representation of coagulation cascade. (B) Schematic representation of platelet plug formation.
(C) TFPI pathway. (D) APC function. (E) PZI pathway. (F) Clot lysis.
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formation [5-7]. TFPI directly binds to FVIla and Xa complex and inhibits their function and
the TFPI function is accelerated in presence of PS. APC proteolytically cleaves FVIIla and FVa
[7]. PS was discovered as a cofactor for TFPI, APC and recent reports demonstrated that PS
can directly bind and inhibit the functions of FVa, FIXa and FXa [5-7]. Protein Z-dependent
protease inhibitor inhibits FXa and FXIa, in the presence of PZ and calcium [8] (Figure 1C-E).

Blood clots from the healthy system are removed by fibrinolytic system [9]. In the fibrinolysis
process tissue specific plasminogen activators (tPA) or urokinase plasminogen activator acti-
vates plasminogen by proteolytically cleaving it into activated plasmin. Plasmin cleaves the
insoluble fibrin polymers into soluble peptides [9] (Figure 1F).

2. Defects in hemostasis

Quantitative or qualitative defects in the coagulation factors lead to hemostatic defects such
as hemophilia or thrombosis [10, 11]. Hemophilia is characterized by defects in clotting fac-
tors and it is characterized by spontaneous or periodic bleedings [11]. Whereas, thrombosis is
caused by the high amount of procoagulants in the plasma, hyper activation of procoagulants
or defects in anticoagulants [10]. Thrombosis is characterized by systemic clots which impair
the normal hemostasis. Bleeding disorders are also classified hereditary and acquired disorders.
Hereditary disorders are associated with gene mutations and inherited to the offspring [11]. The
major hereditary disorders are hemophilia, rare bleeding disorders and thrombosis. Acquired
disorders are caused by several factors such as infections, habits and environmental effects [12].

3. Hemophilia

Hemophilia is an inherited bleeding disorder, caused by the deficiency of procoagulants.
Deficiency of FVIII is known as hemophilia A, deficiency of FIX is known as hemophilia B
and deficiency of FXI is known as hemophilia C [13-17]. The hemophilia A and B are X chro-
mosome linked disorders and they are mainly observed in the male population [14, 15, 17].
Hemophilia A cases are observed in 1 in 5000 males whereas, hemophilia B cases are observed
in 1 in 20,000 males (https://www.hemophilia.org/About-Us/Fast-Facts). Hemophilia is clas-
sified based on the functional antigen levels. Patients with <1% activity with spontaneous
bleeding are termed as severe hemophilia, patients with 1-5% activity are called moderate
hemophilia and individuals with >5%, <40% are termed as mild hemophilia [17].

3.1. Hemophilia a and factor VIII

Hemophilia A is majorly caused by deficiency in FVIII antigen levels or mutations in FVIII
gene that effect FVIII functions [18, 19]. FVIILis encoded by the gene that localized on the long
arm of X chromosome and the gene consists of 26 exons [18, 19]. A total of 2537 mutations are
identified on FVIII gene [20]. FVIII is highly expressed in the liver [21, 22]. The mature FVIII
protein consists of 2332 amino acids with 6 domains. These domains include A1, A2, B, A3, C1
and C2 [23, 24]. In the blood FVIII is activated by thrombin or FXa [25, 26]. Thrombin cleaves
FVIII at R372, R740 and R1689 and removes B domain [26]. Similarly, FXa cleaves FVIII at
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K36, R336, R562, R740, R1689 and R1721 [27]. FXa mediated cleavage of FVIII at K36 and R336
leads to inactivation of FVIIIa [27]. APC inactivates FVIII by proteolytically cleaving FVIIla
at R336 and R562 which leads to destabilization of A1 and A2 domain interaction [28, 29]
(Figure 2). In 1960s, major treatment for hemophilia A is whole blood or plasma transfusion
[30, 31]. This treatment has a drawback of viral transfusion along with the coagulation factors.
Treatments of mild hemophilia A include vasopressin analogs to enhance the synthesis of
FVIIL, 1-Desamino-8d-arginine vasopressin (DDAVP) is a vasopressin analog clinically used
to enhance the plasma levels of FVIII [32, 33]. Recombinant FVIIa and FVIII are also used to
prevent bleeding events in the hemophilia patients [34]. These clotting factors are also supple-
mented with FVIIa or factor FVII inhibitor bypassing agent (FEIBA) to enhance the function
of FVIIa and FVIII, whereas FEIBA enhanced the risk of thrombosis [35, 36]. Recent studies
elucidated that stabilized recombinant FVIII can be used as a therapeutic for hemophilia A,
this includes more stable isoforms of FVIII such as B domain deleted FVIII (BDD FVIII) [37]
(Table 1). The ongoing research is focusing on using BDD FVIII as a gene therapy by incorpo-
rating it into the viral vectors and delivering it into the patient [38].

3.2. Hemophilia B and its treatment

Hemophilia B is another bleeding disorder considered to be indistinguishable from hemo-
philia A whereas, recent evidences elucidated that hemophilia B patients have less severe
bleeding phenotype lower bleeding frequency and better long term outcomes compared to
hemophilia A [42]. Hemophilia B is caused due to FIX deficiency [43]. FIX is encoded by a
gene present on X chromosome, FIX is a major component of intrinsic pathway of coagulation
cascade and it is activated into FIXa by FXlIa or FVIIa [44-46]. Activated FIX forms a X-ase
complex with FVIIla and phosphatidylserine [47]. Tenase complex converts X to Xa [47]. The
bleeding tendency depends on FIX activity in the plasma [48]. FIX deficiencies are classified
based on the plasma FIX activity and they are severe (<1% FIX activity), moderate (1-5%) and
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Figure 2. Schematic representation for FVIII biosynthesis and inactivation.
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FVIII-product Half-life in hours
Full length Plasma derived [31] 14.8-17.5

Plasma derived FVIII-vWF complex [39] 12.2-17.9
Recombinant Full length FVII [34] 14.6 £4.9
B-Domain Deleted FVIII [34] 145+5.3
BDD-PEGylated [40] 14.69 +3.79
BDD-rFVIII-Fc [41] 19.7+2.3
BDD-rEVIII EHL single chain [30] 14.2

Table 1. Development of FVIII therapy for hemophilia.

mild (5-40%) [48]. Current therapies for hemophilia B include plasma derived FIX, recombi-
nant FIX, recombinant FIX fused with polyethylene glycol (PEG), recombinant FIX fused with
Fc portion of immunoglobulin G, FIX fused with albumin mutant FIX [48]. The disadvantages
of plasma derived FIX is that it has a very short half-life in the patient plasma and plasma
derived FIX has chances of viral contamination. Recombinant FIX is produced in Chinese
hamster ovary cells [48]. rFIX has an increased half-life compared to plasma derived FIX, it
over came the problem of viral contamination, however rFIX showed 30% less activity com-
pared to plasma derived FIX, due to variations in the glycosylation. Conjugation of FIX with
PEG is known as PEGylation. PEG serves as a shield for PEGylated FIX and protects it from
proteolytic cleavage. PEGylated FIX’s half-life is five times in mice compared to the half-life
of rFIX [48]. FC fused FIX has a half-life of 48 h. The other FIX fusion protein in clinical trial
is FIX fused with albumin. Single amino acid mutation in the catalytic domain of FIX (R338L)
increased its Tenase activity by 2 fold and thrombin generation activity by 6 fold, therefore by
FIX R338L usage in gene therapy is under investigation [49].

3.3. Hemophilia C

Hemophilia C is caused by FXI deficiency where factor XI activity of 15-20 U/dL or lower.
Surprisingly FXI deficiency does not show a severe bleeding phenotype [16].

4. Platelets in hemophilia

Platelets are key components of primary coagulation system [50]. TF released from the damaged
endothelial cells activates the platelets [51].Activated platelets get adhere to the site of damage
with help of vWF [52]. Upon activation platelets expose phosphatidylserine which gives the lipid
surface to the coagulation cascade [51]. Recent studies elucidate that platelets can play a major role
in hemophilia, as hemophilia patients with same FIX or FVIII antigen levels has different clotting
time due to variations in the platelet mediated coagulation activity [53-55]. Platelets store FVIII in
the alpha granules therefore, platelets are being used as therapeutic components for hemophilia
treatment, majorly in gene therapy. In a recent study, hemophilic dogs were transfused with
genetically modified platelets (which can over express FVIII gene). Bleeding events were stopped
in the hemophilic dogs after transfusing them with genetically altered platelets [53].
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5. Rare bleeding disorders

Rare inherited bleeding disorders (RBDs) include deficiencies of coagulation factors such as
fibrinogen, factor II (FII), FV, combined deficiency of FV and FVII, FVIII, FX, FXI, FXIII and
vitamin K dependent factors. RBDs are mostly autosomal recessive disorders varying from
1 in 500,000 to 1 in 2-3 million [56]. These disorders are diagnosed by clotting assays such
as thrombin time, prothrombin time and activated partial thromboplastin time followed by
molecular diagnosis [56].

5.1. Fibrinogen deficiency

Fibrinogen is a 340 kDa hexamer assembled by the combination of 3 homologous polypep-
tide chains (Aa, BP and vy) [57]. Fibrinogen plays an important role in clot formation where
thrombin converts fibrinogen into soluble fibrin which further forms an insoluble polymer
mesh, fibrin also plays an active role in platelet aggregation by binding to glycoprotein IIb/
IIIa on the activated platelets [57]. The genes encoding for Bf3 (FGB), Aa (FGA) and y (FGG)
are located on chromosome 4 from centromere to telomere [58]. Fibrinogen is primarily syn-
thesized in liver [59]. Fibrin deficiency is identified as two phenotypes termed as afibrino-
genemia/hypofibrinogenemia and it is characterized by low plasma and platelet fibrinogen
antigens whereas, dys/hypodysfibrinogenemia is characterized by the deficiency of func-
tional fibrinogen levels [60, 61]. Afibrinogenemia is detected by prolonged prothrombin
time, thrombin time, activated partial thromboplastin time, impaired platelet adhesion and
impaired platelet aggregation induced by ADP [60, 62]. Clinical manifestations of fibrinogen
include umbilical stump bleeding, possible gastrointestinal bleeding, recurrent episodes of
intracranial hemorrhage [60, 63]. Treatment for fibrinogen deficiency include replacement
therapy by cryoprecipitate [63].

5.2. Prothrombin deficiency

Prothrombin is a vitamin K dependent glycoprotein synthesized in the liver [64]. Prothrombin
is encoded by 21 kb gene present on chromosome 11 [65, 66]. Prothrombin deficiency is
observed in 1 in 2 million [65]. Prothrombin deficiency is classified into two types, hypopro-
thrombinemia caused by low prothrombin production and dysprothrombinemia is caused
by deficiency of functional prothrombin [65]. Hypoprothrombinemia with less than 5% pro-
thrombin antigen is characterized by severe bleeding whereas dysprothrombinemia causes
variable bleeding tendencies [65]. Treatments for prothrombin deficiency include prothrom-
bin complex concentrate and fresh frozen plasma [67].

5.3. Factor V deficiency

FV is a single polypeptide encoded by chromosome 1 and primarily synthesized in the liver
and some evidences show that FV is also produced by megakaryocytes [68-70]. The activated
FV acts as a cofactor for FXa, to form a prothrombinase complex and it also serves as a target
for APC-PS complex in inhibiting the coagulation cascade [71]. Patients with FV deficiency
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surprisingly do not show bleeding phenotype. Recent evidences elucidated that platelets endo-
cytose FV from plasma, modify them intracellularly and release it at the site of injury. This
platelet released FV is resistant for inhibition. If symptomatic patients usually have umbilical
stump bleeding, skin and mucosal tract hemorrhage [72].

5.4. FVII deficiency

FVII is a 50 Kda single chain polypeptide encoded by F7 gene located on chromosome 13
and FVII levels are influenced by age, sex and health condition such as blood cholesterol
and triglyceride levels [73, 74]. FVII deficiency is observed in 1 in 500,000, with variable
phenotypes [74]. Some patients do not show bleeding phenotype despite very low FVII lev-
els, whereas others with similar FVII antigen levels show severe bleeding phenotype [74].
The bleeding phenotypes of FVII deficiency include central nervous system hemorrhage,
epistatic and menorrhagia [74]. Frozen fresh plasma, prothrombin complex concentrates,
plasma derived FVII concentrate, recombinant FVIIa are typically used to treat FVII defi-
ciency [75, 76].

5.5. FX deficiency

Factor X is a single chain polypeptide with a molecular weight of 58,900 kDa and circulates in
plasma with a concentration of 10 pg/ml [77]. FX is encoded by FX gene present on chromo-
some 13 [78]. FX deficiency is characterized by central nervous system and gastro intestinal
bleeding [79, 80]. FX deficiency is one of the very rare disorders observed in 1 in 500,000
1000,000 [79, 80]. Treatments of FX deficiency include highly purified plasma FX, recombinant
FX, fresh frozen plasma and prothrombin complex concentrates [79, 80].

5.6. FXI deficiency

FXIis a 80 kDa protein with a plasma concentration of 30 nM, encoded by a 23 kb gene pres-
ent on chromosome 4 [81-83]. Mutations in the coding region are the major causes for FXI
deficiency and the prevalence of FXI deficiency is 1 in 1000,000 [83, 84]. The common symp-
toms of FXI deficiency are oral and post-operative bleeding. FXI deficient women are prone
to menorrhagia. Fresh frozen plasma, FXI concentrate and antifibrinolytic agents are used to
treat FXI deficiency [84].

5.7. FXIII deficiency

The functional FXIII consist 2 catalytic A subunits (FXIII-A) and 2 carrier subunits (FXIIIB)
[85]. EXIII-B is encoded by chromosome 6 and synthesized by the cells derived from bone
marrow, whereas FXIIIA is encoded by chromosome 1 and secreted from liver [85, 86]. FXIII
crosslinks a and y subunits of fibrin thereby increases the strength of fibrin clot and increases
fibrinolytic resistance [86]. Prevalence of FXIII deficiency is 1 in 2 million, patients with
FXIII-A have high tendency of bleeding [87]. 2-5% plasma FXIII is sufficient to prevent bleed-
ing, FXIII concentrates are usually used to treat FXIII deficiency and frozen fresh plasma and
cryoprecipitate are also recommended [87].
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5.8. Vitamin K dependent coagulation factors deficiency (VKCFD)

Procoagulants such as FII, FVII, FIX and FX, as well as anticoagulants Protein C, S and Z contain
a Glutamic acid rich domain [88, 89]. The Glutamate residues require y-carboxylation to enable
these proteins to bind to the phospholipid membrane in the presence of calcium and carry out
their functions [90]. Hepatic y-glutamyl carboxylase (GGCX) and its cofactor, reduced vitamin K
(KH2) aids the carboxylation process and in this process vitamin K is converted into vitamin K
epoxide [91, 92]. The vitamin K epoxide is recycled to reduced vitamin K by the vitamin K epox-
ide reductase (VKOR) enzyme complex [91, 92]. GGCX is encoded by the gene located on chro-
mosome 2 and VKORC1 is encoded by the gene present on chromosome 16 [93, 94]. Mutations
in these gene cause loss of GGCX or VKOR complex function and lead to vitamin K dependent
coagulation factor deficiency [95]. The clinical manifestations of VKCFD include intracranial
hemorrhage or umbilical stump bleeding [95]. Viral inactivated frozen fresh plasma is the agent
of choice for VKCFD patients, who require surgical procedures or have acute bleeding [95].

6. Thrombosis

Blood clotting occurs at the site of injury to prevent the leakage of the blood However in
thrombosis, blood clots are formed in the blood vessel without any damage response and
occlude the blood vessel [96]. Thrombosis is classified based on the location of the clot forma-
tion, it includes atrial thrombosis, venous thromboembolism (VIE) and pulmonary embo-
lism (PE) [97, 98]. Thrombosis causes high mortality in United States where, annually 900,000
patients develop VTE and 300,000 people die due to PE [99-101]. Atrial emboli is found pre-
dominantly in surgical and intensive care patients due to preexisting conditions such as age,
hypercoagulability, cardiac abnormalities and atherosclerosis [102]. Most often the clots are
found in the veins due to low shear rates in veins (20-200/s) compared to arteries (300-800/s)
[103]. Thrombosis found in veins is termed as venous thrombosis. The thrombus formation
in the deep veins is termed as deep vein thrombosis. The risk factors for thrombosis are clas-
sified by Virchow and they referred as Virchow’s Triad [104]. The triad includes endothelial
injury, stasis or turbulence of blood flow, and blood hypercoagulability. Endothelial injuries
generally happen during surgery, the turbulence of blood flow occurs due to cardiovascular
disorders or hypertension [104]. Hypercoagulability is caused by the environment, unhealthy
habits and age. The environmental risk factors include exposure to high altitudes and hypoxic
environment [103]. The external risk factors for the thrombosis include smoking, chronic alco-
holism and consumption of oral contraceptive pills [103]. Similarly, health conditions like can-
cer, obesity and aging promote the risk of thrombosis [103]. The molecular mechanisms under
these risk factors are yet to be understood. Thrombosis is also caused by inherited factors such
as mutations in the genes that encode for coagulation factors or anticoagulants.

6.1. Procoagulants - thrombosis

Serine proteases of coagulation cascade play a vital role in the progression of clot formation
[3]. Mutations in the proteases convert them into hyper active forms and some of the mutations
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prevent their degradation and enhance thrombin generation. High levels of FVIII, FIX, FVII
and TF are known to cause the thrombosis [105].

6.1.1. FVIII and thrombosis

FVIIlis secreted from the hepatocytes, the mature FVIII zymogen circulates in the blood stream
at a concentration of 0.1-0.2 pg/ml (<100 IU/dI) [105]. In blood FVIII is bound to vVWF pro-
duced by the endothelial cells, with a dissociation constant of 0.2-0.4 nM [106]. The complex of
vWE-FVIII stabilizes FVIII by preventing the cleavage of inactive FVIII by FXa and APC and it
also blocks the procoagulant of FVIII by allowing the selective activation of FVIII by thrombin
(Figure 2). vWF anchors and multimerizes at the site of tissue damage and helps in the forma-
tion of platelet plugs [106]. These vWF multimers are cleaved by ADAMTS13 (ADAMTS13
is a Disintegrin like and Metalloprotease with ThromboSpodin repeats family metallopro-
tease) [107]. Mutations in vVWF or ADAMTS13 increases plasma FVIII levels. Increase in the
plasma FVIII above 150 IU/dl increases the risk of thrombosis by 4.8 fold [105, 108]. Further
each increase in FVIII level with 10 IU/dl is associated with a 10% increase in the risk of a first
event of thrombosis.

6.1.2. FIX and thrombosis

FIX is a key component of intrinsic/contact pathway. Levels of FIX are important to regulate
the hemostasis [3]. Lower levels of FIX antigen leads to hemophilia and recently two studies
showed that higher levels of FIX lead to thrombosis [109]. Saenko et al. demonstrated that
risk of thrombosis increases by 2.3-2.8 fold in the subjects with plasma FIX activity >150 IU/dl
and van HylckamaVlieg et al. demonstrated that risk of thrombosis increases by 2.8 fold with
plasma FIX levels >129 U/d1 [110, 111]. Age, increase in blood lipids and use of oral contracep-
tive pills are some of the reasons for elevated plasma FIX levels [110, 111]. Some of the muta-
tions in FIX gene lead to increase in FIX activity thereby, increase in the risk of thrombosis. FIX
Padua variant is a one among the FIX mutants to show enhanced risk of thrombosis. FIX Padua
is a single amino acid substitution variant where arginine 388 is mutated to leucine [112].

6.1.3. Tissue factor and thrombosis

Tissue factor is also known as Factor III (FIII), it is a 47 kDa glycoprotein highly expressed in the
pericytes and adventitial fibroblasts, low levels of TF expression are observed in CD14-positive
monocytes [113]. TF is expressed in the parenchyma of highly vascularized organs such as
placenta, brain, heart, kidneys, and lungs [114]. Circulatory TF is found in macrovesicles pro-
duced by apoptotic bodies, smooth muscle cells, monocytes and cancer cells. TF expression is
enhanced by pathological conditions such as bacterial infections and cancer [115, 116].

6.1.4. Other procoagulants and thrombosis

FXIlevels more than 110 IU/dl increases the chances of thrombosis by 2 fold and inhibition of FXI
in thrombosis models rescues the DVT. Prothrombin levels more than 115 IU/dl increases the risk
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of thrombosis by 2.1 fold. Plasma thrombin levels are reported to increase due to polymorphic
variations. FV leiden is one the well-known FV variant that causes high risk of thrombosis. Koster
et al. reported increase in fibrinogen levels increases the risk of thrombosis by 2.8 fold [105].

6.2. Anticoagulants - thrombosis

Activated Protein C, Protein S, Protein Z and Tissue factor pathway inhibitor are natural anti-
coagulants that help in preventing the accidental or pathological thrombi formation. Defects
in these clotting factors lead to thrombosis [10].

6.2.1. Protein C (PC)

PC is a vitamin K dependent serine protease majorly synthesized by liver and its expression
has also been identified in epididymis, kidney, lung, brain and male reproductive organ. PC
is a single polypeptide of 461 amino acids, consist one Gla domain, a helical aromatic segment,
two epidermal growth factor (EGF)-like domains, an activation peptide and a trypsin-like ser-
ine protease domain [117]. In the presence of Calcium, PC binds to the endothelial membrane
through its Gla domain and interacts with its receptor (endothelial PC receptor: EPCR) [117].
The complex of PC-EPCR facilitates the activation of PC by thrombin, thrombomodulin complex
where, thrombin cleaves PC at Argl169-Leul70. This cleavage removes activation peptide from
PC. Activated Protein C (APC) cleaves FV and FVIII, and inactivates them. Zymogen PC circu-
lates in the blood at a concentration of 63 nM with a half-life of 2-3 hours whereas, plasma APC
concentration is 40 pM with a half-life of 20 min. APC function is increased in presence of Protein
S (PS) as PS acts as a cofactor for APC. Reduction of plasma APC antigen levels or loss of APC
function is one of the causes for thrombosis. Causes for PC deficiency include congenital/ heredi-
tary deficiencies due to mutations in PC gene. Till date 380 mutations are reported in PC gene
(http://www.hgmd.cf.ac.uk/ac/gene.php?gene=PROC). Hereditary PC deficiency is treated by a
protein C zymogen concentrate derived from human plasma known as Protexel® (Raosevich
et al. 2003). Low plasma PC antigen levels (<10 IU/d]l) are also caused by acquired PC deficiency.
Acquired PC deficiency is caused by consumption of vitamin K antagonist or severe hepatic
dysfunction. A recombinant analogue to the physiologic human activated PC (Drotrecogin alpha
activated/ Xigris®) is used to treat the acquired PC deficiency. Thrombosis is also observed due
to loss of APC function (APC resistance). APC resistance is observed due to mutations in FV (FV
leiden) or APC resistance is acquired by smoking, chronic alcoholism and obesity [118].

6.2.2. TFPI

TFP1 is a single chain polypeptide with specialized domains called Kuntz domains. It is pri-
marily synthesized in endothelial cells, liver and macrophages [7]. TFPI is mainly bound to
the endothelial cell surface through glycosaminoglycans. TFPI circulates in the plasma at a
concentration of 1.0-2.5 nM with a half-life of 60-120 min. Major portion of plasma TFPI is
bound to LDL and levels of TFPI are regulated by thyroid hormones. TFPI is cleared from the
system by liver and kidney. TFPI directly binds to FVIIa, FXa complex and inhibits their func-
tion. Inhibitory function of TFPI is enhanced in presence of Protein S [7]. Low levels of TFPI
increases the risk of thrombosis by 2 fold [119].
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6.2.3. Protein S

PS is a vitamin K dependent single chain polypeptide consist of one Gla domain, four EGF
like domains and two Laminin G domains. PS is primarily synthesized in liver and it circu-
lates in the plasma at a concentration of 450 nM. 60% of circulatory PS is bound to compli-
ment component binding protein 4b (C4BP) and only 40% of the circulatory PSis free [6, 120].
PS acts as a cofactor for APC and TFPI in inhibiting FVIIla, FVa, and TF-FVIIa-FXa complex
[121, 122]. PS was reported to directly interact with procoagulants such as FV, FIXa and FX
and inhibit their function [121, 122]. PS plays a key role in regulating inflammation and clear-
ing the apoptotic bodies from the system. PS deficiency enhances the risk of thrombosis and
PS deficiency is classified as hereditary PS deficiency and acquired PS deficiency. Hereditary
PSis caused by mutations in the PS gene and till date ~200 mutations are reported in PS gene.
Acquired PS deficiency is caused by several factors such as, usage of oral contraceptive pills,
pregnancy, consumption of vitamin K antagonists and pathogen infections.

6.2.4. Protein Z and protein Z dependent protease inhibitor

Protein Z is a 62 kDa vitamin K dependent plasma protein that acts as a cofactor for 72 kDa
serpin family protease inhibitor — Protein Z Dependent Protease Inhibitor (ZPI). ZPI-PZ com-
plex rapidly inhibits FXa and FXIa [8].

6.2.5. Anticoagulants in the treatment for thrombosis

Thrombosis is treated by selectively inhibiting the major procoagulant proteins. Major drug
targets for the treatment of thrombosis include vitamin K agonists, FXa, FIXa, Thrombin and
platelet inhibitors. Current oral anticoagulants approved by FDA are rivaroxaban, Apixaban,
dabigatran and endoxaban. Revaroxaban and Apixaban inhibit FXa, whereas dabigatran and
endoxaban inhibit thrombin. Several other procoagulant inhibitors such as RNA aptamers are
under investigation [123].

7. Acquired coagulation disorders

An individual can acquire coagulation disorders due to several reasons. Infections such as
streptococci cause thrombosis by inactivating Protein S [124]. Chronic smoking and chronic
alcoholism effect coagulation system by altering the liver functions. Environmental factors
like hypoxia, drugs like aspirin, oral contraceptive pills, dietary problems like vitamin K defi-
ciency affect the blood coagulation [12, 56-61].

7.1. Disseminated intravascular coagulation (DIC)

DIC is characterized by activation of clotting system within the vasculature which blocks the
micro vessels and can cause further organ dysfunction [125]. In contrast, it can also accelerate
fibrinolysis and cause severe bleeding. The international Society of Hematology (ISTH) has
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defined DIC as “an acquired syndrome characterized by the intravascular activation of coagulation
with loss of localization arising from different causes. It can originate from and cause damage to micro-
vasculature, which if severe, can produce organ dysfunction” [125-127]. DIC occurs in all ages, races
and all genders. DIC is classified as acute DIC, developed due to sudden exposure of pro-
coagulants [125-127]. In acute DIC compensatory hemostatic mechanisms are quickly over-
whelmed and leads to hemorrhage development. Chronic DIC is develops due to constant or
intermittent exposure of small amounts of tissue factor (TF) [125-127]. DIC is acquired due to
several reasons which include external agents such as infections, snake bite, trauma, severe
transfusion reactions and environmental changes that cause hemocytopenia [125-127]. Disease
conditions leading to DIC include malignancy, organ disfunctions such as hepatic failure and
pancreatitis, vascular abnormalities. The phenotypes of DIC include non-symptomatic, bleed-
ing, massive bleeding and organ failure type. If there is no observed phenotype in the patients,
whereas the abnormalities were observed in clinical laboratory only, the diagnosis is known
as Non-symptomatic DIC [125-127]. In the bleeding type is more predominantly observed
phenotype in DIC, the primary symptom is bleeding due to hyperfibrinolysis [125-127]. This
phenotype is observed in patients with leukemia, aortic aneurysm and obstetric diseases.
Organ failure phenotype is observed in the patients with hypercoagulation, this phenotype is
observed in patients with infections. Massive bleeding is observed when the fibrinolysis and
hypercoagulation are remarkable. Massive bleeding often leads to death [125-127].

DIC is diagnosed by global tests such as platelet count, prothrombin time (PT), aPTT and
the amount of fibrinogen, fibrin and fibrin degradation products. Other diagnostic markers
include antithrombin, Protein C, Thrombin-Antithrombin (TAT) complex, VWF propep-
tide and plasminogen activator inhibitor-1 (PAI-1) (Table 2). Treatment of DIC depends
on the type of phenotype (Table 2) [128]. Heparin treatment is recommended for the treat-
ment of non-symptomatic type whereas, antifibrinolytic treatment is not recommended.
The recommended treatment for the organ failure type DIC is natural protease inhibitor
whereas, antifibrinolytic treatment is not recommended [128]. Recommended treatments
for the bleeding phenotype DIC include blood transfusion, synthetic protease inhibitors
and a fibrinolytic treatment, the non-recommended treatments include heparin and anti-Xa
[128] (Figure 3).

7.2. Vitamin K deficiency and warfarin therapy

Vitamin K is an essential cofactor needed for carboxylation of glutamate residues of Gla
domain containing proteins [95]. Dietary deficiency of vitamin K leads to acquired bleed-
ing disorders. Vitamin K oral supplementation is recommended to treat the vitamin K defi-
ciency [95]. Vitamin K deficiency is diagnosed by prolonged prothrombin time, detection of
non-carboxylated proteins and measuring the plasma vitamin K by high performance liquid
chromatography [129].

Warfarin is a coumarin-based anticoagulant and it is used as an oral anticoagulant. It inhibits
vitamin K epoxide reductase (VKOR) thereby prevents vitamin K recycling which in turn
limits the availability of vitamin K. Limitation in Vitamin K prevents carboxylation of glu-
tamate residues of Gla domain containing proteins. Preventing Gla domain carboxylation of
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Table 2. DIC phenotypes, diagnosis and treatment.
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Figure 3. Schematic representation of DIC and its phenotypes.

clotting factors II, VII, IX and X prevents the risk of thrombosis, thereby Warfarin is used as
an efficient oral anticoagulant/ blood thinner. Over dosage of Warfarin is lethal as it can cause
severe bleeding. 2% of the warfarin consumers are prone to the risk of major hemorrhage
[130]. Vitamin K is administered as an antidote for warfarin.

7.3. Acquired disorders of platelet function

Platelet activation and aggregation is essential for clot formation and fibrinolysis [131].
Decrease in platelet number or inhibition of platelet activation impairs blood clotting.
Infections such as dengue virus, chickenpox, rubella and bacteria effect the circulating plate-
let number in the blood [132]. Antiplatelet drugs like aspirin impairs platelet aggregation
therefore over dosage of aspirin can cause hemorrhage [133]. Acquired platelet disorders are
analyzed by platelet count and their aggregation properties.
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7.4. Liver disorders

Liver is the major source of coagulation factors. Chronic alcoholism, smoking and high fat
consumption affect the function of liver and there by impact the synthesis of coagulation fac-
tors [134]. Blood transfusion is recommended for treating the coagulation defects caused by
liver disorders.

8. Diagnosis of coagulation disorders

Coagulation defects are measured by the general assays such as aPTT and PT assays, direct
measurement of antigen levels and specific coagulation factor activity assays. Some of the
commonly used assays were discussed here.

8.1. Prothrombin time assay (PT assay)

PT assay is used to measure the functional integrity of extrinsic pathway. Clotting is initiated
by supplementing tissue factor and calcium chloride to the platelet poor plasma. Elongation
of PT indicates the increase in bleeding disorders, similarly shortening of PT indicates the
enhanced chances of thrombosis [135].

8.2. Activated prothrombin time assay (aPTT assay)

aPTT assay is used to measure the integrity of intrinsic pathway. In this method the clotting is
initiated by supplementing Kontact reagent and calcium chloride to the platelet poor plasma.
Similar to PT assay, prolongation of aPTT indicates the risk of bleeding disorders and short-
ening of the aPTT indicates risk of thrombosis [136].

8.3. Clot waveform analysis (CWA)

CWA is a modified form of aPTT assay, where the light absorbance of the clot measured from
the clot initiation to the lysis of the clot and the absorbance is plotted with respect to time
using first and second derivates. This assay is more sensitive to measure the changes in FXII,
X, IX, VII, V and II levels in the plasma [137, 138].

8.4. Coagulation markers

The coagulation activation and fibrinolysis markers are measured to determine the defects
in the coagulation system. One of the diagnostic method to estimate the risk of thrombosis
is measuring the D-Dimer antigen levels in the plasma. D-Dimers are the degradation prod-
ucts of cross linked fibrinogen generated during fibrinolysis, increase in the plasma D-Dimer
antigen levels directly corresponds to an increase in the risk of thrombosis [139]. Prothrombin
fragment 1 + 2 (F1 + 2) are the cleavage products generated from prothrombin and F1 + 2 lev-
els are measured to diagnose the risk of thrombosis, sepsis and DIC [140]. Free thrombin that
moves away from the site of clot formation forms a complex with antithrombin III and the
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complex is known as TAT complex. TAT complex is used to measure the risk of thrombosis
in patients with multiple trauma, liver dysfunction and septicemia [141, 142]. Coagulation
factors like FXIII, Protein S and Antiphospholipid antibodies are also quantified by immune
assays to measure the alterations in coagulation system [141].

9. Conclusions

Coagulation is a complicated biological phenomenon which maintains the hemostasis.
Abnormalities in the genes that regulate the coagulation factors cause hereditary coagulation
defects such as hemophilia and mutations in genes that encode anticoagulants such as Protein
S, Protein Z cause thrombosis. Disruption in the anticoagulant and coagulation factors in the
healthy individual causes acquired bleeding disorders. Acquired bleeding disorders include a
bleeding disorder or a thrombotic disorder. These disorders can be diagnosed by current meth-
ods and can be treated with known methods. There is a high demand for efficient diagnostic
and treatment methods for the abnormalities in the coagulation disorders.
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Abstract

Sickle cell nephopathy (SCN) begins early in childhood from failure of urinary concen-
tration (hyposthenuria), albuminuria to hyperfiltration, hematuria and progression to
falling glomerular filtration to end-stage renal disease and increased mortality. Renal
involvement is more severe in homozygous individuals (HbSS) than in compound het-
erozygous patients (HbSC). The pathogenesis of SCN is multifactorial from hypoxia,
acidosis, hemolysis, ischemia-reperfusion injury and albuminuria. The clinical manifes-
tations depend on whether the main pathology is tubular, glomerular or a mixture of
both abnormalities. This chapter offers a critical review of the recent literature and will
highlight the pathophysiology, epidemiology, clinical manifestations and management
of sickle cell nephropathy with particular focus on the major advance in the early diagno-
sis. Learning points: For SCN, the onset of hyperfiltration and albuminuria in infants and
childhood is an opportunity to intervene early. There is no diagnostic markertest capable
of detecting the onset of these changes. Moreover there is no reliable therapeutic agent to
prevent or halt early changes due to SCN. The development of a marker of renal impair-
ment in SCD such as such as Cystatin C assay if validated may be appropriate for wider
clinical application.

Keywords: sickle cell disease, sickle cell nephropathy, acute kidney injury, biomarkers

1. Introduction

Sickle cell disease (SCD) is one of the most frequent genetic disorders in the world. It predomi-
nantly affects people of African descent as well as individuals from the Middle East, India and
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Mediterranean regions. Recent estimates report about 305,800 babies with SCD are born every
year in the word and over two-thirds are in sub-Saharan Africa rising to over 404,200 by 2050
[1, 2]. The disease is associated with a high lifetime morbidity and premature mortality [3],
as described in the 2013 Global Burden of Disease Study [4]. The age-standardized death rate
in sickle cell anemia increased from 1990 to 2013 (median change 28) [5]. The World Health
Organization (WHO) has addressed the significant public health implication of sickle cell
anemia, urging implementation of equitable and effective programs for the prevention and
management of SCD [6]. Furthermore, encouragement was provided for the promotion, sup-
port and coordination of much needed research in SCD [6].

The term’sickle cell disease’ refers to all genotypes that cause the clinical syndrome. It occurs
due to the inheritance of abnormal beta globin S (S) alleles with the substitution of valine
for glutamic acid in position 6 of the beta globin; the most common phenotype is homozy-
gous [3°/° which is referred to as sickle cell anemia (SCA). The second most common phe-
notype, hemoglobin SC disease (HbSC), occurs due to co-inheritance of the 3° and (3 alleles,
and presents a more moderate phenotype. HbS/p-thalassemia is the co-inheritance of (3° with
a [-thalassemia allele [7], those with a thalassemia null mutation (HbSP’) presenting with a
phenotype that is clinically indistinguishable from SCA, whereas individuals with HbS* thal-
assemia have a milder disorder [8]. The resulting sickle hemoglobin (HbS) polymerizes when
the concentration of its deoxygenated form (deoxyHbS) exceeds a critical threshold. Low oxy-
gen levels, increased acidity and cellular dehydration facilitate the polymerization of HbS and
the distortion of the red blood cells leading to sickle-shaped erythrocytes [9]. The co-inheri-
tance of genetic factors such as a-thalassemia or hereditary persistence of fetal hemoglobin are
known to reduce the rate of HbS polymerization [10]. Sickling of red blood cells results in both
obstruction of blood flow leading to organ and tissue ischemia, and hemolytic anemia [2, 11].
Reduced blood flow is mediated via a dynamic interaction between sticky HbS-containing red
blood cells, white blood cells and the vessel wall [2]. Chronic intravascular hemolysis leads
to the release of free hemoglobin that sequesters nitric oxide, a potent vasodilator and anti-
inflammatory molecule, leading to vasoconstriction in different organs. Stroke and pulmonary
hypertension are thought to be consequences of the diminished vascular relaxation caused by
nitric oxide deficiency [12]. In addition, intravascular hemolysis in SCD leads to high plasma
levels of cell-free heme and hemoglobin (Hb), sources of redox active iron. Iron-derived reac-
tive oxygen species are implicated in the pathogenesis of numerous vascular disorders includ-
ing atherosclerosis, microangiopathic hemolytic anemia, vasculitis and reperfusion injury [13].
Exposure of endothelium to heme greatly potentiates cell death. Recurrent cycles of ischemia-
reperfusion injury in the microvasculature might amplify endothelial dysfunction and further
organ injury including the stroke, pulmonary hypertension and kidney injury.

2. Sickle cell nephropathy

Renal involvement in SCD is a complex phenomenon resulting from an increased tendency
of sickling in the renal medulla due to hypoxia, acidosis and hyperosmolar conditions [13].
Abnormally, high hemodynamic renal blood flow leads to early onset hypertrophic and
impaired urinary concentrating ability, distal nephron dysfunction and progressive glo-
merulopathy. The combination of cortical hyperperfusion, medullary hypoperfusion and
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vasoconstriction leads to further vasculopathy in the kidney. Sickle cell nephropathy (SCN) is
a spectrum of changes resulting from a cascade of events occurring in the kidney. This is trig-
gered by RBC vascular occlusion, infarction and reperfusion injury occurring within the renal
medullar, cortex and collecting system. These may present as hyperfiltration, microalbumin-
uria, impaired urinary concentrating ability complicated by episodes of acute kidney disease
(AKD) features early in childhood. In young adults, there is progressive increase in albuminuria
and regression of the glomerular filtration rate (GFR). Further deterioration of renal function
with the development of chronic kidney disease (CKD) (defined as estimated GFR of less than
90 ml/min/1.73 m?) eventually leads to end-stage renal disease (ESRD) in adulthood (Figure 1).

2.1. Pathobiology/histology

Early stages of SCN are characterized by glomerular hypertrophy, hemosiderin deposits with
focal areas of hemorrhage or necrosis. This is followed by interstitial inflammation, edema,
fibrosis, tubular atrophy and papillary infarcts [14-16]. Some of these features were reported
in a multi-center, retrospective analysis of renal biopsies of 18 SCD patients (16-HbSS, 1-HbSC,
1 HbSP thalassemia) who presented with proteinuria, acute or progressive impairment of
renal function [17]. The study reported focal segmental glomerulosclerosis (FSGS) in seven
cases, membranoproliferative glomerulonephritis (MPGN) in five and thrombotic microan-
giopathic glomerulopathy in three; while glomerular hypertrophy with or without mesangial
hypercellularity was reported in three cases. Furthermore immunofluorescence microscopy
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Figure 1. The pathogenetic processes in the development of sickle cell nephropathy [13].
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in the patients with FSGS-type lesions showed irregular staining for IgM and C3 in areas of
sclerosis [15, 16, 18]. Complement deposition occur in the glomeruli coinciding with various
degrees of proteinuria including nephrotic syndrome [19].

2.2. Risk factors for renal impairment in sickle cell disease
2.2.1. Hemolysis and vasculopathy

Hemolysis in SCD leads to release of arginase 1, asymmetric dimethylarginine and adenine
nucleotides, these promote vasomotor dysfunction and proliferative vasculopathy. Circulating
hemoglobin and heme both referred to as erythrocytic danger-associated molecular pattern
(eDAMP) molecules activate endothelial inflammatory and angiogenesis. Hemolysis in SCD
therefore leads to anemia, increased superoxide anion and reactive oxygen species (ROS) pro-
duction and low ROS scavenging enzymes activity promote oxidative stress-induced vascular
complications. Itokua et al. reported in their study [20] that albuminuria was associated with
increased white blood cell (WBC) count and LDH enzyme levels. Oxidative damage may
alter both the structure and the function of the glomerulus due to its effects on mesangial
and endothelial cells. Activated circulating white blood cells and platelets express adhesion
glycoproteins leading to endothelial cell adhesion molecules and endothelial dysfunction.

2.2.2. Endothelin-A receptor antagonismo retards the progression of sickle cell nephopathy

Endothelin-1 (ET-1) is a signaling peptide produced by diverse cell types that exerts its physi-
ologic and pathophysiologic actions by binding to two receptor subtypes, ETA and ETB. ETA
receptor activation induces vasoconstriction, inflammation and nociception which is abolished
by ETB activation in some tissues. ETA receptor signaling produces oxidant stress and the
release of cytokines such as NF-kB activate and promote the production of ET-1, the agonist for
the ETA receptor. A number of studies have reported increased production of ET-1 in SCD thus
promoting sickling and tissue injury. Kasztan et al. reported that by blocking ETA receptor, the
progression of SCN in a murine model of SCD was abolished [21]. The introduction of sickle
RBCs into murine endothelial cells induces ET-1, leading to ETA-dependent vasoconstriction
[22, 23]. It has also been shown that plasma ET-1 levels are elevated in patients with SCD during
steady state periods as well as during acute vaso-occlusive crisis. Conversely, plasma ET-1 lev-
els are decreased in SCD patients treated with hydroxyurea [24]. Elevated ET-1 level in SCD is
associated with endothelial dysfunction and albuminuria in patients with SCD [25]. Bosentan, a
dual ETA/ETB receptor antagonist used in murine models, decreases hypoxia-related injury to
renal vessels and lung inflammation [26]. As it has been shown by Kasztan’ s studies, adminis-
tration of ambrisentan (an ETA receptor antagonist), at the time of weaning and continued for
10 weeks, prevented glomerular dysfunction, tubulointerstitial inflammation and fibrosis [24].
The observations of Kasztan et al. support this speculation as the markedly elevated plasma
ET-1 levels that occur in this model are normalized by chronic administration of ambrisentan
[21]. Long-term administration of ambrisentan significantly reduced the degree of iron deposit
in renal tubules. The reduction in tubular iron deposits suggests that ambrisentan reduces
hemolysis in murine models. Free heme is a well-known promoter of oxidative stress and the
generation of proinflammatory species, for example, ROS. Free heme also stimulates the pro-
duction of placenta growth factor (PIGF), an angiogenic growth factor that is implicated in the
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pathogenesis of tissue injury in SCD as well as the production of ET-1 [27-29]. NO is a suppres-
sor of ET-1 synthesis and vascular ET-1 production may also increase when the vascular system
is depleted due to NO binding to HbS plasma. ET-1 causes RBC dehydration by activating the
Gardos channel present in the plasma membrane of RBCs [30, 31].

2.2.3. Mouse models

Mouse models provide opportunities to explore the mechanisms of globin gene regulation
and the feasibility of gene therapy for this condition and the molecular basis of end-organ
damage, including SCN [32]. The use of established mouse models is of invaluable help to
investigate the pathogenesis of SCD-associated multiple organ complications and to identify
targets for prevention and therapy.

Several murine modelshavebeen developed to mimichuman SCD. Of these, the Berkeley model
(BERK mice) has targeted deletions of murine a and 3 globins (a, f7) with a transgene con-
taining human a, %, *y, ©y and 8 globins (Hba0/0 Hbb0/0 TG (Hu-miniLCRalGyAYdBS) (o™,
B, transgene +); thus, these mice almost exclusively express human sickle hemoglobin [33].
The BERK mouse model exhibits a wide spectrum of hematologic and histopathologic find-
ings that are similar to those found in humans with SCD. Erythrocyte sickling is significant
in BERK mice, and erythrocyte survival is very short resulting in massive amounts of heme
being released into the plasma. As seen in humans with SCD, BERK mice showed a wide spec-
trum of kidney pathologies such as increased cortical hypertrophy, gross and microscopic
infarcts, iron deposition, enlarged glomeruli associated with mesangial cell and mononuclear
cell hypercellularity are observed in kidneys from BERK mice [34].

Another mouse model of SCD, the transgenic SAD mouse bears the human a-globin gene
and the HbS mutation, 8%, as well as A" and P which greatly enhance the tendency of
its hemoglobin to polymerize [35]. The SAD mice display renal hemosiderosis, microvascu-
lar occlusions, vascular thrombosis, cortical infarcts and papillary necrosis. Most mice show
glomerular hypertrophy and mesangial sclerosis. The glomerular damage is associated with
abnormal function, characterized by increased blood urea nitrogen levels and proteinuria
[35]. The glomerular lesions of SAD mice faithfully mimic sickle cell glomerulosclerosis, the
most severe renal complication observed in individuals with SCD. Therefore, the SAD mouse
constitutes a valuable model to investigate the pathophysiology of the thrombotic and glo-
merulosclerotic complications of human SCD. Ischemic injury contributes to end-organ dam-
age and other complications of SCD. Increased sensitivity of tissues in SCD to ischemic insults
has been demonstrated in SCD mice. As it has been showed by Nath et al., after induction of
bilateral renal ischemia, transgenic SCD mice exhibited massive vascular congestion, sick-
ling of red blood cells and more prominent capillary congestion in the lungs and heart com-
pared to control mice [36]. These results demonstrated increased susceptibility to vascular
congestion and to ischemia in tissues from SCD mice, suggesting that ischemic episodes may
contribute to the renal complications observed in SCD. Abnormal leukocyte-endothelium
attachment associated with endothelial activation was observed in SCD mice, showing inter-
esting parallels between the vascular injury after reperfusion and kidney damage. In addi-
tion, this study suggested that allopurinol, that prevents ischemia-reperfusion generation of
reactive oxygen species, might be a potential therapy for SCD [37]. The anti-sickling property
of fetal hemoglobin was also demonstrated in SCD mice [38]. Patients with SCD suffer from
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painful crises associated with vaso-occlusion. Increased circulating erythrocyte membrane
microparticles (MPs) have been associated with occlusion of capillaries. Interestingly, MPs
triggered immediate renal vaso-occlusion in mice. In vitro studies showed that MPs stimulate
the production of reactive oxygen species by endothelial cells, stimulate RBC adhesion and
induce endothelial apoptosis. This work introduced a novel concept that associates the shed-
ding of MPs from sickled RBC with vascular disease [39]. An interaction of free heme with
TLR4 receptor was shown to mediate the nephrotoxicity of heme, in particular, the effects of
heme on renal blood flow and inflammatory responses [40].

2.2.4. Development of sickle cell nephropathy from infancy to adulthood

Glomerular changes in SCD occur early in the first decade of life even though SCD patients
remain asymptomatic. These are characterized by high renal blood flow, hyperfiltration and
hypertrophy. Current data suggest that infants with SCD develop a hyperfiltration phase,
which plateaus during early childhood. As early as the first year, renal enlargement is
observed in correlation to hyperfiltration. Hyperfiltration is a well-known phenomenon in
SCD even though the pathogenesis and pathophysiology is less well understood. As a result
of hyperperfusion, increased amount of fluids is presented to the proximal tubule triggering
more tubular reabsorption of sodium and water in order to restore glomerulotubular bal-
ance. Increased proximal tubular sodium reabsorption is associated with high metabolism
and adaptive cellular response leading to overall renal enlargement. This complex phenom-
enon might be relevant to the glomerular hypertrophy that occurs in SCD [13]. Some studies
show that for children with HbSS, there is an age-related increase in the estimated creatinine
clearance in the first decade of life, with a decline toward normal values in the second decade
[41-43]. In the study by Etteldorf and colleagues, children with SCD aged 4-11 years had a
significantly higher mean measured glomerular filtration rate (mGFR) (169 mL/min/1.73 m?)
than normal controls (128 mL/min/1.73 m?) [44]. In the BABY HUG trial, 176 children aged
9-19 months had a measured GFR at baseline of 125 mL/min/1.73 m? [45], which was signifi-
cantly higher than published normal values for the same age group [46].

In a cross-sectional study of 410 patients with SCD aged 2-21 (mean age 11) years, 23% of
HbSS patients showed elevated urinary albumin excretion (230 mg/g), while other investiga-
tors have reported a HbSS prevalence of 16-27% in the childhood SCD population [47-49].

Further progressive kidney injury and CKD is reflected in a declining and abnormally low
GFR. During adolescence, estimated glomerular filtration rate (eGFR) begins to decline in
some patients, and aroud 10% of adolescent patients with SCD develop a GFR of <90 mL/
min/1.73 m? [50]. Similarly, Bodas et al. recently reported a CKD prevalence of 8% in a cohort
of patients with SCD aged 3-17 years [51].

The prevalence of end-stage renal disease (ESRD) in the pediatric SCD population is also
not well described; however, childhood SCD accounts for only 0.3% of incident pediatric
ESRD [52].

Eventually, renal failure develops in early adulthood (median age 23-37 years) in SCA and in
mid-life (median age 50 years) in HbSC disease.
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2.2.5. Proteinuria and chronic kidney disease

The prevalence of albuminuria in SCD is age dependent. It may be classified as moderately
increased albuminuria (previous called microalbuminuria)—urine albumin concentration of
30-300 mg/g creatinine and severely increased albuminuria (macroalbuminuria) —urine albumin
concentration of 300 mg/g creatinine. The prevalence of albuminuria in the first three decades of
life is up to 27% increasing to 68% in older SCD patients [13]. The understanding of the evolu-
tion of CKD in SCD is evolving the extent to which moderate albuminuria progresses to severely
increased albuminuria and the relationship with SCN. The development of SCN is likely due
to complex interactions between SCD-related risk factors and non-SCD phenotype characteris-
tics. Albuminuria is more likely to occur in patients who express specific single-nucleotide poly-
morphisms in the MYH9 and APOL1 genes, which are associated with an increased risk of CKD
in African Americans [53]. On the other hand, microdeletions in the gene that encodes a-globin
(reflecting a form of a-thalassemia trait) leads to a lower prevalence albuminuria [54]. Genetic
polymorphisms of bone morphogenetic protein receptor 1B also influence GFR in SCD [55, 56].
SCD patients with albuminuria have increased levels of urinary excretion of markers of tubular
injury (KIM-1 and NAG) [57]. The individual contribution of these phenomena to SCN is not clear.

2.2.6. Chronic kidney disease and end-stage renal disease

The reported prevalence of ESRD in SCD varies from 5 to 18% depending on the age of the
cohort but reamins a significant cause of mortality [58, 59]. Similarly, CKD (defined based on
eGFR) which is usually diagnosed between 30 and 40 years is also a risk factor death [47, 60].
In a recent study in Rio de Janeiro, Brazil, 4.3% of patients admitted with SCD had CKD [61].
A lower incidence was observed in a study from Senegal, where CKD was identified in 2.6%
of 229 adults with SCD [62]. The manifestations of CKD in SCD include hypertension, protein-
uria and anemia. Vaso-occlusive history, legs ulcers, osteonecrosis, retinopathy, proteinuria,
hematuria, hypertension and severe anemia were all identified as predictive factors for CKD
in SCD [58, 61, 63]. In a recent study from Nigeria, 50% of SCD patients with proteinuria had
CKD [64]. Risk factors associated with progression of CKD to ESRD (Table 1) include increased
blood pressure, low hemoglobin levels, haemolysis, leukocytosis, hematuria, prior vaso-occlu-
sive crisis, the 3S Central African Republic (CAR) haplotype, pulmonary hypertension, stroke,
acute chest syndrome and infection with parvovirus B19 [65-78]. The mean survival of patients
with ESRD and SCD is estimated to be 4 years, even with dialytic treatment [79].

2.2.7. Urinary concentration abnormalities

The onset of urinary concentration defects begins in early infancy (6-12 months) and may
account for nocturia, polyuria and enuresis in later childhood. The defect in urinary concen-
tration does not respond to vasopressin but it is reported to improve with chronic blood trans-
fusions in young children [47, 63, 64, 80-83]. Further deterioration of the defect in urinary
concentration is observed from the second decade of life due to the onset of medullary fibrosis
and the loss of the collecting ducts system. High HBF levels are associated with better urinary
concentration [84-86]. There may be a role for drugs therapy that enhance the production of
HbF such as hydroxyurea and decitabine.
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Risk factors associated with Protective factors for the
progression of CKD to ESRD progression of CKD to ESRD
= Hypertension * (Co-inheritance with a-thalassemia
= Nephrotic range proteinuria * Higher fetal hemoglobin level

= Seyere anemia

»  Vaso-occlusive crisis

= Acute chest syndrome

= Stroke

=[5 CAR haplotype

= Genetic variants of MYH9 and
APLO1

= Pulmonary hypertension

= Parvovirus B19 infection

Table 1. Risk and protective factors associated with progression of CKD to ESRD.

2.2.8. Urinary acidification deficit

The defect in urinary acidification may be a combination of ischemic changes in the medulla
and reduced capacity of the collecting duct to maintain hydrogen gradient. It is not clear what
is responsioble for this defect but it has been suggested a resistance of the distal nephron to
aldosterone may exist [81, 87].

2.2.9. Hematuria

One of the most frequent featurs of SCN is hematuria which is also found in individuals with
sickle trait [88], it may be micro or macroscopic and it is usually painless [63, 81]. The meca-
hanism is not well defined but capillary congestion due to vaso-oclusive and ischemic injury
may account for it. It is reported that the left kidney is more likely to be involved due to the fact
that the left renal vein is compressed between the aorta and the superior mesenteric artery; also
referred to as a “nutcracker-like” phenomenon [37]. Hematuria might also be due to renal pap-
illary necrosis from vaso-occlusion of vasa recta but rarely from renal medullary carcinoma [63].
Nevertheless it is important to exclude other causes such as urinary tract infections, neoplasms,
vascular malformations, vasculitis, glomerulonephritis and coagulation disturbances [61, 88].

2.2.10. Sickle cell nephropathy and acute kidney injury

The prevalence of acute kidney injury (AKI) in children with SCD presenting to the hospital
emergency room may be as high as 17% [89], AKI is underreported in pediatric SCD patients.
In adults, AKI is reported in 4-10% of patients, and in up to 14% of adults with acute chest
syndrome. AKI in SCD may also reflect the frequent use of non-steroidal anti-inflammatory
drugs (NSAIDs) to treat painful crises in this patient population [52]. A recent retrospective
analysis reported 8% of AKI in 149 pediatric patients admitted for acute chest syndrome using
the Kidney Disease Improving Global Outcomes (KDIGO) and higher with increased hospital
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length of stay [90]. The true incidence of AKI in pediatric SCD patients may be underestimated
in retrospective studies [89, 90]. In addition, serum creatinine may be an inaccurate marker of
renal function in SCD due to the relatively high proximal tubular secretion of creatinine found
in this population [91]. Interestingly, a recent adult study showed that even in patients with a
normal creatinine level during a pain crisis, acute tubular injury likely occurs, as evidenced by
a more than twofold rise in urinary neutrophil gelatinase-associated lipoprotein excretion [92].
NSAID use is common in children with SCD [93], without evidence to support its benefit com-
pared to other less nephrotoxic options. Similarly, the use of non-steroid anti-inflammatory
agents (NSAIDS) in children with SCD hospitalized for various indications, including dehy-
dration due to gastroenteritis, was associated with a significant increase in the incidence of AKI
[94, 95]. Therefore hemodynamic changes may increase the risk of AKI secondary to NSAIDs,
Another contributing factor includes potential toxic tubular effects of free hemoglobin during a
sickle crisis. Some SCD patients with CYP2C9 allele variants that alter NSAID metabolism may
be at increased risk of toxicity. During vaso-occlusive pain crises and acute chest syndrome, the
risk of AKI is increased by the drop in hemoglobin leading to hypoxic-ischemic events, hemo-
lysis or inflammation. In murine SCD models, brief episodes of hypoxic-ischemic events pro-
duce profound acute renal injury [36, 96]. The murine model of SCD has shown that an increase
in hemolysis or exposure to excess cell-free hemoglobin can also lead to renal injury [97].

3. Assessment of kidney function

The gold standard for assessing how well the kidneys are working is direct measurement of the
GFR. CKD is classified based on the eGFR and the level of proteinuria and helps to risk stratify
patients (Table 2A and B). In individuals with SCD, a GFR greater than 120 mL/min/1.73 m?
is an additional indicator of abnormal kidney function. However, direct measurement of GFR
is invasive and time consuming and so estimations of GFR based on the serum creatinine are
more commonly used. A number of equations exist, including the "Modification of Diet in
Renal Disease’ (MDRD), CKD-EPI and Cockcroft-Gault equations [98-100]. Different estimated
GEFR calculations have been compared to the measured GFR in people with HbSS from the
Caribbean and sub-Saharan Africa, the CKD-EPI equation was found to provide the most accu-
rate estimate in two small studies [101, 102]. In individuals with SCD, increased proximal tubule
secretion of creatinine results in the serum creatinine level being a poor estimate of GFR [103].
The diagnostic performance of cystatin C in comparison to serum creatinine was analyzed in a
meta-analysis of 46 studies, including children and adults. The data compared correlation coef-
ficients between GFR and the reciprocals of serum creatinine and cystatin C in 3703 participants
and showed significantly better correlations for cystatin C, suggesting that cystatin is superior
to serum creatinine for the detection of impaired GFR in cross-sectional studies [104].

Proteinuria, albumin-to-creatinine ratio (ACR) is greater than 2.5 mg/mmol in men or 3.5 mg/mmol
in women, or a protein-to-creatinine ratio (PCR) is greater than 15 mg/mmol is sufficient for a diag-
nosis of CKD. Proteinuria may be classified as moderately increased albuminuria (3-30 mg/mmol
creatinine) or severely increased albuminuria (greater than 30 mg/mmol creatinine) [105].
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Table. 24 Table. 28
GFR categories (mL/min/1.73 m %) ACR categories (mg/mmol)
Stage 1: | Kidney damage with normal or Al | ACR of less than 3mg/mmol
increased GFR (>80 mL/min/1.73
m ?)

A2 | ACR of 3-30mg/mmol
Stage 2: | Mild reduction in GFR (60-89

mL/min/1.73 m 2

Stage 3a: | Moderate reduction in GFR
(45-59 mL/min/1.73 m 2}

A3 | ACR of more than 30mg/mmo

Stage 3b: | Moderate reduction in GFR
(30-44 mL/min/1.73 m %)

Stage 4: | Severe reduction in GFR (15-29
mL/min/1.73 m2)

Stage 5: | Kidney failure (GFR <15 mL/min/
1.73 m ? or dialysis)

Table 2. (A) GFR categories in CKD; (B) ACR categories (KDIGO 2012) [105].

4. Novel diagnostic and predictive biomarkers of AKI in children

4.1. Biomarkers used in sickle cell disease

New biomarkers are promising for the early detection of renal function loss in patients with
SCD (Table 3), including cystatin C, plasmaneutrophil gelatinase-associated lipocalin (NGAL),
serum liver fatty acid-binding protein (L-FABP), serum kidney injury marker 1 (KIM-1),
serum interleukin 18 (IL-18), soluble FMS-like tyrosine kinase-1 (sFLT-1) and N-acetyl-b-p
glucosaminidase (NAG) [106].

4.1.1. Serum cystatin C

Cystatin C (CysC) or cystatin 3, a protein encoded by the CST3 gene, is mainly used as a bio-
marker of kidney function. Recently, it has been studied for its role in predicting new-onset or
deteriorating cardiovascular disease (CVD). CysC is a nonglycosylated low molecular weight
(13 kDa) basic protein that inhibits cysteine proteases and it has been demonstrated its closely
correlation to glomerular filtration rate (GFR) in children [107]. CysC crosses the glomerular
membrane, and it is reabsorbed and metabolized in the renal tubules and not returned to
the bloodstream. It is not secreted by the tubules, even in cases of reduced GFR, and is not
affected by muscle mass, protein intake, metabolic factors, drugs and inflammatory stimuli. It
has also been reported that serum CysC correlates with the level of albuminuria [108, 109] and
its levels well perform as marker of renal function to detect cardiovascular outcome both in
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Biomarker Source

Cystatin C All nucleated cells

MNGAL Distal tubule and collecting
duct

KIM-| Proximal tuble

L-FABP Proximal tuble

IL-13 Proximal tuble

sFLT-1 Proximal tubular cells

MAG Proximal tubular

Table 3. Novel urinary biomarkers.

population-based studies and in patients withnon-ST-elevation acute coronary syndrome [110].
Therefore CysC is an ideal biomarker for study the renal function in SCD patients which is
ongoing hemolysis and inflammation secondary to the sickling phenomenon and in which
creatinine clearance is generally increased and serum creatinine is low. Tantawy et al. [111]
have found significantly higher serum CysC in patients with SCD compared to healthy con-
trols. In particular, patients of their court of study with nephropathy had higher cystatin levels
than those without, and a significant positive correlation was found with ACR. The authors
have demonstrated also that patients with SCD treated with hydroxyurea had lower CysC
levels than untreated patients, possibly due to the role of hydroxyurea in decreasing inflam-
mation [111]. In agreement with Tantawy’s results, Alvarez et al. [108] examined the value of
serum CysC as a marker for GFR in small cohort of 20 children with SCD with and without
albuminuria, compared to serum creatinine and creatinine clearance. The mean GFR derived
from serum cystatin was significantly different among these subgroups, becoming abnormal
in the proteinuric cohort (63 mL/min per 1.73 m?), compared to 94 mL/min per 1.73 m? for the
microalbuminuric and 103 mL/min per 1.73 m? for the normal subgroups. Serum creatinine
or creatinine clearance did not change significantly with the level of albuminuria. The authors
concluded that serum CysC was higher than serum creatinine in SCD, and this probably
relates to the fact that serum CysC is not secreted by the kidney, as creatinine. Moreover other
studies have demonstrated the utility of CysC in patients with SCD. Asnani and Reid [109]
have proved in 98 adults with SCD that CysC levels were significantly correlated with
measured GFR, hemoglobin, serum creatinine, urinary albumin-creatinine ratio (UACR) and
systolic blood pressure. In addition to urine, screening for albuminuria may help in the diag-
nosis of early renal impairment in the patients with SCD before a significant rise in serum
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creatinine is observed. Receiver-operating characteristic curve (ROC) analysis has revealed
that the cut-off value of CysC at 580 ng/mL could differentiate patients having SCD with and
without nephropathy with 87.8% sensitivity and 84.6% specificity. Further prospective stud-
ies are needed to validate this threshold. On the other hand, Cho et al. [112] have evaluated
the significance of serum cystatin C levels in pediatric patients with chronic kidney disease
diagnosed by renal biopsy and showed normal serum creatinine levels. The authors have
found that 95% of the patients showed only slightly increased cystatin C levels from the upper
normal limit of the reference range and suggested that mildly increased cystatin C without
increased creatinine might not have clinical significance.

4.1.2. Urine neutrophil gelatinase-associated lipocalin

As it has been showed in several preclinical gene expression analyses performed in AKI
murine and human models, neutrophil gelatinase-associated lipocalin (NGAL) gene has been
revealed the to be one of the most upregulated genes in the kidney soon after an ischemic or a
nephrotoxic insult [113, 114]. NGAL is filtered across the glomerulus, is reabsorbed in proxi-
mal tubules and its urinary concentration increases early during ischemic insults [115, 116].
The NGAL protein is also highly induced in regenerating and recovering kidney tubule cells.
NGAL binds iron; chelation of toxic iron is an important mechanism that protects the kidney
tubules from worsening injury. Thus, the biological role of NGAL in AKI is one of enhanced
tubule cell proliferation and recovery [117]. Measurement of urinary NGAL (uUNGAL) has been
demonstrated to be an early, non-invasive marker of AKI due to a variety of etiologies, such
as cardiac surgery [118], intravenous contrast administration [119], critical care settings [120]
and kidney transplantation [121]. NAGL has an enormous dynamic range, responds in a dose-
dependent fashion to injury, responds within 3 h of injury, and responds to a wide range of
injuries, easy to measure due to the recent availability of clinical platforms including a new
NGAL dipstick. Thus, uNGAL values may then be used to initiate AKI patient care algorithms
earlier than serum creatinine alone. Although multiple investigations have demonstrated that
uNGAL is a promising AKI biomarkers, a study by Sundaram et al. [57] has not showed any
relationship with albuminuria in patients with SCD. This study has also showed that uNGAL
levels were significantly subnormal (<50 ng/mL) in most patients with SCA and the overall
uNGAL in most patients were well below levels usually seen in patients with acute or chronic
renal injury. The authors have explained the results obtained based on the fact that proximal
tubular function is supra-normal in SCA, and it is likely that any filtered NGAL may be reab-
sorbed much more efficiently, resulting in subnormal urinary NGAL levels in SN.

4.1.3. Soluble FMS-like tyrosine kinase-1

Soluble FMS-like tyrosine kinase-1 (sFLT-1) is a member of the vascular endothelial growth
factor receptor family (VEGFR) and has an antiangiogenic effect. Soluble FLT-1 is increased in
SCD due to its over-expression by vascular endothelial cells, vascular smooth muscles, acti-
vated blood monocytes and proximal tubular cells of the renal epithelia [122]. A recent study
by Youssry et al. [123] investigated the relationship between serum levels of sFLT-1 and other
conventional biomarkers of renal damage. The serum level of sFLT-1 in SCD patients was
significantly higher than controls and its median level showed no significant difference when
comparing patients with SS and S genotypes, hydroxyurea therapy and iron chelation. On
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the other hand, the authors have found significant positive correlations between serum levels
of sFLT-1 and microalbuminuria, LDH and indirect bilirubin. Meanwhile, there were no sig-
nificant correlations between serum levels of sFLT-1 and creatinine, eGFR, serum ferritin and
erythrocyte sedimentation rate (ESR). This association between sFLT-1 levels and microalbu-
minuria combined with the association of sFLT-1 with soluble vascular cell adhesion molecule
(VCAM) in prior studies [124], suggests that sFLT-1 may contribute to the pathogenesis of
albuminuria in SCD by promoting endothelial dysfunction.

4.1.4. Serum liver-type fatty acid-binding protein

Serum liver-type fatty acid-binding protein (L-FABP) is an anti-oxidant, renoprotective mol-
ecule induced in the proximal tubule early after experimental AKI. It has been reported in
children undergoing cardiopulmonary bypass (CPB), the increase in urinary L-FABP maybe
occur within 4 h of initiating CPB [125]. However, there are conflicting data about L-FABP,
such as a prospective multi-center study of 311 children undergoing cardiac surgery did not
show similar increase in L-FABP [106]. In SCD patients, Sundaram et al. [57] reported that
urine L-FABP level was highest in the youngest group (6-12 years old) even with little evi-
dence of renal injury. In fact urine L-FABP levels are reduced with increasing albuminuria.

4.1.5. Kidney injury molecule-I

Preclinical studies have identified the kidney injury molecule-I (KIM-1) gene to be induced in
the proximal tubule cells of ischemic rat kidneys [114]. KIM-1 protein regulates phagocytosis
of damaged cells and thereby limits injury. An extracellular domain of KIM-1 can be detected
by enzyme-linked immunosorbent assays and is useful as a urinary biomarker in patients with
AKI. In fact, in a study conducted by Han WK et al., it was shown that in 40 children under-
going CPB, urinary KIM-1 levels were markedly increased in those who have developed AKI
[126]. On the other hand, a prospective multi-center study of 311 children undergoing cardiac
surgery confirmed the delay in upregulation of urinary KIM-1 in AKI patients and showed
that KIM-1 was not significantly associated with AKI after adjusting for other injury biomark-
ers [127]. This data is in contrast with the results published by Sundaram et al. [57]. Indeed
when KIM-1 levels, detected in all SCA urine samples, were compared within the different
albuminuria groups, they were detected at lowest levels in patients with normal albumin-
uria, significantly increased in patients with moderately increased albuminuria and further
increased in the severely increased albuminuria group, suggesting this may be another bio-
marker of relevance in sickle nephropathy that needs to be confirmed in longitudinal studies.

4.1.6. Interleukin-18

Interleukin-18 (IL-18) represents a proinflammatory cytokine that might worsen the degree
of AKI. Animal studies have shown that IL-18 is induced in the proximal tubule and detect-
able in the urine following ischemic AKI. Numerous pediatric studies have proved that urine
IL-18 obtained 6- to 12-h post-CPB moderately predicts AKI [128-131]. Cerqueira et al. [131]
performed a cross-sectional study composed of 45 SCA patients. They founded that IL-18
levels were correlated closely with markers of hemolysis, endothelial dysfunction and others
cytokines levels. These findings suggest probable influences of IL-18 in the pathophysiology
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of vascular occlusion in SCA. In a recent article published by Duarte et al. [132], the author
demonstrated that IL18 is associated with diastolic function in SCD patients, and may be
involved in the pathogenesis of the disease. Genetic polymorphisms within the IL-18 gene
regions are also associated with diastolic function in SCD, likely by affecting expression levels
of the genes [132].

4.1.7. N-acetyl-b-p glucosaminidase

N-acetyl-b-p glucosaminidase (NAG) is a lysosomal enzyme produced in proximal tubular
epithelial cells. The levels increased during kidney injury, a marker of proteinuria both in
patients with diabetes and in patients with SCD [115, 133]. Sundaram et al. [57] showed that
urine NAG activity was higher than baseline levels (>2 U/l) and worse in the presence of
albuminuria. The elevations in NAG may precede moderately increased albuminuria, a likely
diagnostic tool for early renal damage.

4.1.8. Transforming growth factor-b1

Transforming growth factor-b1 (TGF-b1) is a potent fibrogenic growth factor that may play
a significant role in pathogenesis of SN [134]. It is a peptide of low molecular weight and has
pleiotropic action. In the kidneys, it stimulates fibrogenesis through enhanced production of
extracellular matrix proteins and nephron loss by various mechanisms, such as apoptosis of
endothelial cells and podocytes [135]. Whether the urinary levels of TGF-b1 has a diagnostic
significance in the early prediction of SN in children with SCD is still to be determined [136].
However in the article published by Sundaram et al. [57], urinary TGF- was present at very
low to undetectable levels in their patient population and showed no association with the
degree of albuminuria. These data are in contrast with those published by Ghobrial et al. [137].
In their study, the authors have found a strong positive correlation between urinary TGF-bl
and urinary proteins and eGFR in all groups of SCD patients studied.

4.1.9. Neutrophil-to-lymphocyte and platelet-to-lymphocyte ratio

Neutrophil-to-lymphocyte (NLR) and platelet-to-lymphocyte (PLR) ratios, as indicators of sub-
clinical inflammation, rarely were been investigated in SCD patients. Emokpae et al. [138] recently
reported a positive association between NLR, PLR and the increase of inflammatory markers in
SCD patients such as C-reactive protein (CRP) and fibrinogen. The highest values of NLR and
PLR were detected in patients with proteinuria and altered renal function. This data suggest that
these markers may be predictive of a proinflammatory state with underlying renal damage.

4.2. Biomarkers not been investigated in sickle cell disease
4.2.1. Markers of cell-cycle arrest

Metalloproteinases-2 (TIMP-2) and insulin-like growth factor-binding protein 7 (IGFBP7) have
been identified as a markers of cell-cycle arrest and are induced in renal tubules following
AKI. It is supposed that the resulting cell-cycle arrest then limits proliferation of damaged
tubule cells. The metabolites of TIMP-2 and IGFBP7 can be measured in the urine. In a small
study of children undergoing CPB, the urinary TIMP-1/IGFBP7 product was increased 4 h
post-CPB in children who developed AKI [139].
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4.2.2. Urinary excretion of uromodulin

Urinary excretion of uromodulin (UMOD), also known as Tamm-Horsfall Protein (THP), is
the most abundant protein excreted in urine. It is a glycoprotein that is expressed in the thick
ascending limb (TAL) of the loop of Henle [140-143]. It has also several roles in salt trans-
port in the tubules, in the innate immunity and in the protection against kidney stones [144].
Recently, UMOD has been studied as a marker of acute renal injury both in mouse models of
ischemia-reperfusion injury and in studies conducted in adult and pediatric patients prior to
CPB [140, 143, 145]. These encouraging results suggest the possibility of studying UMOD also
for the early determination of renal damage in SCD patients.

5. Current treatment

The treatment of renal complication in SCD patients should include an adequate fluid intake in
order to avoid dehydration due to hyposthenuria. The chronic use of drugs toxic to the kidneys,
such as non-steroidal anti-inflammatory drugs (NSAIDs) should be avoided due to the potential
for adverse hemodynamic-related renal function deterioration, precipitation of papillary necro-
sis, and the development of NSAID-associated interstitial nephritis and glomerulonephropathies.

5.1. Treatment of hematuria

Hematuria in SCD is typically self-limited. Patients with hematuria should be advised to
maintain a high urine output by oral hydration and remain at rest. However, in cases of mas-
sive hematuria, a high urine output should be maintained with combination of isotonic flu-
ids and loop diuretics, and adopt measures to alkalinize urine, with sodium bicarbonate or
acetazolamide. These measures modify the acid and hypertonic environment of the medullar
region, which favors erythrocyte dehydration, HbS concentration and its polymerization [80].
Patients are advised to maintain a urinary volume of 2—4 L/day. Also blood transfusion may
be necessary in order to reduce HbS level and sickling [146].

In cases of refractory hematuria, high doses of oral urea may be required to achieve blood
urea nitrogen levels greater than 100 mg/dL, or treatment with vasopressin or epsilon-amino-
caproic acid (EACA) to promote clotting [147].

5.2. Treatment of proteinuria

The benefits of angiotensin-converting enzyme (ACE) inhibitors and angiotensin-II receptor
blockers (ARB) in slowing kidney disease progression in many situations are well-known.
Improving nocturia has been reported to be an additional beneficial effect of ACE, presumably
as a result of reduction in GFR [148]. A recent Cochrane database review, in 2015, reported the
potential for reduction in albuminuria and proteinuria with the use of captopril in patients
with SCD compared with those without the disease [148]. However, the administration of
ACE and ARB should be carried out carefully due to the risk of hypotension and hyperkale-
mia, the latter condition often present in SCD patients.

The use of hydroxyurea (HU) has been suggested to reduce proteinuria and hyperfiltra-
tion as suggested in one prospective study consisting of 26 patients with SCD. However, no
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effect on microalbuminuria was found [77, 149]. A cross-sectional study of 149 adult patients
showed that those using hydroxyurea were less likely to exhibit albuminuria (defined as
urinary urinary-creatinine ratios 230 mg/g) [149]. A multi-center trial in infants (mean age
13.8 months) demonstrated that treatment with hydroxyurea for 24 months did not influence
the GFR. However, it was associated with better urine-concentrating ability and less renal
enlargement, suggesting a possible renoprotective effect [41]. In a non-randomized study of
children with SCD requiring hydroxyurea for standard indications, treatment for 3 years led
to a mean (standard deviation (SD)) decrease in GFR from 167 (SD 46) mL/min/1.73 m? to 145
(SD 27) mL/min/1.73 m? indicating an improvement in the hyperfiltration [150].

Dietary protein restriction is not recommended, because of the underlying growth failure and
decreased energy state in most patients with SCD [151].

5.3. Treatment of anemia

The use of multiple blood transfusions demonstrated to restore the urinary concentrating
ability in children with SCD [152, 153]. One study of 120 children with sickle hemoglobin-
opathies found that chronic red blood cell transfusions before the age of 9 years was protec-
tive against the onset of microalbuminuria [154]. Blood transfusion receives HbS, prevent
direct sickling in the kidney and vaso-occulsion, reducing glomerular and tubular isch-
emia damage to the kidney. However, the benefits of transfusion therapy must be balanced
against risks including infections, iron overload, acute or delayed hemolytic transfusion
reactions [48, 155-158].

5.4. Treatment of end-stage renal disease

Hemodialysis is reportedly the leading form of renal replacement therapy for SCD-ESRD
patients, as well as peritoneal dialysis and kidney transplantation. Mortality in SCD
patients is approximately 26% during the first year of therapy for ESRD, nearly threefold
higher than in ESRD patients without SCD. However, SCD patients who received pre-dial-
ysis nephrology care had a lower death rate than those who did not receive such care [159].

Kidney transplantation may offer survival advantage over dialysis in ESRD. As in the general
population, allograft survival for patients with ESRD is greater in those with a living donor
than in those with a deceased donor. The post-transplantation one-year graft survival exceeds
60-80% [160]. Complications specific to the SCD population include higher infection risk due
to autosplenectomy and precipitation of sickle cell crises with anemia correction following a
successful transplant. Kidney transplant may be also complicated by allograft venous throm-
bosis, deep vein thrombosis, and vaso-occlusive crises [63, 161, 162]. Suggested maneuvers to
decrease the incidence of post-transplant complications in these patients include [63, 163] pre-
operative blood transfusions to decrease hemoglobin S levels, preoperative oxygen supple-
mentation with 40% oxygen, pretransplantation warming of the kidney allograft using 37°C
saline, intraoperative and postoperative dopamine infusion at 4 pg/kg/min stem cell transplan-
tation remain as the only curative treatment with good result and survival rates around 90% in
4 years [164, 165].
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6. Conclusions

SCN represents a new challenge in the treatment of acute and chronic complications in
SCD. The underlying pathophysiology it is not completely understood, but it is already known
that kidney damage occurs since the first months of life. The onset of hyperfiltration and albu-
minuria is an opportunity to intervene. The lack of diagnostic test capable of detecting the onset
of symptoms remains a barrier to institute therapy. Furthermore, the absence of therapeutic
strategy compounds the management of SCN. New markers of renal impairment in SCD such
as the use of cystatin C assays may become available for community-based screening in order
to identify patients at risk, to treat them and to improve their survival and quality of life.
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Abstract

In this chapter, we report and discuss the diagnosis and management of idiosyncratic
drug-induced, or drug-associated, severe neutropenia, and agranulocytosis (neutrophil
count of <0.5 x 10°/L). In this setting, neutropenia remains a potentially serious adverse
event due to the frequency of severe sepsis, with severe deep tissue infections (e.g.,
pneumonia), life-threatening infections, septicemia, and septic shock in two-thirds of all
hospitalized patients. Recently, several poor prognostic factors, impacting the hemato-
logical recovery, the duration of hospitalization, and the outcome have been identified
that may be helpful when identifying “frailty” patients. These factors include: old age,
poor performance status, septicemia or shock, comorbidities such as renal failure, and a
neutrophil count below 0.1 x 10°/L. recovery. In this situation, modern management, with
broad-spectrum antibiotics in case of any sepsis sign and hematopoietic growth factors
(HGF) (particularly G-CSF), is likely to improve the prognosis, with a current mortality
rate around 5%.

Keywords: agranulocytosis, neutropenia, drugs, infections, pneumonia, antibiotics,
hematopoietic growth factor

1. Introduction

White blood cells, as granulocytes or leukocytes, are an important component of the host
defense system, responsible for protection against bacteria, viruses, fungi, and invading
parasites [1]. The white blood cells constitute only 1% of the total blood volume. The term
neutropenia describes an absolute decrease in neutrophil numbers [1].
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Neutropenia is defined by a neutrophil count <1.5 x 10°/L (<1.2 x 10°/L in black people). The
degree of neutropenia predicts the risk of serious bacterial infections. Severe neutropenia is
characterized by a profound decrease of circulating neutrophils in case of an absolute lack of
circulating neutrophils, classically resulting in a neutrophil count of <0.5 x 10°/L [1, 2].

Schultz first introduced the term “agranulocytosis” in 1922, for cases of acute and severe
pharyngeal infections, associated with a lack of granulocytes in the blood in relation to drug
intake [2]. Such unpredictable event, named “idiosyncratic,” is typically serious, with around
50% of cases exhibiting severe sepsis, and a mortality rate of 10-20% [2, 3].

In this chapter, we report and discuss the diagnosis and management of idiosyncratic drug-
induced, or drug-associated, severe neutropenia, and agranulocytosis.

2. Search strategy

A literature search was performed on the PubMed database of the US National Library of
Medicine and Scholar Google. We searched for articles published between January 2010 and
March 2018, using the following keywords or associations: “drug-induced neutropenia,”
“drug-induced agranulocytosis,” “idiosyncratic neutropenia” and “idiosyncratic agranulocytosis”;
restrictions included: English- or French-language publications; published from January
1, 2010 to February 31, 2018; human subjects; clinical trials, review articles or guidelines.
All of the English and French abstracts were reviewed by at least two senior researchers
from our work group (GRoupes d’Etudes des Agranulocytoses médicamenTeuses (GREAT) des
Hbépitaux Universitaires de Strasbourg (HUS), Strasbourg, France). After rigorous selection, only
15 papers were selected and analyzed. The latter was used to write this paper in the form of
a short narrative review.

American Society of Hematology educational books, textbooks of Hematology and Internal
medicine, and information gleaned from international meetings were also used.

3. Etiologies of severe neutropenia

In adults, the diagnosis of acute and severe neutropenia (neutrophil count of <0.5 x 10°%/L
includes a limited number of conditions [1]. In fact, the main differential diagnoses outside
the context of treatment of cancer with chemotherapy (e.g., alkylating agents, antimetabolites,
etc.) or radiotherapy, include myelodysplastic syndromes, especially in elderly patients, and
acute leukemia.

All other conditions induced moderate neutropenia, with an absolute neutrophil count
between 1.5 and 0.5 x 10°/L. These conditions mainly include: neutropenia secondary to
sepsis, particularly viral infections or bacterial infections (severe Gram-negative infec-
tions with Salmonella sp., tuberculosis, Brucella sp.); and neutropenia associated with
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hypersplenism [2]. Other rarer differential diagnoses include neutropenia secondary to
alcoholism, nutritional deficiencies (folic acid, vitamin B12, cooper, etc.), Felty’s syndrome,
systemic lupus erythematosus or Sjogren’s syndrome, and lastly aplastic anemia or parox-
ysmal nocturnal hemoglobinuria [2].

In the literature, acute and severe neutropenia has been shown to be attributable to drugs in
70-90% of cases [2]. Thus, in practice, idiosyncratic drug-induced neutropenia or agranulo-
cytosis should be discussed routinely (considered in first) even if there is a context moving
toward another condition.

4, Definition

To date, drug-induced, or drug associated, severe neutropenia, or agranulocytosis is defined
at least by a neutrophil count of <0.5 x 10°/L, which occurs as a result of exposure to drugs
[3]. The presence of fever and sepsis signs is usual, even required, for some authors. In the
majority of patients, the neutrophil count is under 0.1 x 10%/L.

All drugs may be the causative agents, particularly: chemotherapy, immune modulator
agents or biotherapies. Other daily drugs may also be more rarely incriminated. Such event is
called “idiosyncratic” drug-induced neutropenia and agranulocytosis [2, 3]. Either the drug
itself or one of its metabolites may be the causative agent.

Currently, the recommended criteria for diagnosing blood cytopenias and for implicating a
drug as a causative agent in neutropenia are derived from an international consensus meeting
[2, 4]. These criteria are outlined in Table 1. As idiosyncratic severe neutropenia and agranu-
locytosis are life-threatening conditions, no patient was re-challenged with the incriminated
drug (“theoretical method of reference”).

Definition of agranulocytosis Criteria of drug imputability

Neutrophil count <0.5 x 10°/L + existence of a  Onset of agranulocytosis during treatment or within 7 days of
fever and/or any signs of infection exposure to the drug, with a complete recovery in neutrophil count of
more than 1.5 x 10°/L within one month of discontinuing the drug

Recurrence of agranulocytosis upon re-exposure to the drug (this is
rarely observed, as the high risk of mortality contra-indicates new
administration of the drug)

Exclusion criteria: history of congenital neutropenia or immune
mediated neutropenia, recent infectious disease (particularly recent
viral infection), recent chemotherapy and/or radiotherapy and/

or immunotherapy* and existence of an underlying hematological
disease

*Immunoglobulins, interferon, anti-TNF antibodies, anti-CD20 (rituximab).

Table 1. Criteria for idiosyncratic drug-induced agranulocytosis.

189



190 Hematology - Latest Research and Clinical Advances

5. Epidemiology and causative drugs

Idiosyncratic agranulocytosis is a rare disorder. In Europe, the annual incidence of such
events is between 1.6 and 9.2 cases per million populations [2, 4]. In the USA, reported ranges
from 2.4 to 15.4 per million per year. In our experience, the incidence remains unchanged,
despite the withdrawn of incriminated drugs (which carry a high-risk), and increased levels
of medical awareness and pharmacovigilance [5]. Older patients are thought to be at greater
risk for to drug-induced neutropenia, probably because of increased medication use.

Almost all classes of drugs have been implicated as “causative,” but for the majority, the
risk appears to be very small (Table 2) [2, 5]. However, for drugs such as antithyroid drugs,
ticlopidine, clozapine, phenothiazines, sulfasalazine, trimethoprim-sulfametoxazole (cotri-
moxazole), and dipyrone or sulfasalazine, the risk may be higher. For antithyroid drugs
(propyl-thiouracil and méthimazole), a risk of 3 per 10,000 users has been reported. For

Family drug

Drugs

Analgesics and
nonsteroidal anti-
inflammatory drugs:

Antipsychotics,
hypnosedatives and
antidepressants:

Antiepileptic drugs:

Antithyroid drugs:

Cardiovascular drugs:

Anti-infective agents:

Miscellaneous drugs:

Acetaminophen, acid acetylsalicylic (aspirin), aminopyrine, benoxaprofen, diclofenac,
diflunisal, dipyrone, fenoprofen, indomethacin, ibuprofen, naproxen, phenylbutazone,
piroxicam, sulindac, tenoxicam, tolmetin

Amoxapine, chlomipramine, chlorpromazine, chlordiazepoxide, clozapine, diazepam,
fluoxetine, haloperidol, levopromazine, imipramine, indalpin, meprobamate, mianserin,
olanzapine, phenothiazines, risperidone, tiapride, ziprasidone

Carbamazepine, ethosuximide, phenytoin, trimethadione, valproic acid (sodium
valproate)

Carbimazole, methimazole, potassium perchlorate, potassium thiocyanate,
propylthiouracil

Acid acetylsalicylic, amiodarone, aprindine, bepridil, captopril, coumarins,
dipyridamole, digoxin, flurbiprofen, furosemide, hydralazine, lisinopril, methyldopa,
nifedipine, phenindione, procainamide, propafenone, propanolol, quinidine, ramipril,
spironolactone, thiazide diuretics, ticlopidine, vesnarinone

Abacavir, acyclovir, amodiaquine, atovaquone, cephalosporins, chloramphenicol,
chloroguanine, chloroquine, ciprofloxacin, clindamycin, dapsone, ethambutol,
flucytosine, fusidic acid, gentamicin, hydroxychloroquine, isoniazid, levamizole,
lincomycin, linezolid, macrolids, mebendazole, mepacrine, metronidazole, minocycline,
nitrofurantoin, norfloxacin, novobiocin, penicillins, pyrimethamine, quinine, rifampicin,
streptomycin, terbinafine, tetracycline, thioacetazone, tinidazole, trimethoprim-
sulfametoxazole (cotrimoxazole), vancomycin, zidovudine

Acetazolamide, acetylcysteine, allopurinol, aminoglutethimide, arsenic compounds,
benzafibrate, brompheniramine, calcium dobesilate, chloropheniramine, cimetidine,
colchicine, dapsone, deferiprone, famotidine, flutamide, gold, glucocorticoids,
hydroxychloroquine, mesalazine, metapyriléne, methazolamide, metoclopramide,
levodopa, olanzapine, omeprazole, oral hypoglycemic agents (glibenclamide), mercurial
diuretics, penicillamine, ranitidine, riluzole, sulfasalazine, most sulfonamides, tamoxifen,
thenalidine, tretinoid, tripelennamine

Table 2. Drugs implicated in the occurrence of idiosyncratic agranulocytosis.
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ticlopidine, the risk is more than 100-fold higher. Clozapine induces agranulocytosis in
almost 1% of patients, particularly in the first three months of treatment, with older patients
and females being at a higher risk [2, 5].

In our single-center cohort from the GREAT team (n = 203), the most frequent causative drugs
are: antibiotics (49.3%), especially 8-lactams and cotrimoxazole; antithyroid drugs (16.7%);
neuroleptic and anti-epileptic agents (11.8%); antiviral agents (7.9%); and platelet aggregation
inhibitors (6.9%), especially ticlopidine [5]. Since 1990-2000, no case of noramidopyrine- and
ticlopidine-induced agranulocytosis is reported in the literature. Recently, several new drugs
have been listed as causative agents for severe neutropenia and agranulocytosis, for example,
acyclovir, ganciclovir, lamotrigine, terbinafine or deferiprone [2, 5].

6. Mechanisms of idiosyncratic drug-induced neutropenia

The pathogenesis of drug-induced neutropenia is a heterogeneous process, which is not yet
fully understood [2, 3]. Clinical observations, studies in volunteers and laboratory experiments
have suggested that this disorder is mediated by immune allergic and toxic mechanisms. In
many cases, neutropenia occurs after prolonged drug exposure, resulting in decreased granu-
locyte production by hypoplastic bone marrow. In other cases repeated, intermittent expo-
sure is implicated. This suggests an immune mediated mechanism, although this hypothesis
is not entirely confirmed.

Direct damage, either to the microenvironment of the bone marrow or myeloid precursors,
plays a significant role in most other cases [3]. Complex metabolic pathways that metabolize
drugs and other chemicals are regulated by genetic factors. Genetic polymorphism results in
heterogeneity of expression of the various enzymes, which generate or destroy intermediate
toxic compounds [3].

Other mechanisms, involving cytotoxic T cells, haptens, auto-immunity, and oxidative
modification of the drug have also been considered [3]. The impact of myeloperoxidase and
NADPH-oxidase polymorphism in drug-induced neutropenia and agranulocytosis have also
been studied. Clozapine appears to accelerate the process of apoptosis, thought to be due to
depletion of ATP and reduced glutathione, which renders the neutrophils highly susceptible
to oxidant-induced apoptosis [3].

7. Clinical manifestations

Initially, symptomatic patients with idiosyncratic drug-induced severe neutropenia or agranu-
locytosis usually present with fever, which often is the earliest and sometimes the only sign
during evolution. This later is often associated with general malaise, often including chills [2, 3].
In this setting, symptoms may appear either immediately or insidiously, depending on the time
course of neutropenia development. Symptomatic patients are commonly present at discovery
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a non-specific sore throat, acute tonsillitis or sinusitis. More rarely, patients have first, as a not
expected and brutal event, a severe deep and potentially life-threatening infection [2].

It is important to note that without medical intervention, particularly immediate antibi-
otics administration, natural history of agranulocytosis include severe and potentially
life-threatening infections with often signs of general sepsis and septicemia (fever, chills,
hypotension, etc.). During the evolution, documented pneumonia as well as anorectal,
skin or oropharyngeal infections and septic shock were the most reported infections
[2, 3]. To date, classical manifestations as necrotic tonsillitis and perinea gangrene or are
exceptional.

In our experience (203 patients), the clinical manifestations include: isolated fever (unknown
origin) (26.3%); septicemia (13.9%); documented pneumonia (13.4%); sore throat and acute
tonsillitis (9.3%); and septic shock (6.7%) [5]. While in hospital 19.2% of the patients wors-
ened clinically and exhibited features of severe sepsis, septic shock, or systemic inflammatory
response syndrome (SIRS).

However, besides these “loud” clinical manifestations, clinicians must keep in mind that the
signs of these infections may be sometimes crude and atypical because of the neutropenia
(Figure 1). For practitioners, it is to note that pneumonia is often asymptomatic because of the
lack of neutrophil cells. In this situation, thoracic CT-scan may be proposed with much better
results than X-ray (Figure 2). Similarly, when antibiotics are administered prophylactically, or
at the beginning of this adverse event, both the patient’s complaints and the physical findings
may be “masked,” and fever is often the only clinical sign detected [2].

Figure 1. Chest radiography in a patient with absolute neutrophil count <0.1 x 10°/L: “Masked” pneumonia.
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Figure 2. CT-scan in a patient with absolute neutrophil count <0.1 x 10°/L: Lung aspergillosis.
8. Biological data

Theoretically, acute neutropenia is classically diagnosed in a blood sample, resulting in a
neutrophil count of <0.5 x 10°/L [3, 5]. In this setting, monocyte and basophile counts may be
increased. In the majority of patients, the neutrophil count is under 0.1-0.2 x 10°/L.

In this setting, bone marrow examination may not be required in for all patients but is pivotal
to exclude an underlying pathology, particularly in the elderly to rule out myelodysplastic dis-
orders and malignant hematological diseases [1, 2]. Bone marrow examination may be particu-
larly required in case of associated anemia, thrombocytopenia or abnormal blood cells. In such
patients with idiosyncratic drug-induced agranulocytosis, the bone marrow typically shows a
lack of mature myeloid cells, whereas in other cases, immature cells from the myelocyte stage
are preserved. This latter appearance is described as “myeloid maturation arrest” [2, 3].

In severe neutropenia, multiple microbiological specimens should be taken, as in the case
of post-chemotherapy neutropenia. With such multiple microbial samples, a causative
pathogen, typically Gram-negative bacilli or Gram-positive cocci (mainly Staphylococcus
spp.), was isolated in 30% of cases [3]. Fungi are also involved as secondary infective agents
(>10%), however, in a few percent of cases regarding neutropenia related to chemotherapy.
To date, modern molecular techniques have further facilitated identification of microbial
pathogens, allowing for aggressive interventions that appear to improve patient outcomes as
documented later in the paper.
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9. Prognosis and mortality rate

Idiosyncratic drug-induced severe neutropenia usually resolves over time, with supportive
care and management of infection [2, 3]. The time to neutrophil recovery has typically been
reported to range from 4 to 24 days.

In our aforementioned cohort study (n = 203), the mean duration of hematological recovery
(neutrophil count 1.5 x 10°/L) is 7.8 days (range: 2-20) [5]. The median duration for neutro-
phil count 20.5 x 10°/L is 6.8 days (range: 1-24).

In this context, the mortality rate for idiosyncratic agranulocytosis has recently fallen from 10
to 16 to 5% (range 2.5-10%) [2, 3]. This is likely due to improved recognition, management, and
treatment of the condition. The highest mortality rate is observed in “frailty” patients: older
patients (>65 years), with poor performance status, as well as those with several comorbidities
as renal failure (defined as serum creatinine level > 120 umol/L), chronic heart failure; bactere-
mia septicemia at diagnosis; or shock at diagnosis (Table 3); or low neutrophil count levels [2, 6].

Previously, we have found demonstrated that several variables were significantly associated
with a longer neutrophil recovery time (>1.5 x 10°/L), as: that an absolute neutrophil count
of <0.1 x 10°/L at diagnosis, as well as septicemia and/or shock [7], were variables that were
significantly associated with a longer neutrophil recovery time. In our cohort, bone marrow
showing a lack of myeloid cells was not found to be associated with a delayed recovery (using
uni- and multivariate analysis) [5].

It is worth noting, that in elderly patients, clinical manifestations were generally more severe,
with septicemia or septic shock in at least two-thirds of patients, as we have previously pub-
lished [8]. It is also the case in patients with associated morbidities as chronic cardiac failure,
chronic obstructive pulmonary disease, renal failure and immune disorders. In our experi-
ence, the depth of the neutropenia impacts the severity of the clinical, manifestations [7].

Age > 65 years Negative impact on duration of hematological
Neutrophil count at diagnosis: <0.1 x 10°/L recovery**, duration of hospitalization and
antibiotherapy

Clinical status: Deep severe infections or bacteremia or septic

shock (versus isolated fever) Negative impact on duration of hematological

recovery, duration of hospitalization and
Severe underlying disease or severe co-morbidity: Renal antibiotherapy
failure, cardiac or respiratory failure, systemic auto-

inflammatory diseases Negative impact on duration of hospitalization and

antibiotherapy and of mortality
Management with pre-established procedures and

hematopoietic growth factor for use in severe conditions Negative impact on duration of hematological

recovery and hospitalization

Positive impact on duration of hematological recovery,
duration of hospitalization and of mortality

*Prognosis: hematological recovery, duration of hospitalization and antibiotherapy, mortality).

**Hematological recovery: absolute neutrophil count >1.5 x 10%/L.

Table 3. Impact factors for the prognosis* of idiosyncratic drug-induced agranulocytosis.
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At the opposite side, some patients (<20%) (not-well identified characteristics or profile)
remained asymptomatic [3]. This supports the case for routine monitoring of blood counts in
individuals receiving high-risk medications such as, for example, antithyroid drugs [2, 3]. This
also supports not consensual home management of such an event in certain patients (young,
without medical history, and with fever as the sole sign) [3].

10. General management

The management of idiosyncratic drug-induced severe neutropenia and agranulocytosis
begins with the immediate withdrawal of any medications, which may potentially be respon-
sible [2, 3]. Thus, the patient’s medication history must be carefully obtained in chronological
order so that the suspected agent(s) may be identified.

For experts, routine monitoring for agranulocytosis is required in some high-risk drugs, such
as clozapine, ticlopidine, and antithyroid drugs [2, 3]. All cases of drug-induced neutropenia
must be notified to the pharmacovigilance center. All febrile patients should be admitted to
hospital, without any delay [2, 3].

Concomitant measures include realization of multiple microbial samples (blood, urine, stool,
and sputum cultures) and aggressive treatment of confirmed or potential sepsis, as well as the
prevention of secondary infections. It should be noted that as a result of neutrophil deficiency,
both the patient’s symptoms and the physical findings may be altered, and fever may be the
only clinical sign [3]. Preventive measures include good hygiene and infection control, paying
particular attention to high-risk areas such as the mouth, skin, and perineum [2, 3].

Patients with a low-risk of infection, and good performance status may be managed in home
with intensive supervision and monitoring! The occurrence of sepsis requires prompt man-
agement, without any delay, including the administration of broad-spectrum intravenous
antibiotic therapy [2, 3].

In case of fever or for “frailty” patients, prompt hospitalization without delay may be required
[2, 3]. In this setting, patient isolation and the use of prophylactic antibiotics (e.g., for the gas-
trointestinal tract) have been proposed, but their usefulness in limiting the risk of infection
has not been documented or at least, has not been clinically proven [3].

11. Antimicrobial therapy

In case of sepsis, we commonly combine in first-line therapy, new cephalosporins and qui-
nolones or aminoglycosides. It is important to note that a great part of these recommenda-
tions is adapted from the evidence-based medicine recommendations for the management of
chemotherapy-induced neutropenia (field of oncology) [3]. Of course ureidopenicillins beta-
lactam/beta-lactamase inhibitor combinations, as carbapenems, or imipenem can be safely
used in these antibiotic combinations. The addition of intravenous vancomycin or teicoplanin
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is considered in patients at high-risk of serious Gram-positive infections or after 48 hours of
continued fever despite first-line of antibiotics with at least cephalosporins [2, 3].

In patients with persistent fever despite broad-spectrum antibiotics against Gram-negative
bacilli or Gram-positive cocci or systematically after 1 week of persistent fever, the addition of
empirical antifungal agents should be considered, as amphotericin B or related derivates (e.g.,
liposomal preparation of amphotericin), and voriconazol or caspofungin [2, 3].

12. Hematopoietic growth factors (HGF)

Since 1985, two-thirds of reported cases of idiosyncratic agranulocytosis have been treated
with HGF, especially granulocyte-colony stimulating factor (G-CSF) [9]. The most recent, major
studies on hematopoietic growth factors (HGF) use in drug-induced agranulocytosis are
described in Table 4 [2, 5, 10-15]. In our aforementioned cohort, a faster hematological non-
significantly recovery (neutrophil count >1.5 x 10°/L) was observed in the HGF group: 2.1 days

Type of study and target population

Main results

Systematic review of all published cases
(n =492); all patients with idiosyncratic drug-
induced agranulocytosis [2]

Meta-analysis (n = 118); all patients with

idiosyncratic drug-induced agranulocytosis [10]

Case control study, retrospective analysis
(n=70); all patients with idiosyncratic drug-
induced agranulocytosis [11]

Cohort study, retrospective analysis (n = 54);
patients with idiosyncratic drug-induced
agranulocytosis >65 years of age, with poor
prognostic factors [12]

Cohort study, retrospective analysis (n = 20);
patients with antithyroid drug-induced
agranulocytosis and poor prognostic factors
[13]

Cohort study, retrospective analysis (n = 145);
all patients with idiosyncratic drug-induced
agranulocytosis [14]

Cohort study, retrospective analysis (n =201);
all patients with idiosyncratic drug-induced
agranulocytosis [5]

Prospective randomized study (n = 24); all
patients with antithyroid drug-induced
agranulocytosis [15]

Treatment with hematopoietic growth factors was associated
with a statistically significantly lower rate of infectious and fatal
complications, in cases with a neutrophil count <0.1 x 10°/L

G-CSF or GM-CSF (100 to 600 ug/day) reduced the mean time

to neutrophil recovery (neutrophil count >0.5 x 10°/L) from 10 to
7.7 days, in cases with a neutrophil count <0.1 x 10°/L, and reduced
the mortality rate from 16 to 4.2%

G-CSF and GM-CSF (100 to 600 ug/day) reduced the recovery of
neutrophil count from 7 to 4 days, particularly in patients with a
neutrophil count <0.1 x 10°/L

G-CSF (300 pg/day) significantly reduced the mean duration for
hematological recovery from 8.8 to 6.6 days (p < 0.04). G-CSF
reduced the global cost

G-CSF (300 ug/day) significantly reduced the mean durations of
hematological recovery, antibiotic therapy and hospitalization
from: 11.6 to 6.8 days, 12 to 7.5 days and 13 to 7.3 days, respectively
(p <0.05 in all cases). G-CSF reduced the global cost

G-CSF shortens time to recovery in patients with agranulocytosis

G-CSF (300 ug/day) reduced the mean durations of hematological
recovery for 2.1 days (p = 0.057).

G-CSF (100 to 200 pg/day) did not significantly reduce the mean
duration for hematological recovery

G-CSF: Granulocyte-Colony Stimulating factor; GM-CSF: Granulocyte-Macrophage-Colony Stimulating factor

Table 4. Recent studies on the use of hematopoietic growth factors in idiosyncratic drug-induced agranulocytosis.
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(p = 0.057) [5]. Thus, for certain hematologist, the usefulness of HGF remains controversy
in such patients. To support this view, the only available prospective randomized study
(based on 24 patients with antithyroid-related agranulocytosis) did not confirm the benefit of
G-CSF [10]. Nevertheless, this negative result may be related to inappropriate G-CSF doses
(100-200 pg/day).

To date, no data is available on the use of pegfilgrastim (a long-acting recombinant G-CSF) in
idiosyncratic drug-induced neutropenia [2, 3].

In this setting, it is important to keep in mind that transfusion of granulocyte concentrates
should only be used in exceptional circumstances, and only then for the control of life-
threatening infections with antibiotic resistance such as perineal gangrene [2].

13. Conclusions

In conclusion, itis important to keep in mind thatidiosyncratic drug-induced or drug-associated,
severe neutropenia and agranulocytosis remains a potentially serious adverse event due to the
frequency of severe sepsis, with severe deep tissue infections (e.g., pneumonia), life-threatening
infections, septicemia, and septic shock in two-thirds of all hospitalized patients. In this setting,
several poor prognostic factors, impacting the hematological recovery, the duration of hospital-
ization, and the outcome have been documented: old age, poor performance status, septicemia
or shock, comorbidities such as renal failure, and a neutrophil count below 0.1 x 10°/L. In this
situation, modern management, with broad-spectrum antibiotics in case of any sepsis sign and
HGEF is likely to improve the prognosis, with a currently mortality rate around 5%.
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