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Preface

This textbook is the first edition of Non-Hodgkin’s Lymphoma in Childhood and Adolescence
and represents the first book completely focused on this topic. Recent extraordinary advances in
diagnostic and therapeutic modalities, triggered by exceptional progress in molecular biology,
have revolutionized the world of pediatric and adolescent Non-Hodgkin lymphoma (NHL).
One of the highest priorities of this book is to incorporate all the cellular and molecular
advances together with the most cutting-edge therapies available today into a comprehensive
volume, providing a state-of-the-art overview on NHL in children and adolescents. It is divided
into seven sections, each of which focuses on a critical component of pediatric NHL, including
history and epidemiology, pathology and molecular biology, pathogenesis of B- and T-cell
lymphomas, as well as the most recent insights into the pathogenesis of anaplastic large-cell
lymphoma, disease evaluation and response, common and rare subtypes of NHL, and current
and novel treatment strategies including a chapter on hematopoietic stem cell transplant. The
text also comprehensively reviews the late effects of treatment, quality of patient life, and NHL
treatment in countries with limited resources.

All chapters were written by distinguished world experts in each field, and we would like to
thank all of them for their efforts and hard work, extending our thanks also to several junior
physicians and fellows who assisted these experts on some chapters. In addition, we are
extremely grateful for the editorial assistance of Andy Kwan in New York and Prakash
Marudhu in India who have demonstrated outstanding patience and dedication in managing the
flow of many chapters, figures, and permissions.

We are hopeful that this book will serve as a comprehensive and updated resource for all
pediatric oncologists, pathologists, biologists, and trainees who are looking after children and
adolescents with NHL.

Toronto, ON, Canada Oussama Abla, MD
Vienna, Vienna, Austria Andishe Attarbaschi, MD
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History of Diagnoses and Treatment
Strategies in Pediatric Non-Hodgkin's

Lymphomas

Georg Mann

Introduction

In comparison to the extended and detailed spectrum of non-
Hodgkin’s lymphoma (NHL) entities in adulthood, there is
only a limited variety of defined diagnoses in pediatric oncol-
ogy, with 90% of the diseases being assigned to only 5 diag-
noses, starting with Burkitt’s lymphoma (BL), followed by
lymphoblastic lymphoma (LL; 3/4 of T-cell origin), anaplas-
tic large cell lymphoma (ALCL), diffuse large B-cell lym-
phoma (DLBCL), and primary mediastinal B-cell lymphoma
(PMBCL) [16, 55]. Rare pediatric entities with only 1-2%
are composed of pediatric follicular lymphoma (FL),
mucosa-associated lymphoid tissue (MALT) lymphoma,
marginal zone lymphoma (MZL), subcutaneous panniculi-
tis-like T-cell lymphoma (SPTCL), and others.

The History of Cancer from Old Egypt
to the Nineteenth Century

To understand the difficulties that medical research had to
overcome on the way to clinically useful classification sys-
tems, especially with respect to pediatric NHLs, a brief look
back at the evolution of medicine concerning cancer diagno-
sis might prove helpful. Possibly the first mention of cancer
was found in an old Egyptian papyrus in which Imhotep
described what presumably was a breast tumor in
2625 BC. The term Karkinos was first used in ancient Greece
by Hippocrates around 400 BC. Galen in the second century

G. Mann (<)
Department of Pediatric Hematology and Oncology,
St. Anna Children’s Hospital, Vienna, Austria

Department of Pediatrics and Adolescent Medicine,
Medical University of Vienna, Vienna, Austria
e-mail: georg.mann@stanna.at

© Springer Nature Switzerland AG 2019

AD believed that the genesis of diseases mainly to be caused
by the dysregulation of body fluids or “humors” which he
associated with certain personality traits or moods. Thus, the
melancholic state, which he considered to be the worst, was
thought to cause tumors by an excess of black bile. As the
black bile was thought to reappear after surgical removal,
forming cancer again, surgery was not recommended. This
inadvertently saved patients with tumors from procedures
which were at that time often incomplete and followed by
what we now know are infections, worsening their condi-
tions and shortening their lives. It was only in the Renaissance
that autopsies set the foundations for pathologic anatomy.
When Vesalius, in the middle of the sixteenth century, tried,
but failed, to find the black bile by autopsy, he started a pro-
cess of scientific discoveries that led to the development of
anatomic pathology and its correlation to the causes of dis-
eases [60].

The Early History of Lymphomas: Big Steps
Forward Ending in Confusion

In 1832, Thomas Hodgkin was the first to describe what we
now call lymphoma by correlating the clinical course of a
disease of the glands and the spleen to its macro-pathologic
appearance in six patients by autopsy. Interestingly, although
microscopy was invented nearly a century earlier, it did not
play a role at that time; a few decades later, however, micro-
scopic examinations revealed the uniform appearance of the
original tissue conserved by Hodgkin, thus confirming the
diagnosis. Rudolf Virchow at the Charité in Berlin, by means
of what he called cellular pathology, was the first to use the
terms “leukemia”, “lymphoma”, and “lymphosarcoma”
describing clinicopathologic entities in 1862 [2, 50, 89].
The term “lymphosarcomatosis” to emphasize the sys-
temic character of the disease and to distinguish it from
Hodgkin’s disease was coined by Johann Kundrat in Vienna
[43], who used staining techniques developed by Paul

0. Abla, A. Attarbaschi (eds.), Non-Hodgkin’s Lymphoma in Childhood and Adolescence,
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Ehrlich at the end of the nineteenth century in Berlin.
Ehrlich was awarded the Nobel Prize in 1908 for his con-
tributions to the understanding of the immune system.
The enormous medical progress starting in the middle of the
nineteenth century, characterizing the immune system and
its pathologies, led to various attempts to classify “malig-
nant lymphomas”, a term introduced by the surgeon Theodor
Billroth in Vienna [12].

During the following decades, dependent on the develop-
ment and availability of diagnostic techniques and the
knowledge of clinical courses, several different classification
systems, some of which ending up with a broad variety of
diagnoses, evolved sometimes even simultaneously. The sys-
tems defined cytomorphology with respect to size and shape
of the cells, their cytoplasm and nuclei, the distribution
within the lymph node, the clinical behavior, and the esti-
mated origin of the cells. Not having enough evidence to
reveal the genesis of the lymphoma cells, apparently unripe
large cells were thought to stem from histiocytic/reticulo-
cytic origin — another misunderstanding that worsened the
Babylonian confusion and made clinicopathologic series
incomparable when different systems, or even the same,
were used by different groups, explainable by the lack of
understanding of the cellular physiology of the immune sys-
tem and the limitations of cytomorphological interpretation
and characterization [50, 79].

On the Way to a Valuable Classification
of Non-Hodgkin’s Lymphomas (Table 1.1)

In 1966, H. Rappaport in the USA created a classification
system by taking into account lymph node architecture
(nodular vs. diffuse), postulated cellular origin (lympho-
cytic vs. histiocytic), and cytomorphology (well differenti-
ated vs. poorly differentiated) [50, 74]. The detection of
immunoglobulins on the surface of lymphoma cells by A.C.
Aisenberg was another important step toward a biologic
characterization of NHL [3]. A better understanding of the
immune system led R. J. Lukes and R.D. Collins to develop
a classification which was taking into account the B- or
T-cell origin of lymphomas and which became widely
accepted in the U.S. [48]. At around the same time, Karl
Lennert in Germany created a classification system which,
in addition to histological, immunohistochemical, cyto-
logic, and ultrastructural techniques, also took into account
immunochemical and immunomorphological methods in
order to define the T- or B-cell origin of the tumor cells
[46]. The result was the so-called Kiel classification 1974,
which was then broadly used by lymphoma experts in
Europe.

Table 1.1 Evolution of NHL classification systems — most relevant
pediatric diagnoses: High grade or “intermediate grade”(DLBCL)

Rappaport, 1956 [74] Working formulation
(1966,) Nodular or 1982
diffuse:
Well-differentiated Large cell immunoblastic
lymphocytic lymphoma
Poorly differentiated Lymphoblastic
lymphocytic lymphoma
Histiocytic/mixed Small non-cleaved cell
lymphoma (Burkitt and non-Burkitt
type)
Burkitt Diffuse large cell
Lukes and
Collins
[48]
B T
Large non-cleaved Convoluted lymphocytic
FCC
Small non-cleaved Undefined
FCC
Burkitt type Unclassifyable
Immunoblastic Immunoblastic
Kiel 1975
[46]
B T
Centroblastic Pleomorphic, medium and
large cell
Immunoblastic Immunoblastic
Large cell anaplastic Large cell anaplastic
(Ki-1+) (Ki-1+)
Burkitt‘s lymphoma
Lymphoblastic Lymphoblastic
REAL
1994 [36]
B T
Precursor B-cell Precursor T-cell neoplasm:
neoplasm: T-cell and natural killer cell
neoplasms
Precursor Precursor T-lymphoblastic
B-lymphoblastic lymphoma/leukemia
leukemia/lymphoma
Mature (peripheral) Mature (peripheral) T-cell
B-cell neoplasms neoplasms
Diffuse large cell Anaplastic large cell
B-cell lymphoma lymphoma, T/null cell,
primary cutaneous type
Mediastinal large Peripheral T-cell
B-cell lymphoma lymphoma, not otherwise
characterized
Burkitt‘s lymphoma/ Anaplastic large cell
Burkitt‘s cell leukemia lymphoma, T/null cell,
primary systemic type
WHO
2008, rev.
2016 [81,
82]
B T
Precursor B-cell Precursor T-cell neoplasm
neoplasm
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Table 1.1 (continued)

Precursor Precursor T-lymphoblastic
B-lymphoblastic lymphoma/leukemia
leukemia/lymphoma

Precursor T-cell acute
lymphoblastic leukemia

Precursor B-cell acute
lymphoblastic
leukemia

Mature (peripheral)
B-cell neoplasms

Mature (peripheral) T-cell
neoplasms

Diffuse large B-cell
lymphoma

Anaplastic large-cell
lymphoma, T-/null cell,
primary cutaneous type

Mediastinal large Peripheral T-cell
B-cell lymphoma lymphoma, not otherwise
characterized

Burkitt lymphoma/
Burkitt cell leukemia

Anaplastic large-cell
lymphoma, T-/null cell,
primary systemic type
EBV+ T-cell lymphoma of
childhood (2016)

Pediatric follicular
lymphoma (2016)

The Availability of Immunophenotyping

Georges Kohler and Cesar Milstein fused distinct antigen-
specific B cells to myeloma cells, thus creating immortal
clonal B-cell lines which were able to produce a specific
monoclonal antibody to any desired antigen and in any
desired amount [41]. This technique enabled researchers to
unequivocally define lymphoma cells as either being of B- or
T-cell origin. Additionally, it was attempted to correlate the
immunophenotype of NHLs to the physiologic maturation
stage of lymphatic development with respect to the protein
expressions occurring at different stages [4]. To unify the
language and specificity of monoclonal antibodies devel-
oped by different groups, the international ITUIS-WHO
Nomenclature Subcommittee was founded and launched the
cluster denomination (CD) system starting with the defini-
tion of 15 entities [37].

Detection of Clonal Inmunoglobulin
and T-Cell Receptor Gene Rearrangements

A prerequisite for a valuable classification system appeared
to be the understanding of the normal cellular immune sys-
tem [49] and the description of the malignancies as counter-
parts of different physiologic cell types and development
stages of their precursors. An important contribution to the
biology and pathology of the immune system was the detec-
tion of the hierarchical organization of clonal immunoglobu-
lin and T-cell receptor gene rearrangements [42, 56, 90]. The
understanding of the physiology helped to support the defini-
tion of biologic entities and formed a basic tool by using the
clonal rearrangement detection for minimal residual and dis-
seminated disease measurement. Interestingly, these funda-

mental developments were not reflected in the so-called
working formulation [64], whose intention was to create a
translation among the various systems, to facilitate clinical
comparisons of case reports and therapeutic trials and to
unify and simplify the language in order to have a common
NHL classification, mainly based on cellular appearance and
clinical behavior.

In 1994, the Revised European-American Lymphoma
(REAL) classification took into account immunophenotypic
features in identifying distinct clinicopathologic entities as
being either of B- or T-cell origin, by following and unifying
the European and American systems on the currently avail-
able diagnostic tools. Of pediatric relevance is the definition
of diffuse large B-cell lymphomas (DLBCL) and primary
mediastinal B-cell lymphomas (PMBCL), which in adoles-
cents account for a relevant proportion [36]. In 2000, by
means of distinguishable gene expression analysis, two sub-
types — germinal center B-cell-like (GCB) and activated
B-cell-like (ABC) DLBCL - were defined [5]. The GCB
type is more common in pediatric DLBCLs [83]. Further
modifications by the WHO 2008 and 2016 classification
([81], revised 2016 [82]) helped to better characterize low
grade and cutaneous entities, very rare in the pediatric age
group, overall describing close to 50 entities with 18 sub-
entities whereof only one fifth occurs in the pediatric age
cohort in a quantitatively relevant number. What was most
relevant in the revised version of 2016 for the diagnosis of
pediatric NHL, was the introduction of, first, systemic EBV+
T-cell lymphoma of childhood (the name was changed from
lymphoproliferative disorder to lymphoma, due to its fulmi-
nant clinical course and a desire to clearly distinguish it from
chronic active EBV infection) and, second, pediatric-type
follicular lymphoma (a localized clonal proliferation with
excellent prognosis where a conservative therapeutic
approach may be sufficient [9].

The Historical Characterization of Burkitt’s
and Anaplastic Large Cell Lymphomas

These two entities deserve closer description as they shed
light on the development of medical research and clinical
progress in oncology, unlike lymphoblastic, mainly T-cell,
NHLs, where the evolution of characterization parallels the
diagnostic development of acute lymphoblastic leukemia of
childhood.

Burkitt’s Lymphoma
The history of the diagnosis of Burkitt’s lymphoma reads like

an orchestration influencing the progress of medicine.
Disciplines like epidemiology, histology, tropical medicine,
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virology, cytogenetics, and molecular genetics were all com-
ponents helping to establish a particular diagnosis while
adding new knowledge, thus fostering general medical
research. The Irish surgeon Denis Parson Burkitt worked in
Africa on behalf of the British colonial Ministry when he
encountered jaw tumors in small children in the late 1950ties
[19]. The uncommon manifestations with localizations not
typical of any then well-known malignancies drove him to
thoroughly investigate the courses of the patients and the pos-
sible epidemiology. He found that these tumors had been
described already earlier, by Dr. Albert Cook who travelled to
Africa at the end of the nineteenth century. At that time these
tumors were diagnosed as organ-specific sarcomas, depend-
ing on their localization as either Wilm’s tumors, neuroblas-
tomas, or rhabdomyosarcomas. But the spread to Burkitt
seemed to be atypical, since several tumors of similar size
appeared in the same child without forming a primary and
metastases. Recognizing the nature of the disease as systemic,
he called it a syndrome [20]. Later, with the help of the
pathologist O’Connor, the uniform microscopic appearance
together with the clinical appearance confirmed the lympho-
matous origin. Besides the finding that the disease was geo-
graphically confined to the peri-equatorial belt, the next
epidemiologically important issue was the fact that these
tumors only occurred up to certain altitudes above sea level.
This suggested temperature as a possible environmental influ-
ence. Additionally, the thereby created map of lymphomas
distribution resembled the spread of malaria. When tumor
material was sent to England, an agent was detected within
the cells of all samples [26], the Epstein-Barr virus (EBV),
now bearing the name of its discoverers [13]. Identical
appearing lymphomas in children outside Africa, which were
then called non-endemic Burkitt’s lymphomas, harbored the
virus only in about half of the cases. Together with the later
detected universal presence of the virus, doubts were raised
about its causative role in cancer. However, some time later,
the concept of virally induced cancer proved to be of impor-
tance after all. latrogenic immunosuppression necessary after
organ transplantation poses patients at risk for chronic EBV
proliferation in B-lymphatic cells which stepwise causes
lymphoproliferation named posttransplant lymphoprolifera-
tive disease (PTLD) [28, 73], from oligo clonal populations
up to monoclonal lymphomas. The solution to Burkitt’s
observation in Africa identifies chronic malaria as the cause
of chronic immunosuppression. The spread by anopheles
mosquitoes around the equatorial belt to altitudes of about
1000 meters above sea level, up to which Anopheles repro-
duces, explains the epidemic findings. The failure to control
EBV leading to the development of lymphomas resembles
the way PTLDs evolve. Similarly, EBV-positive B-NHLs
may develop in immunodeficient children, like in the X-linked
lymphoproliferative syndrome, the most striking example
[35]. Another important step was the cytogenetic character-
ization of Burkitt’s lymphoma. The chromosomal transloca-

tion t(8;14)) (q24;q32) was one of the first reproducible
genetic alterations in human cancer [93], not only enabling
the molecular characterization of the lymphoma but also
stimulating the research toward the genetic causes of cancer.
This resulted, among other things, in the characterization and
functional description of the fused genes C-MYC on chromo-
some 8 and IGH on chromosome 14 [23, 52, 84].

Anaplastic Large Cell Lymphoma

Many aspects in the development of this now well-defined
entity have considerably influenced clinical knowledge and
cancer research. Historically, anaplastic large cell lympho-
mas have been described very well according to their mor-
phologic appearance. Yet, before lineage-bound cytogenetic
or molecular genetic diagnoses became available, they could
hardly or not at all be distinguished from histiocytic diseases
[40]. The morphologic appearance even resembled the aspect
of carcinomas. The following characterization with (mono-
clonal) antibodies, one of them binding to the so-called Ki-1
antigen, first detected on Hodgkin’s lymphomas and later
named CD30, helped to finally define the entity (also posi-
tive for the epithelial membrane antigen (EMA) [24, 80].
Diseases with a rapid but also a relatively long course of
growing and shrinking lymph node enlargements, with local
as well as systemic inflammatory signs mimicking infectious
or autoimmune diseases could be diagnosed as a clinicopath-
ologic entity. The chromosomal translocation t (2;5)
(p23;935) [45] and its molecular counterpart, the fusion gene
NPM-ALK found in ALCL [58] gave rise to cancer research,
when ALK alterations were found in several other cancers
such as lung carcinoma and neuroblastoma. Another very
intriguing finding was the immunogenicity of the fusion neo-
oncoprotein in case of ALCLs [71]. This fact conveniently
explained the clinical wax-and-wane courses as well as
inflammatory and autoimmune phenomena which all mim-
icked non-neoplastic diseases and substantially delayed
exact diagnosis. The presence of antibodies against the
fusion gene, together with the lack of the circulating fusion
gene, could be correlated with a better prognosis [63]. These
various milestones on the way to more exact diagnoses
reflect the progress in oncologic research, where pediatric
oncology has always been playing a leading role (Table 1.2).

History of Staging Procedures

The St. Jude’s staging system by Murphy, an adapted Ann-
Arbor system used for Hodgkin’s lymphoma, upgraded
mediastinal (universally stage III) and abdominal (localized
stage II, extended stage III) manifestations, and reserved
stage IV for bone marrow or central nervous system
involvement. It was broadly accepted worldwide by pediatric
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Table 1.2 Time table of some diagnostic milestones relevant for pedi-

atric NHLs

Year Author Finding

1864 Virchow Aleukemic leukemia

1871 Billroth Multiple lymphomas

1893 Kundrat Lymphosarkoma

1956/1966 | Rappaport Cytomorphologic differentiation

1958 Burkitt Endemic African lymphomas

1964 Epstein Virus detection

1972 Aisenberg B- and T-cell NHL by surface markers
1972 Manolov Burkitt NHL: chromosome 14

1974 Lukes, Collins | Immunologic characterization

1975 Lennert Kiel classification: B- and T-cell NHLs
1975 Kohler Monoclonal antibody production

1976 Zech t(8;14) in Burkitt’s lymphomas

1981 Korsmeyer Hierarchic IG gene rearrangement
1982 Dalla-Favera | C-MYC oncogene in Burkitt’s NHLs

1982 Taub C-MYC-IGH fusion in Burkitt’s NHL
1982 NCI Working formulation

1983 Aisenberg Immunophenotyping of NHLs

1985 Stein Ki-1 antigen (CD30)

1985 Waldmann T-cell receptor rearrangement

1988 Delsol ALCL diagnosis

1989 Le Beau t(2;5) in ALCL

1994 Harris REAL classification

1994 Morris NPM-ALK fusion in ALCL

2000 Alizadeh DLBCL subtypes by gene expression
2000 Pulford Auto-antibodies against ALK

2008 Swerdlow WHO classification

2009 Park NOTCH and FBXY7 in LBL T-NHL
2017 Szepanovsky | Pediatric DLBCL molecular diagnosis

hemato-oncologists [62]. Before Burkitt‘s lymphomas were
recognized as systemic diseases in most cases, with no imag-
ing techniques available, and local treatment being the only
possible therapy, invasive procedures to establish the spread
were undertaken. Extensive staging laparotomies, however,
were challenging, with defined lymph node regions to be
inspected and biopsies to be taken. By using new imaging
techniques and realizing that systemic diseases require sys-
temic treatments, these invasive procedures could be avoided
in pediatric B- NHLs [8, 75]. In the case of Hodgkin’s dis-
ease, where local treatment with irradiation played a curative
role for a long time for the majority of patients, staging lapa-
rotomies were continued to be used until imaging techniques
like ultrasound, CT and MRI scans and, last but not least,
FDG PET scintigraphy eventually put an end to surgical
staging procedures, at least in most cases.

A Brief History of Treatment Concepts
Local Treatment
The development of successful treatment concepts was ini-

tially influenced by first successes in Hodgkin‘s lymphomas
with radiotherapy, dating back to the beginning of the twen-

tieth century ([72], rev. in Aisenberg [2]). The successful
radiotherapy for Hodgkin’s lymphomas stimulated its use for
NHL as well. It was only when pediatric NHLs were recog-
nized as systemic diseases, at least in most cases, and multi-
agent chemotherapy was studied successfully by several
groups, that the role of radiotherapy was challenged. For
some time, combined therapies were used [10]. With the
introduction of a more precise diagnosis and stage-specific
chemotherapeutic treatments, the role of radiotherapy for
pediatric NHL came to an end [17, 39, 47, 78], and in due
course, surgery met a similar fate. With the exception of
small localized tumors and the possible necessity of gut
resection in the case of ileo-cecal intussusception by a
Burkitt’s lymphoma, the role of surgery turned out to be con-
fined to diagnostic interventions [8, 75], making dangerous
and mutilating attempts to remove mediastinal tumors in
T-NHLs or exenterating attempts to resect disseminated
abdominal Burkitt’s a thing of the past.

Development of Chemotherapy

The start of chemotherapy for NHLs dates back to the late
1940s when monotherapies proved to cause responses. The
use of N-mustard, the pro-drug of oxazaphorines like cyclo-
phosphamide or ifosfamide, was first documented in 1946
[34]. Aminopterin, a prodrug of methotrexate, was able to
cause bone marrow remissions in children with acute lym-
phoblastic leukemia (ALL) [27], and in Africa, Burkitt, using
whatever he could get hold of in the pioneering situation of
limited resources in Africa, recorded responses to single
agents like vincristine, cyclophosphamide, and methotrexate
in the early 1960s (reviewed in Bosner 1994 [13]).

The Way to Specific Therapies

Two different regimens developed simultaneously using
multi-agent chemotherapy. LSA2-L2 [92], stimulated by the
successes of multi-agent treatment for childhood lympho-
blastic leukemia based on remission induction, consolidation
and maintenance treatment, was one of the first to be docu-
mented as successful treatment regimen for children with
NHL. The other concept represents a condensed repetitive
block therapy, stimulated by the successes in Hodgkin‘s
lymphoma and modified for the treatment of NHLSs in adults,
where it became a standard of care, based on cyclophospha-
mide, daunomycin, vincristine and prednisolone (CHOP)
[29, 51, 53]. As long as the pathologic entities were poorly
distinguishable, no clear advantage of the different
approaches was obvious. Then, in the 1970s, cooperative
study groups started to investigate multi-agent chemothera-
peutic interventions. In a randomized study for the treatment
of localized pediatric NHL of the American Children‘s
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Cancer Study Group (CCG), the specific advantage of the
more ALL-treatment (LSA2-L2-like) regimen for lympho-
blastic lymphomas and a better outcome for Burkitt’s lym-
phomas with repetitive bloc therapy, consisting of
cyclophosphamide, methotrexate, vincristine, and predniso-
lone (COMP) [38], became apparent. Nearly at the same
time, the German Berlin-Frankfurt-Miinster (BFM) group
studied different regimens for different entities, also success-
fully using ALL-directed therapy for lymphoblastic lym-
phoma and condensed block therapy for mature B- (mainly
Burkitt’s) NHLs [61].

The more precise diagnostics enabled the development of
specific therapeutic strategies aimed at the biologic entities. For
the most common pediatric NHLs, mature B-cell, LL, ALCL,
and PMBCL, different treatment protocols were developed.

Burkitt’s Lymphomas

While still in Africa in the 1960s, Denis Burkitt described
casuistic successes with monotherapies, since without ade-
quate infrastructure and other supportive structures, inten-
sive combination therapy was simply not available to him.
Already at that time, the involvement of the central nervous
system appeared to Burkitt to be a prognostically unfavor-
able factor, and so intrathecal therapy was administered to
treat and prevent meningeal spread [94]. Combination thera-
pies evolved, showing the benefit of intensified short block
treatment; for extended diseases, high-dose methotrexate
and high-dose cytarabine were added. The stepwise adapta-
tion of treatment protocols in France by Catherine Patte [67]
increased survival rates to about 90%, and this success led to
a French American British cooperative protocol [22, 31, 68].
At the same time, a similarly intensified condensed block
therapy led to the same results in the BEM group of Alfred
Reiter [77]. Attempts to reduce the intensity to avoid acute
(infections and mucosal damage) or late adverse effects
failed for extended diseases but were possible in less dis-
seminated lymphomas [21, 68, 91]. Today, high survival
rates are obtained by intensive chemotherapy, but relapses
remain challenging [18]. The implementation of immuno-
therapy by a CD20-specific antibody proved to be of advan-
tage [33, 54] and is now under further clinical investigation.

Primary Mediastinal Large B-Cell Lymphomas

The treatment of PMBCL, when compared to the successes
achieved with chemotherapy in Burkitt’s and lymphoblastic
lymphomas, turned out to be unsatisfactory with Burkitt-cell
directed therapy protocols [16]. It was due to the positive
experience in adult protocols for this entity that the regimen,
involving an anti CD20 antibody and chemotherapeutic dose

escalation, was adopted for pediatric PMBCLs, thus improv-
ing the diagnosis for this age group [25, 32].

Lymphoblastic Lymphomas

With the start of multi-agent treatment concepts, ALL-
directed therapies started to be used for all kinds of pediatric
NHLs. The LSA2-L2 protocol created by Wollner (see
above) was one of the first, documenting response and cure
rates in a considerable number, but also noting that for
patients with extended disease, higher cure rates could only
be achieved with a more intensive treatment. Event-free sur-
vival (EFS) rates improved substantially, and prophylactic
cranial radiotherapy could be omitted. With one of the most
successful multi-agent chemotherapy protocols, based on an
ALL-like BFM scheme, a 90% cure rate could be achieved
[78]. In an attempt to coordinate the treatment on a large
scale, a European cooperation for pediatric NHLs, the
European intergroup cooperation for pediatric NHLs
(EICNHL), started a cooperative study using the structure of
this successful pediatric BEM protocol for lymphoblastic
lymphomas. While the high cure rates of the preceding BFM
protocol could not be achieved, because of the high toxicity
of the treatment, the overall EFS reached nearly 80% [44].
Nevertheless, at the end, the extended European cooperation
per se was successful and the overall results agreed perfectly
with current data. A risk-adapted treatment according to
molecular changes (NOTCH, FBXY7 mutations) is cur-
rently under investigation ([65]; Burkhardt, ongoing).

Anaplastic Large Cell Lymphomas

One of the first structured cooperative treatment protocols
for treatment of ALCLs, the BFM protocol 1990 to treat the
then so-called Kil (CD30)-positive NHLs, was developed by
the BFM group [76]. Within the international EICNHL
group, it was decided to use the BFM backbone for a modi-
fied treatment strategy [14]. While EFS rates appeared to be
improving, overall survival rates (with respect to survival
after a relapse) were favorable in comparison to the other
entities. This, together with reported responses to minimal
interventions with vinblastine, aimed at palliation and pro-
ducing durable remissions [15] and since an immunologic
response to the t(2;5)-derived NPM-ALK fusion protein was
detectable [71], treatment with immune modulation mea-
sures became attractive. The toxin-conjugated anti-CD30
antibody was effective in relapsed and resistant diseases
[70]. As the fusion protein proved to have tyrosine kinase
activity, an anti-ALK tyrosine kinase inhibiting treatment
was appropriate and proved valuable in chemo-resistant
ALCLs [30, 59].
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Post-transplant Lymphoproliferative Disease

PTLDs are defined in the WHO classification. In some
immunosuppressed patients, lymphadenopathy, mostly
EBV-associated, may occur after transplantation and evolve
into overt lymphomas. This resembles in part the evolution
of EB V-associated Burkitt’s lymphomas in children in Africa
immunosuppressed by chronic malaria infection (see above).
A strategy to reduce, whenever possible, immunosuppres-
sion and an anti-B-cell CD20 antibody therapy, to be applied
before installing conventional lymphoma-directed treatment,
were therefore developed [28] .

Conclusions and Future Perspectives

The look back at the evolution of diagnosis and treatment of
pediatric NHLs brings to mind the enormous diagnostic and
therapeutic efforts that were necessary to cleanse cancer of its

mystical interpretations, and redefine it in terms of biology and
medical treatment systems. This eventually led to excellent
cure rates in formerly rapidly fatal diseases (Table 1.3). It is an
excellent example of how clinical and laboratory research are
mutually stimulating fields, striving for scientific and medical
success. Since lymphatic diseases generally appear to be more
susceptible to immunologic attacks than other cancers, con-
cepts that favor immunotherapy are very attractive to research-
ers and clinicians alike. Monoclonal antibodies against B-cell
epitopes, pure or toxin conjugated, chimeric antibodies harbor-
ing a T-cell receptor moiety or chimeric antigen receptor T-cell
therapies are all going to be implemented in chemotherapy pro-
tocols sooner or later. Inhibitory substances aiming at specific
molecular changes in the diseases are already contributing to
current treatment regimens in clinical research. Further analy-
ses of the somatic gene sequences or RNA sequencing might
1 day provide such highly detailed information that prognosti-
cally different tumor types can in the future be subjected to
different treatment intensities and qualities.

Table 1.3 Most relevant pediatric studies and results for lymphoblastic and mature B-cell NHL

Treatment results for mature B-NHL in Childhood

Author Pub.year Group Protocol N patients EFS% EFS% CNS+

Patte [67] 2001 SFOP LMB 89 561 91 79

Patte [68] 2007 FAB/LMB FAB/LMB96 1111 88

Gerrard [31] 2008

Cairo [22] 2007

Reiter [77] 1999 BFM BFM90 413 88 65

Wosmann [91] 2005 BFM BFM95 505 89 69

Tsurusawa [86] 2014 JPLSG B-NHL 03 321 87

Modified after Minard-Colin et al. [55]

CNS central nervous system

Treatment results for lymphoblastic NHL in childhood
Pub.

Author year Group Period Protocol Structure N patients Radiotherapy EFS%

Anderson [6] 1993 CCG 1977-1982 | CCG-551 LSA2-1L2 124 Local 64
(st. IILIV)

Mora [57] 2003 MSKCC |1971-1990 |LSA2-L2 LSA2-1L2 95 Local 75

Patte [66] 1992 IGR 1981-1989 |LMT8I LSA2-L.2+ HD MTX 84 Cranial for CNS+ 75

Tubergen [87] 1995 CCG 1983-1990 | CCG502 LSA2-L2 vs. ADCOMP | 143 Local, Craniosp. For 74

CNS+

Asselin [7] 2011 POG 1996-2000 | POGY404 DF+/— HD MTX 137 incl. Cranial 85
T-ALL

Abromovic [1] 2008 COG 1994-1997 | COG5941 DF mod., HD MTX, 85 Cranial for CNS+ 78

HD ARAC, CY

Reiter [76] 1995 BFM 1986-1990 | BEM 86 BFM NHL Non-B 63 Cranial, stages IILIV |84

Reiter [78] 2000 BFM 1990-1995 | BFM 90 BFM NHL Non-B 136 Cranial, stages IILIV |90

Burkhardt [16] 2006 BFM 1995-2001 | BFM 95 BFM NHL Non-B 198 Cranial for CNS+ 80

Uytterbroeck [88] | 2008 EORTC | 1989-1998 |CLG58881 |BFM NHL Non-B 119 No 77.5

Bergeron [11] 2015 SFOP 1997-2003 | LMT96 Modif. BFM 79 Cranial for CNS+ 85

Pillon [69] 2009 AIEOP 1992-1997 | AIEOP92 LSA2-1.2 55 Cranial for CNS+ 69

Termuhlen [85] 2013 COG 2000-2005 |COGAS971 |CCG ALL vs. BEM 266 Cranial for CNS+ 82

Landmann [44] 2017 EICNHL | 2003-2008 | BFM 90 Rand. Dexa vs.Pred 319 Cranial for CNS+ 81

Modified after Minard-Colin et al. [55]

DF Dana Farber consortium ALL protocol, CNS central nervous system, craniosp craniospinal
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Epidemiology of Non-Hodgkin
Lymphomas in Childhood

and Adolescence

Nirav Thacker and Oussama Abla

Introduction

The incidence of cancer in children is relatively low, repre-
senting 0.5-4.6% of the total number of cancer cases in the
whole population [1]. However, childhood cancer has a high
mortality-incidence ratio with approximately 80.000 child-
hood deaths attributable to cancer in a single year, with
nearly 90% of deaths occurring in less developed countries
[1]. Even in the United States of America (USA) where the
mortality-incidence ratio of cancer is one of the lowest
(<0.15) and overall survival (OS) is greater than 80%, cancer
is the second most common cause of death in children less
than 15 years of age [2]. During the last three decades, the
incidence of childhood cancer has increased by approxi-
mately 13% [3]. Lymphoma is the third most common child-
hood cancer in the 0-14 year-age group and the most
common malignancy in the 15-19 year-age group [3].

Lymphoma settles for a “BRONZE” among childhood
cancer with Non-Hodgkin lymphoma (NHL) accounting for
7% of all malignancies under the age of 19 years. It is esti-
mated that nearly 1040 new cases of NHL (620 children and
420 adolescents) will be diagnosed in the USA annually,
with an incidence of 12.6 per million under the age of
19 years, while having a striking geographical variation
worldwide [4, 5]. The incidence of NHL in children and ado-
lescents has increased over the last four decades and is more
frequent in boys as compared to girls [4].

Non-Hodgkin lymphoma encompasses a variety of lym-
phoid malignancies divided in different subtypes according
to their pathology, molecular biology, clinical presentation,
and treatment, while being united by their staging. Unlike
adult NHLs which are mostly of low- to intermediate-grade,
most childhood NHLs are high-grade malignancies [6, 7].
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Therapy of NHL has been one of the success stories in child-
hood malignancies with a near doubling of survival rates
over the last four decades, which has contributed signifi-
cantly to the pool of childhood cancer survivors. This has
created a unique population at increased risk of various
health concerns attributable to prior therapies [8]. Therefore,
in recent years, concerted efforts across the global pediatric
oncology community have been made to identify factors for
understanding the biology, creating a better risk stratification
and helping to reduce therapy in the appropriate group to
reduce long-term side effects.

This chapter will focus on the epidemiology of NHL in
childhood and adolescence and will explain the differences
in incidence of NHL according to age, gender, and geograph-
ical regions.

Descriptive Epidemiology
Incidence

Lymphomas (Hodgkin’s disease and NHLs) are the third
most common malignancy in childhood after acute leuke-
mias and brain tumors, accounting for nearly 15% of all can-
cers diagnosed in children and adolescents less than 20 years
in the USA as highlighted in Fig. 2.1 [9]. Non-Hodgkin’s
lymphoma accounts for approximately 60% of all lympho-
mas diagnosed in children (0-14 years) in the more devel-
oped countries, and the ratio is reversed in adolescents
(15-19 years) [5]. The incidence rates of NHL in children
and adolescents range from 10 to 15 per million in most
developed countries, with NHL accounting for almost 7% of
all cancers diagnosed under the age of 20 years [10].

Being a heterogeneous disease (Fig. 2.2), NHL has a wide
variation in incidence by geographical regions, age, pathol-
ogy, and gender. These variations form an important part of
the epidemiological discussion on NHL. There is scarcity of
national cancer registries in low- and middle-income

15

0. Abla, A. Attarbaschi (eds.), Non-Hodgkin’s Lymphoma in Childhood and Adolescence,

https://doi.org/10.1007/978-3-030-11769-6_2

2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11769-6_2&domain=pdf
mailto:nirav.thacker@sickkids.ca
mailto:oussama.abla@sickkids.ca

16 N. Thacker and O. Abla

Fig. 2.1 Percentage
Incidence of Cases of

Childhood and Adolescent Germ cell tumors 3.3% _ 14.0%
Cancers in the United States
of America

Bone tumors 4.7% - 6.0%

Hodgkin lymphoma 3.0% - 13.0%

Non-Hodgkin lymphoma 6.5% - 8.0%

NS tumors 2000 [ oo

Leukemia 0%

0-14 years 15-19 years

Fig.2.2 Most common .
histologic subtypes of T |yml2'hOb|élStIOZ=o
childhood NHL - lymphoma 15-20%
— Precursor (LL)
B cell lymphoblastic

BL/Burkitt like
35-40%

DLBCL
(8-10%)

- Il Primary mediastinal
B lymphoma (1-2%)

Pedidatric follicular
lymphoma rare

_m_ Il Pediatric nodal marginal

zone lymphoma rare

I
I
=z
L
=
3
S
@
o

ALCL (10%)

_
Peripheral T cell

lymphoma (NOS) rare




2 Epidemiology of Non-Hodgkin Lymphomas in Childhood and Adolescence 17

countries (LMICs), limiting our ability to have a true esti-
mate of childhood cancers not only in LMICs but also glob-
ally, since high-income countries (HIC) account for only
20% of the global incidence of pediatric cancers [11].
Therefore, in this chapter we will focus mainly on data from
developed countries with inclusion of data from LMICs
wherever available.

Incidence of NHL According
to Histopathologic Entities

Burkitt’s and Burkitt’s-like lymphomas (BL) have a peak inci-
dence between 5 and 14 years of age and have one of the high-
est gender gaps being almost 5.0-fold higher for male children
(3.2 per million) than for female children (0.7 per million) [9].
The incidence of diffuse large B-cell lymphoma (DLBCL)
and anaplastic large cell lymphoma (ALCL) gradually
increases across childhood with a sharp increase in adoles-
cence. Primary mediastinal large B-cell lymphoma (PMBCL)
is rare before adolescence, while lymphoblastic lymphoma
(LBL) has arelatively constant incidence across all age groups.
Overall, NHLs are quite rare in infants (Fig. 2.3) [9, 12].
Endemic BL is mainly confined to equatorial Africa and
Papua New Guinea, accounting for nearly half the cases of
childhood cancers and 90% of cases of childhood lympho-

M 0-4 years W 5-9years

7.8
6 6.1
4.3
30 3.3 3.4
2.8 2.8
2.3
11 12
o.sl 0.8 II
Burkitts Burkitt ALCL male ALCL female
lymphoma lymphoma
male female

mas in the high-risk endemic areas, with an estimated inci-
dence of 30-60 per million children per year and a peak
incidence at 4-7 years of age with a male-to-female ratio of
2:1 [13, 14]. Nearly 95% of endemic BL are EBV-positive.
In contrast, sporadic BL comprises nearly 30% of pediatric
lymphomas in the USA accounting for 1% of all malignan-
cies, with an incidence of 2.3 per million per year and a peak
at 3—12 years of age. Sporadic BL has a much wider male-to-
female ratio of 3.9:1.1. Only 20-30% of sporadic BL are
EBV-positive [15].

The incidence of immunodeficiency-associated NHL
variant is 22 per 100.000 person years in the USA. Among
them, NHL is primarily seen in subjects infected by the
human immunodeficiency virus (HIV) who are particularly
prone to develop the acquired immunodeficiency syndrome
(AIDS) and less commonly in patients with other types of
immunodeficiency such as the posttransplant population. A
steep incidence was noted since the late 1980s, due to the
growing epidemics of HIV infection. In HIV-positive
patients, BL typically affects those with a relatively high
CD4+ T-cell count (>200/pl) and without other opportunistic
infections. In contrast to other HIV-associated lymphomas,
the rate of BL in the HIV-positive population has not
decreased with the advent of powerful antiretroviral therapy.
Around 40% of HIV-associated BL are EBV-positive
[14, 16].
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Fig. 2.3 NHL Age specific Incidence by Histolgic group, sex and age, SEER, 1977-95
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Incidence of NHL According
to Geographical Regions

Among childhood malignancies, NHL has the maximum
variation in incidence across the globe as illustrated in
Fig. 2.4. The incidence of NHL peaks in equatorial Africa,
where it can constitute up to almost half of all malignancies
[17]. Rates of NHL vary by almost 30-fold from Asia (India)
to sub-Saharan Africa (Malawi) [10]. The higher incidence
of NHL in sub-Saharan Africa is mainly contributed by
endemic BL which has a strong association with EBV infec-
tion and immune modulation by malaria [14]. Endemic BL is
the commonest malignancy in Africa where it alone accounts
for almost 25% of all cancers in balanced registries. The so-
called zone of “lymphoma belt” particularly lies in between
15 degrees north and south of the equator, receiving heavy
rainfalls and temperatures above 60° F.

Overall, pediatric cancers are concentrated in LMICs,
which account for more than 80% of the global burden of
childhood cancer, and are estimated to contribute to 90% of
childhood NHL cases diagnosed worldwide [11].

Fig. 2.4 Global variation in
incidence of NHL in children

and adolescent North-America

South & Qewn’Am/er;

i d
.

Fig. 2.5 NHL as percentage

Incidence of NHL According to Age

Overall, NHL accounts for 7% of all malignancies under the
age of 20 years; however, there is considerable variation in the
incidence depending on the age group. NHL is quite rare in
infancy, following which its incidence rapidly increases up to
the age of 4 years; the rapidity of its rise subsequently
decreases with additional spurt into adolescence. The tumor
contributing to the bulk of cases changes from BL in child-
hood to DLBCL and other lymphomas in adolescence [4, 9].
As a proportion of total cancers, the incidence of NHL in the
USA increases from 3% in the 1-4 year-age group to 8-9% in
the 5-14 year-age group and remains stable throughout ado-
lescence. Similar contribution from NHL is also noted in
European registries where it accounts for 4.5% of total cancers
in the 1-4 year-age group and 8—10% thereafter until adoles-
cence as highlighted in Fig. 2.5 [4, 18].

The highest incidence of NHL in childhood is in the
15-19 year-age group with 18.3 and 15.9 per million in the
USA and Europe. Nevertheless, NHL accounts for a lower
proportion of cancer (8%) in this age group due to a relatively
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higher proportion of Hodgkin’s lymphoma. Of note, the time
period for the US data is 1975-2014, while for European data
it is 1978-1997 [4, 18]. While the age-specific incidence
increases for both males and females, the gap in the incidence
rate between the two genders widens considerably after
4 years of age [9]. Furthermore, there is a geographical varia-
tion in the age distribution of NHL with the highest rates in
Africa at 5-9 years of age in Malawi (318.3 per million per-
son-years) and Uganda (106.6) while at 0—4 years in Egypt as
compared to a peak at 15—19 years in the developed countries.
On the other hand, there was minimal variation in incidence
by age in Croatia, Ukraine, Brazil, Philippines, and India [10].

Incidence of NHL According to Gender

Across all international registries, males outweigh females in
the incidence rates for NHL [10]. In the Surveillance,
Epidemiology, and End Results program (SEER) registry,
across all age groups, male children account for 70% for all
cases of NHL. Male predominance is more pronounced in
children less than 15 years when compared to adolescents
(15-19 years) as illustrated in Fig. 2.3 [9]. The overall inci-
dence of lymphoma increases with age for both genders,
with males achieving a rapid increase from 4 years of age
and females achieving similar increase after 10-14 years of
age (Fig. 2.6) [9].

As for the histological subtypes, males continue their
dominance for most subtypes except for PMBCL and B-cell
precursor lymphoblastic lymphoma where the incidence is
equal for both genders [12]. The male-to-female ratio is most
pronounced for BL being 3.9:1.1 [15].

The incidence of DLBCL and other lymphomas (includ-
ing ALCL) increases for both genders with age with a
rapid rise in adolescents, while the incidence of lympho-
blastic lymphoma remains fairly constant across all age
groups for both male and female children. However, for
BL, the incidence for females remains fairly constant
across all age groups, while the incidence for male chil-

Fig.2.6 Gender and age
specific incidence of

dren peaks in the 5-14 year-age group followed thereafter
by a decrease in adolescence (Fig. 2.3) [9].

Incidence of NHL According to Race/Ethnicity

Similar to the trend in most childhood cancers, the incidence
of NHL is higher in whites than in African Americans [4].
However, among the most common three childhood cancers,
the difference in incidence among lymphomas is the least.
While looking more closely at age subgroups, the incidence
is significantly higher in whites in the 5-9 year and
15-19 year-groups while in the other age groups the inci-
dence is almost the same. Burkitt’s lymphoma is more com-
mon in non-Hispanic whites than in Hispanic whites (3.2 vs.
2.0 cases per million) [15].

Time Trends of the Incidence of NHL

The incidence of NHL has increased from 9.5 per million to
13.4 per million from 1975 to 2014 (Fig. 2.7) at an annual
percentage change of approximately 1% in the USA, while
Europe showed similar trends with an average annual percent-
age change of 0.83% in children and 1.73% in adolescents
from 1978 to 1997. This was mainly due to an increase in the
incidence of non-BL (category IIb) as the incidence of BL
(ITc) and others (Ile) has more or less remained constant [18].
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Fig. 2.7 Time trend for incidence of childhood and adolescent NHL
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Risk Factors
Proven Risk Factors

e Immunodeficiency

Congenital and acquired immunodeficiency syndromes
are significant risk factors for the development of lym-
phomas (Table 2.1). Most of these cases are EB V-positive.
Acquired immunodeficiency is mainly due to HIV infec-
tion or posttransplant immunosuppression. Posttransplant
lymphoproliferative disease (PTLD) accounts for about
3% of all pediatric NHL diagnoses; and the majority
(65%) of them are DLBCLs with less than 10% having
BL [19].

HIV increases the risk of developing NHL in children by
150 times with the majority being of B-cell lineage (BL or
BL-like). In fact NHL might be the first AIDS defining
manifestation in some children [20-23].

e Previous Neoplasm (Secondary Malignancy)
NHL can present as a second malignancy after cancer
therapy; however its incidence is low with only 11 (0.3%)
of 2968 of children in the German Childhood Cancer
Registry diagnosed with secondary NHL [24].

Substantial Evidence: Cofactors

e Epstein-Barr Virus (EBV)
EBV is present in almost all endemic BL, found in
20-30% of sporadic BL, 40% of HIV-associated BL, and
in a high number of primary immunodeficiency-associated
BL or PTLD. EBV is known to immortalize B cells and
postulated to provide a block in the apoptotic clearance of
B cells with MYC-translocations by either BHFRI,

Table 2.1 Immunodeficiency and NHL
| NHL

Immunodeficiency
Primary

BL, DLBCL, T cell LL
DLBCL
EBV-associated lesions

Ataxia telangiectasia
Wiskott-Aldrich syndrome
Severe Combined
Immunodeficiency (SCID)
X-linked lymphoproliferative

B-cell lymphoproliferative

disorder disorder

Autoimmune lymphoproliferative DLBCL, BL

disorder

Common variable immune DLBCL, EBV-associated
deficiency (CVID) lesions

X-linked hyperimmunoglobulin DLBCL

syndromes

Acquired

Acquired immune deficiency
syndrome (AIDS)

Post-organ/bone marrow transplant

Kaposi sarcoma, BL

DLBCL, BL

EBNAI, or suppression of pro-apoptotic BIM protein
by LMPI, thereby helping in clonal evolution [25, 26].
A study from Malawi demonstrated strong association
between high EBV antibody titers and endemic BL [27].

For more details on the role of EBV in the pathogenesis of
B-cell lymphomas, please refer to Chap. 4.

* Malaria

There is an overlap in the geographical maps of endemic
malaria and endemic BL. Epidemiological studies have
shown that patients with high titers of EBV and malaria
antibodies had the highest incidence of endemic BL
[27, 28]. Malaria cooperates with EBV by modulating
T-cell response in the pathogenesis of BL. Falciparum
malaria causes EBV reactivation via cysteine-rich inter-
domain la of falciparum erythrocyte membrane pro-
tein. In addition, Plasmodium falciparum has a ligand
for TLR-9 which is known to induce cytidine-deami-
nase in B cells and its overexpression can induce MYC-
translocations. The translocated B cells would routinely
be cleared by apoptosis which is in turn hampered by
EBV [29, 30].

Unknown or Inconsistent Evidence

Radiation, arboviruses, schistosome parasites and as also
some plants (Euphorbiae tirucalli and Jatropha curcas) have
been suggested as possible causative factors/cofactors for
NHL/endemic BL, although evidence is sparse and contrast-
ing in some cases [14].

Mortality and Survival

Therapy for childhood NHL has been one of the big success
stories in pediatric oncology with a 74% decrease in mortal-
ity rates from 1975 to 2010 and an annual percentage change
exceeding 4% in the USA. Non-Hodgkin’s lymphoma
accounts for 3% and 7% of all cancer-related mortality in
children and adolescents, respectively [31].

The survival of children and adolescents with NHL has
doubled over the last 3—4 decades from around 45% to
nearly 90% in the USA [4]. Similarly, in Europe, the out-
come of children and adolescents with NHL is 83% and
78% (excluding BL), respectively [32].

However, as with most cancers there is a marked differ-
ence in the outcome of NHL between HICs and LMICs. It is
difficult to have a true estimate of incidence and mortality
rates due to the absence of robust population-based national
cancer registries in LMICs, despite the fact that these coun-
tries account for more than 80% of children with cancer
worldwide. In Malawi and Uganda (countries having the
maximum incidence of NHL) the survival rates range from
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20 to 50%. It is estimated that LMICs lag behind in survival
rates by 20-30 years compared to the HICs [33-36].

As shown by the NHL-Berlin-Frankfurt-Miinster (BFM)
Study Group, age, gender, and biology also had an impact on
the survival of children and adolescents with NHL. As com-
pared to the average overall survival of NHL patients,
PMBCL histology, adolescent girls with T-cell lymphoblas-
tic lymphoma and DLBCL as well as younger children
(<4 years) with ALCL and precursor B-cell precursor lym-
phoblastic lymphoma had inferior survival rates. In contrast,
male patients with T-cell lymphoblastic lymphoma and
DLBCL had superior survival rates [37].

Conclusions

Childhood NHLs are a heterogeneous group of diseases hav-
ing a unique “epidemiological history”” mainly attributable to
BL and Denis Burkitt’s legacy. Burkitt’s lymphoma was one
of the first tumors to be epidemiologically mapped and the
first human tumor to be linked with a virus. In addition, BL
was one of the first malignancies to be associated with a
chromosomal translocation and the first lymphoma to be
associated with HIV infections [14]. Since its first descrip-
tion in Africa in the 1960s, we have come a long way in
understanding the biology and the therapy of childhood BL
with survival rates exceeding 90% in the more developed
countries. However, the irony remains that the place where
the tumor was first described is still struggling to improve the
survival from 1970, when the outcome for pediatric BL in
Africa was as good as anywhere in the world.
Approximately 10% of pediatric NHL occurs in more
developed countries and even if we further improve survival
and cure all patients in these countries we would salvage
only another 200 patients accounting for 1-2% of global
numbers. However, if we could improve survival by even
15% in LMICs which account for nearly 90% of burden of
childhood NHL we could save another 2500 children which
is more than the total number of patients diagnosed in HICs.
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Introduction

Non-Hodgkin lymphomas (NHL) are typical tumors for the
pediatric pathologist to be familiar with as they represent
around 7-10% of pediatric malignancies, the fourth most
common one in children, being more frequent between 15
and 19 years of age [1-3]. These lymphomas could arise in
any tissue, nodal or extranodal, and the pathologist should be
prepared to diagnose its histological type according to the
updated revised 2016 WHO Classification of Tumors of
Hematopoietic and Lymphoid Tissues [4]. When dealing
with a suspicious diagnosis of NHL, the pathologist should
follow four major rules:

1. Eliminate the most frequent entities that might have a
peculiar clinical or histological presentation before sug-
gesting a rare subtype

2. Have the knowledge of entities that have not been
described or are very rare in this age group, and consider
therefore a reactive process mimicking NHL before
assessing NHL

3. Consider a potential immune deficiency with an expan-
sion of B or T cells before assessing a diagnosis of NHL,
and avoid making a diagnosis without the full clinical
information. It is therefore crucial before any diagnosis to
rule out concurrent Cancer Predisposition Syndromes [5],
Primary or Secondary Immunodeficiencies or Genetic
diseases.

4. Ensure the use of ancillary techniques to confirm the
diagnosis.

In this chapter, we will present the new updated 2016
revision of the WHO, discuss the importance of sampling
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(cytology, needle biopsy, open wedge biopsy) for diagnosis,
and present the different techniques considered today as
being instrumental for an optimal diagnosis of childhood and
adolescence NHL.

The Revised 2016 Classification
of Lymphoid Neoplasms

This revised 4th edition of the WHO classification includes
some changes linked to a better understanding of some enti-
ties with a common agreement consensus between members
of the European Association for Haematopathology, the
Society for Hematopathology (US), as well as an interna-
tional clinical advisory committee. The importance of an
international nomenclature is crucial when comparing NHL
arising in children within different countries, and the pathol-
ogist classifying the tumor should stick to these entities.
There is no space for a pediatric classification of
NHL. Although some entities are predominantly described
in children, they can arise rarely among patients >18 years
of age. However, a few entities are different (clinically and
molecularly) from the classical adult type, giving rise in the
WHO nomenclature to a “pediatric-type” to underline this
specificity. On the other hand, some entities described in
adults (mantle cell lymphoma, angioimmunoblastic T-cell
lymphoma) have not been clearly described in children. The
WHO classification underlines very strongly the importance
of multiparametric approach to classify a tumor and this is
even more important considering childhood NHL. The clin-
ical presentation, the age, the morphologic pattern, the phe-
notype by immunohistochemistry and if possible flow
cytometry, the genetic profile (translocation, gain or loss,
mutations, expression profiling, etc.), and presence of blood
tumor cells are all important factors to consider in the final
diagnosis. This multiparametric concept should lead to col-
laborative efforts between pathology, hematopathology, and
molecular and cytogenetics laboratories for an optimal
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diagnosis of childhood and adolescence NHL. At least, all
these data should be gathered in a unified and integrated
consolidated report, with the pathology report. The patholo-
gist facing a suspicion of childhood and adolescence NHL
should be familiar with the whole NHL classification. This
classification differentiates precursor cell lymphoid neo-
plasm (Table 3.1) (either B, T, or NK lineage) from mature
B-cell (Table 3.2) and T-cell neoplasms (Table 3.3) and
immune deficiency-related lymphoproliferative disorders
(Table 3.4). The revised WHO classification differentiates
also provisional entities that need more data and studies to
consider them as well as distinct entities. In addition, we
believe, considering children NHL that it is crucial to dif-
ferentiate entities well described in children from the ones
classically not reported in children or rarely described and
we decided to mention this differentiation in the tables
(Tables 3.1, 3.2, 3.3, and 3.4). To us, this distinction is
important to avoid a misdiagnosis when facing a morpho-
logic lesion suspicious of a lymphoma entity non-described
in children. In such cases, it is important to eliminate a reac-
tive lymphoid process that may mimic a rare or non-
described NHL subtype. For example, primary immune
deficiencies such as children with RAG-/ hypomorphic defi-
ciency might have huge polyclonal expansion of T cells in
the spleen or bone marrow mimicking mature peripheral
T-cell lymphoma (Fig. 3.1). When dealing with a diagnosis
of NHL in children, few histological subtypes cover more
than 80-90% of the cases, and these are mainly aggressive
lymphoid neoplasms: lymphoblastic B or T, Burkitt and dif-
fuse large B-cell lymphomas, anaplastic large cell lympho-
mas, and  post-transplant or  primary immune
deficiency-related lymphoproliferations. However, some of
these classical pediatric subtypes might present with an
unusual histological or clinical pattern, in unusual sites, that
can be challenging for diagnosis. This is the case, for exam-
ple, of a primary central nervous system ALK+ anaplastic
large cell lymphoma, presenting with a small cell variant
morphology (Fig. 3.2). Nevertheless, other rare subtypes are
classically described among children and might be difficult
to diagnose requiring full clinical information and ancillary
techniques such as double staining combining in situ hybrid-
ization and immunophenotyping or molecular techniques.

Table 3.1 2016 WHO classification of non-Hodgkin lymphoma, pre-
cursor lymphoid neoplasms

B-lymphoblastic lymphoma/leukemia, NOS

B-lymphoblastic leukemia/lymphoma, NOS with recurrent
genetic abnormalities

T-lymphoblastic leukemia/lymphoma
NK-lymphoblastic leukemia/lymphoma®

Bold: well described NHL in the pediatric population
*Provisional entity according to WHO

Table 3.2 2016 WHO classification of non-Hodgkin lymphoma,
mature B-cell lymphomas

Chronic lymphocytic leukemia/small lymphocytic lymphoma,
Monoclonal B-cell lymphocytosis, B-cell prolymphocytic leukemia,
Splenic marginal zone lymphoma, Hairy cell leukemia, Splenic
B-cell lymphoma/leukemia, unclassifiable*, Splenic diffuse red pulp
small B-cell lymphoma?, Hairy cell leukemia-variant®,
Lymphoplasmacytic lymphoma (Waldenstrom macroglobulinemia),
Mu heavy chain disease, Gamma heavy chain disease

Alpha heavy chain disease

Extranodal marginal zone lymphoma of mucosa-associated
lymphoid tissue (MALT lymphoma)

Nodal marginal zone lymphoma, Pediatric nodal marginal zone
lymphoma®

Follicular lymphoma, In situ follicular neoplasia, Duodenal-type
follicular lymphoma

Pediatric-type follicular lymphoma

Large B-cell lymphoma with IRF4 rearrangement®

Primary cutaneous follicle center lymphoma, Mantle cell
lymphoma, In sita mantle cell neoplasia

Diffuse large B-cell lymphoma (DLBCL), NOS Germinal center
B-cell type

Diftuse large B-cell lymphoma (DLBCL), NOS Activated B-cell
type, T-cell/histiocyte-rich large B-cell lymphoma, Primary DLBCL
of the CNS, Primary cutaneous DLBCL, leg type, EBV-positive
DLBCL, NOS, EBV+ Mucocutaneous ulcer?, DLBCL associated
with chronic inflammation, Intravascular large B-cell lymphoma,
Primary effusion lymphoma, HHV8-positive DLBCL, NOS
Lymphomatoid granulomatosis

Primary mediastinal (thymic) large B-cell lymphoma
ALK-positive large B-cell lymphoma, Plasmablastic lymphoma
Burkitt lymphoma

Burkitt-like lymphoma with 11q aberration®

High-grade B-cell lymphoma, with MYC and BCL2 and/or BCL6
rearrangements, High-grade B-cell lymphoma, NOS

B-cell lymphoma, unclassifiable, with features intermediate
between DLBCL and classical

Hodgkin lymphoma

Bold: well described NHL in the pediatric population; Italic: classically
not described below 18 years; Non-Bold Non-Italic: rarely described in
children

*Provisional entity according to WHO

This is the case, for example, of an optimal diagnosis of
chronic active Epstein—Barr virus (EBV) infection of T and
NK cell type, systemic form, recently individualized in the
revised WHO classification in which it is crucial to demon-
strate that EBV-positive cells are of the T lineage (Fig. 3.3).
It might be important at a national and/or international level
such as the EICNHL (European Intergroup for Children
NHL, with Japan and Hong Kong) and the North American
Children’s Oncology Group (COG) to have validated data-
base of these rare NHL subtypes requiring both the analysis
of those cases by a panel of pathologists (with detailed phe-
notypical and molecular analyses of the case) and very pre-
cise clinical information such as clinical Case Report Form
(CRF) created by a panel of clinicians interested in rare sub-
types. For example, the differentiation of chronic active
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Table 3.3 2016 WHO classification of non-Hodgkin lymphoma,
mature T and NK cell lymphomas

T-cell prolymphocytic leukemia, T-cell large granular lymphocytic
leukemia, Chronic lymphoproliferative disorder of NK cells?,
Aggressive NK cell leukemia

Systemic EBV+ T-cell Lymphoma of childhood

Chronic active EBV infection of T- and NK-cell type, systemic
form

Hydroa vacciniforme-like lymphoproliferative disorder
Extranodal NK/T-cell lymphoma, nasal type

Adult T-cell leukemia/lymphoma, Enteropathy-associated T-cell
lymphoma, Monomorphic epitheliotropic intestinal T-cell
lymphoma, Indolent T-cell lymphoproliferative disorder of the GI
tract®

Hepatosplenic T-cell lymphoma

Subcutaneous panniculitis-like T-cell lymphoma

Mycosis fungoides, Sezary syndrome

Primary cutaneous CD30-positive T-cell lymphoproliferative
disorders

Lymphomatoid papulosis

Primary cutaneous anaplastic large cell lymphoma, Primary
cutaneous gamma-delta T-cell lymphoma, Primary cutaneous
CDS8-positive aggressive epidermotropic cytotoxic T-cell
lymphoma?, Primary cutaneous acral CDS8-positive T-cell
lymphoma®, Primary cutaneous CD4-positive small/medium T-cell
lymphoproliferative disorder?

Peripheral T-cell lymphoma, NOS

Angioimmunoblastic T-cell lymphoma, Follicular T-cell lymphoma,
Nodal peripheral T-cell lymphoma with TFH phenotype
Anaplastic large cell lymphoma, ALK-positive

Anaplastic large cell lymphoma, ALK-negative

Breast implant-associated anaplastic large cell l[ymphoma*

Bold: well-described NHL in the pediatric population; Italic: classically
not described below 18 years; Non-Bold Non-Italic: rarely described in
children

*Provisional entity according to WHO

Table 3.4 2016 WHO classification of non-Hodgkin lymphoma, post-
transplant lymphoproliferative disorders (PTLD)

Plasmacytic hyperplasia PTLD

Infectious mononucleosis PTLD

Florid follicular hyperplasia PTLD
Polymorphic PTLD

Monomorphic PTLD (B- and T/NK-cell types)
Classical Hodgkin lymphoma PTLD

Bold: well described NHL in the pediatric population

EBV infection of T-cell type, systemic form, from the sys-
temic EBV-positive T-cell lymphoma of childhood is very
complex and could be better validated in the future by an
international pathology and clinical study. Rather than using
ICD-9 or ICD-10 codes for the creation of the database [6],
it seems important to follow the ICD-O codes related to the
WHO 2016 classification and to review old cases taking into
account this new classification.

Cytology, Needle Biopsy, or Open Wedge
Biopsy for Diagnosis?

A dogma for NHL diagnosis is that we need histopathology
and therefore a tissue biopsy for the diagnosis. However, in
children, in very few selected cases, with a typical clinical
presentation, cytology with phenotype by flow cytometry
and genetic profiling allows an adapted clinical manage-
ment. This is the case for Burkitt lymphoma when the clini-
cal presentation, the flow phenotype, and the FISH for MYC
translocation are all typical and for lymphoblastic B-cell or
T-cell lymphoma when the leukemic phase or marrow
involvement (too low to be considered as acute lymphoblas-
tic leukemia) is present at diagnosis and considered suffi-
cient for the diagnostic laboratory for cytology,
immunophenotyping, and molecular evaluation. What is
really important in this cytological approach is that any
unusual feature (clinical, cytological, phenotypical, or
molecular) should lead to a histological evaluation.

The use of core needle biopsy for histological diagnosis
of pediatric tumors is increasingly performed as it is the
case in adult tumors, although at a lower frequency. A recent
prospective study for diagnosis on non-nephroblastoma
solid intraabdominal tumors has clearly shown the signifi-
cant advantage of open wedge biopsy over needle biopsy for
diagnosis [7]. However, a single-center retrospective study
of 396 image-guided percutaneaous needle biopsies per-
formed in children for pediatric tumors showed a diagnostic
accuracy of 91%, underlining however the importance of 4
passes, and of the ability to freeze at least one core for
molecular diagnostic tools [8]. Concerning lymphoma diag-
nosis suspicion, the ideal management of tissue sample
requires touch imprints (Cytology, FISH), flow cytometry,
freezing tissue for molecular techniques, and of course large
amount of tissue for histopathological and immunohisto-
chemical studies. Since lymphoma can arise as a primary
tumor in any tissue (i.e., bone, skin), it might be useful to
stain one imprint and to send a fresh sample for flow cytom-
etry when lymphoma cannot be ruled out (i.e., small cell
round tumor). These requirements highlight the importance
of large amount of tissue samples for diagnosis and explain
why an open wedge biopsy is preferred over a needle biopsy
by most pathologists. Nevertheless, a diagnosis of NHL can
be made on most needle biopsies if all the morphological
and immunohistochemical criteria of a well-defined entity
are present, but the pathologist should not make a definite
diagnosis in all other cases. In addition, it is very difficult to
exclude a diagnosis of lymphoma on a needle biopsy if the
biopsied tissue is normal (i.e., normal architecture of lymph
node and normal distribution of B and T cells) and if clini-
cal suspicion is strong. Therefore, core needle biopsies per-
formed by an interventional radiologist could be a
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Fig.3.1 Polyclonal Gamma delta T-cell expansion in the bone marrow
of a 13-year-old RAGI hypomorphic patient with pancytopenia mim-
icking lymphoma. (a) at low magnification, infiltrate of small lymphoid
cells destroying the normal architecture of the bone marrow (H &E

reasonable first diagnostic procedure in close collaboration
with the pathologists and clinicians; however parents need to
be informed that in a minority of cases, an open wedge biopsy
might be needed for an optimal diagnosis. Open wedge
biopsy is often the rule when dealing with chronic superficial
adenopathies suspicious of a rare indolent pediatric lym-
phoma subtype (such as follicular lymphoma pediatric type)
or in the context of possible primary immunodeficiency dis-
ease associated with a lymphoproliferation.

Ancillary Techniques

When dealing with the possible diagnosis of lymphoma, in
addition to the classical paraffin-embedded analysis of histo-
pathology, immunohistochemistry, and immunophenotyp-
ing, other techniques are currently required to classify the
NHL according to 2016 WHO Classification. The immuno-

stain). (b) at higher magnification this dense infiltrate is made of small
lymphoid cells. (¢) Most of these lymphoid cells are CD3-positive T
cells

histochemical profile performed should stick to the pheno-
type described for each entity. When dealing with an
undifferentiated small—/medium-sized blue cell tumors, in
addition to the classical panel for non-lymphoid tumors, a
first screen comprising CD79a, CD3, TdT, and CD30 will
help to diagnose the most frequent lymphoid neoplasms.
EBER in situ hybridization to detect the presence of EBV in
tumor cells is widely used in the case of suspicious immune
deficiency-related lymphoproliferations or EBV-associated
lymphomas. The setup by the pathology laboratory of colori-
metric double stain CD3/EBER, CD79a/EBER, CD20/
EBER, and CD8/EBER to demonstrate the lymphoid lineage
affected by EBV is crucial, as there is often B- and T-cell
expansion in EBV-associated lymphoproliferations.
Clonality tests by PCR to look for IgH, Kappa, Lambda,
TCR gamma, and TCR beta rearrangements are very useful
in difficult cases of B- or T-cell lymphoma or when discuss-
ing lymphoid expansions mimicking lymphoma; in most
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Fig. 3.2 Anaplastic large cell lymphoma, small cell variant occurring
at presentation in the central nervous system (CNS) in a 5-year-old

child. (a) Small lymphoid cell infiltration in a perivascular predominant

Fig. 3.3 Chronic active EBV infection of the T-cell type, Systemic,
liver biopsy in a 15-year-old child with secondary HLH (hemophagocy-
tosis lymphohistiocytosis). (a) Presence of a few CD79a-positive B-cell
and plasma cells (red) associated with numerous EBER-positive

topography of the central nervous associated with an interstitial infil-
trate. (b) Strong expression of CD30 by small lymphoid cells. (c¢)
Nuclear expression of ALK by tumor cells

CD79a-negative cells (black nuclear stain), double staining CD79a/
EBER. (b) the EBER-positive cells (black nuclei) have all CD3-positive
cytoplasmic staining (red) whereas some CD3-positive cells are not
EBER-positive, double staining EBER/CD3
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cases, formalin fixation allows a good interpretation of B- or
T-cell receptor repertoire, although DNA extracted from fro-
zen samples might be important to retrieve in some cases.
However, the use of these tests should be very cautious as
B-cell or T-cell clones can be present in reactive states and
false negatives can occur in true lymphomas. A complex
question arising these days concerns the use of karyotype
analysis for lymphoma diagnosis. This is a costly and labor-
intensive technique with the setup of overnight cultures. The
difficulty in predicting clinically a potential lymphoma diag-
nosis in the approach of a pediatric tumor and the knowledge
of the major cytogenetic abnormalities arising in different
lymphoma subtypes (i.e., translocations) that can be easily
diagnosed by interphase FISH have convinced numerous
hematological teams to stop the prescription of karyotype as
a systematic first approach (with a few exceptions, for exam-
ple, when clinical presentation is typical of Burkitt lym-
phoma) and rather to develop alternative molecular
techniques. In this respect, the replacement of karyotype by
comparative genomic hybridization (CGH) array to evaluate
amplifications, deletions, and the complexity of karyotype
combined with interphase FISH to diagnose a recurrent
translocation is becoming a very efficient approach. The
importance of these techniques in childhood and adolescence
NHL is underlined by the fact that two new entities, although
provisional, are defined by the presence of a translocation
detected by FISH such as large B-cell lymphoma (follicular
and/or diffuse) with /RF4 rearrangement, and by proximal
gains and telomeric losses detected by CGH array such as
Burkitt-like lymphoma with 11q aberration. The use of flow
cytometry from fresh cell suspension from a biopsy is very
useful for the diagnosis each time there is a suspicion of lym-
phoma (lymphoblastic, Burkitt, etc.) as the panel of antigens
studied is much larger than immunohistochemistry.
Nevertheless, it is highly recommended that the diagnosis
should never be performed by flow cytometry alone and be
integrated with histopathological diagnosis. For example, a
monotypic CD19+ CD10+ BCL2 negative Ki67+ 90%, lym-
phoid population may correspond to the phenotype of a
Burkitt lymphoma but also to the phenotype of a follicular
lymphoma pediatric-type. In addition, the study of a panel of
mutations by next-generation sequencing (NGS), a targeted
expression profiling technique from formalin-fixed paraffin-
embedded tissue, could help to better define an entity in dif-
ficult cases such as in the differential diagnosis between
Burkitt lymphoma and DLBCL [9] and/or between PMBL
and DLBCL NOS [10]. Cell-free DNA analysis at diagnosis,
through blood liquid biopsy, is a promising technique that
has been shown in adult DLBCL to reflect with good sensi-
tivity the main genomic abnormalities of NHL in the absence
of a leukemic phase and to allow disease response monitor-
ing through clonal evolution analysis in association with
FDG-PET scan data [11].

Overall, all these tools should now be implemented to
allow an optimal diagnosis of childhood and adolescence
NHL. It underlines the importance of a multidisciplinary
laboratory approach for the diagnosis of lymphoma gather-
ing pathologists, biological hematologists, and geneticists
ideally working together as a diagnostic unit for the diagno-
sis of lymphoma.
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Pathogenesis of B-Cell Lymphoma

Rabea Wagener, Cristina Lopez, and Reiner Siebert

Introduction

The pathogenesis of B-cell lymphomas is assumed to be a
multifactorial and multistep process. Known contributing
factors include germline predisposition, processes of physi-
ologic B-cell development, environmental factors (e.g.
viruses), microenvironmental stimuli, and somatic altera-
tions [1]. Remarkably, these factors do interact on various
cellular levels, e.g. germline predisposition to pediatric
B-cell lymphoma might cause altered response to viral infec-
tion or repair of DNA damage [2, 3]. Moreover, different
pathogenetic means can substitute for each other, e.g. essen-
tial pathways contributing to lymphomagenesis can be
altered by germline or somatic mutations on DNA level or by
transcriptional changes on RNA level; the latter may be asso-
ciated by epigenetic changes [4] which in turn may or may
not be induced by external stimuli like viruses [3].

In the following we will outline key principles and gen-
eral mechanisms underlying the pathogenesis of B-cell non-
Hodgkin lymphomas in children and adolescents as far as
not reviewed elsewhere in this book (regarding germline pre-
disposition see Chap. 7; for details on the distinct lymphoma
entities, see Chaps. 11, 12, 13, 14, 15, 16, 17, and 18). The
basis for the understanding of B-cell lymphomagenesis is the
normal B-cell development and its underlying cellular and
genetic mechanisms, as these physiological processes
become hijacked during lymphoma initiation and progres-
sion. Accordingly, in the following first the physiologic
B-cell development and differentiation are summarized,
before we subsequently give an overview on the various
mechanisms contributing to B-cell lymphomagenesis.
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Physiologic B-Cell Development

B-cells are key players in the physiological immune response
including the humoral immune response as well as the
immunological memory [5]. These functions are accom-
plished by the unique features of B-cells including antigen
presentation, immune regulation, and provision of the cellu-
lar as well as humoral immune repertoire. The key function
of B-cells is to produce immunoglobulins. Besides the sig-
naling through these B-cell receptors, also mechanisms
involved in determining immunoglobulin specificity, if mis-
taken, contribute to lymphomagenesis [6, 7]. Thus, in the fol-
lowing we first review the molecular processes underlying
immunoglobulin determination, and then we will provide
insights into the physiologic B-cell development.

Immunoglobulins and Immunoglobulin Genes

Immunoglobulin Structure

The immunoglobulins or antibodies are the effector mole-
cules produced by the B-cells mediating the humoral immune
response [8]. Furthermore, the membrane-bound form of the
antibodies, the B-cell receptor, and its associated cofactors
mediate intracellular signals important for B-cell develop-
ment and differentiation. The gene loci encoding the B-cell
receptor undergo complex rearrangements during B-cell
development contributing to the antibody diversity [8].
Accordingly, every physiologic B-cell has a unique B-cell
receptor harboring an individual specificity for a certain anti-
gen. For a better understanding of the mechanisms leading to
this diversity, the structure of the immunoglobulins is
described in the following. Immunoglobulins are Y-shaped
polypeptides consisting of two heavy and two light chains
linked by disulfide bonds. The heavy chain consists of a vari-
able (Vy) and three constant domains (Cy1-3), whereas the
light chains are built of a variable (V) and one constant
domain (Cy) [8]. The variable domains, composed of the vari-
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able domains of the light and heavy chains mediate the spe-
cific antigen binding. The constant region, which consists of
the constant domains from heavy and light chains, interacts
with the effector cells and molecules. The B-cell receptor car-
ries, in contrast to the soluble antibody, a C-terminal polypep-
tide which anchors the receptor to the cell membrane [9, 10].

The immunoglobulins are encoded by a multi-gene fam-
ily. Two light-chain types exist. On chromosome 2p11 maps
the immunoglobulin ¥ (IGK) and on chromosome 22q11 the
A (IGL) gene locus. The heavy chain is encoded by a gene
locus on chromosome 14q32. These three gene loci contain
several coding and non-coding gene segments which are
rearranged to form a functional immunoglobulin gene. The
light-chain loci have multiple variable (V), joining (J), and
constant (C) gene segments. The heavy chain locus harbors
in addition diversity (D) gene segments as well as a series of
C gene segments: Cp, C3, Cy, Ca, and Ce. These C gene seg-
ments encode the immunoglobulin isotypes: IgM, IgD, IgG,
IgA, and IgE, respectively, which confer the effector func-
tions of the respective antibodies [8].

Molecular Processes Remodeling

Immunoglobulin Genes

Each B-cell harbors after complex, somatic rearrangements,
which contribute to the antibody diversity, a unique immuno-
globulin gene (Fig. 4.1). The first step in the generation of this
diversity is the VDJ-gene rearrangement which takes place in
precursor B-cells within the bone marrow. As outlined above,
the immunoglobulin gene locus consists of multiple gene seg-
ments which need to be rearranged in order to give rise to a
functional coding exon. First, in a random recombination pro-
cess one of the D gene segments of the heavy chain locus is

Fig. 4.1 Schematic overview
on the molecular processes
remodeling the immuglobulin
genes, using as example IGH
locus. (a) Process on the VDJ
recombination. First, the D
gene segment is assembled to
one of the J gene segments.
After, one of the V gene
segments is associated to the
DJ segment. (b) Somatic
hypermutation process is
activated in the germinal
center, introducing mutations
in the V region of the heavy
and the light chain
(designated by the lollipops).
(c) The latest step in the Ig
remodeling is the class switch
recombination process, which
takes place only on the heavy
chain locus. Modified

from [1]

fused to one J gene segment, followed by a rearrangement of
one V gene segment to the already fused DJ segment [11].
Lastly, the VDI fusion is rearranged to the C gene segment.
Due to the multiple gene segments of the heavy chain locus
more than 10* different VDJ recombinations are possible,
contributing to the combinatorial diversity of the antibody
repertoire. After successful rearrangement, the heavy chain is
expressed on the surface of the precursor B-cell with a sur-
rogate light chain. In a next step, the light-chain locus is rear-
ranged fusing one of the V gene segments to a J segment. The
V(D)J recombination is mediated by a V(D)J recombinase
complex, including the RAG1 and RAG2 proteins. Those
proteins bind to the conserved recombination signal sequences
adjacent to each gene segment. Upon binding, the double-
stranded DNA is cut and a hairpin structure is built [12]. The
hairpin can be removed in different ways leading either to the
insertion of non-germline-encoded (N) nucleotides conferred
by the terminal deoxynucleotidyl transferase (TdT) or the
deletion of single nucleotides conferred by exonucleases at
the recombination sites [13]. These sequence alterations con-
fer the junctional diversity of the antibodies.

Other mechanisms contributing to the diversity of the
antibodies take place after the B-cell has encountered its
antigen primarily during the germinal center (GC) reaction.
By somatic hypermutation (SHM) point mutations are intro-
duced within the gene segments encoding the V region of the
antibody [14]. This is conducted by the activation-induced
deaminase (AID) which upon binding to single-stranded
DNA deaminates cytosine to uracil [15, 16]. The binding of
AID is heavily dependent on the expression of the respective
gene segment. By the introduction of an uracil within the
DNA sequence, either the mismatch repair or the base exci-
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sion repair mechanism pathways are activated which further
introduce alterations within the DNA sequence [14]. Another
mechanism taking place in the GC is the class switch recom-
bination (CSR) [17]. By CSR the constant gene segment of
the heavy chain locus is switched by an irreversible DNA
recombination process including non-homologous DNA
recombination [18]. This process is again conferred by the
AID which is guided to specific switch regions located
within the intron between the J; and upstream of all C gene
segments [19]. Hence, B-cells initially expressing IgM or
IgD switch their immunoglobulin isotype in the majority to
an IgG but also to an IgA or IgE. This leads on the one hand
to a change in the B-cell receptor signaling competence but
alters as well the effector function of the antibody.

During all the processes leading to the physiologic shaping
of the IGs mistakes can occur which might result in fusion of
part of the IG genes with other gene loci. If the latter contain
oncogenes, these can be driven by the strong enhancers at the IG
loci which physiologically ensure sufficient BCR/IG produc-
tion in B-cells. Thus, as a consequence of such aberrant IG rear-
rangements, the oncogenes on the translocation partners are
deregulated. Well known examples in pediatric B-cell lympho-
mas for such IG enhancer hijacking are the oncogenes MYC or
IRF4. The three molecular mechanisms described, V(D)J
recombination, CSR, and SHM, involved in the Ig remodeling
have all been shown to be implicated in the generation of such
aberrant IG rearrangements. Remarkably, the identification of
the mechanism leading to an IG translocation provides evidence
at which B-cell development stage it took most likely place, as
V(D)J recombination usually is restricted to B-cell precursors in
the bone marrow whereas CSR and SHM involve different com-
partments of the germinal center [6]. The IG translocations
occurring as a consequence of V(D)J recombination typically
have breakpoints that involve RAG recognition sites (RSS) and
are directly adjacent to Ig heavy chain J-regions (J;;) gene seg-
ments or that are adjacent to regions where the Ig heavy chain
D-region (Dy) joins the J-region (Dyly) [20-22]. The presence
of N-nucleotides or nucleotides removed in the junctional
sequence are typical features of this molecular mechanism. In
contrast, the typical features of IG translocations due to aberrant
SHM are that the breakpoints are located within or adjacent to
rearranged V(D)J genes and that mutations in the V regions are
present. Breakpoints in the IGH constant genes particularly
affect switch regions and indicate that they derived from mis-
taken class switching.

B-Cell Differentiation

Early B-Cell Development

The development of B-cells, initiated in fetal liver, relo-
cates to the bone marrow during the maturation of the
embryo. B-cells derive from hematopoietic stem cells

which give rise to cells of the myeloid as well as lymphoid
lineage, the latter including the B- and T-cell progeny
(Fig. 4.2). The commitment to the B-cell lineage is medi-
ated through different transcription factors including EBF1,
E2A, and PAXS [23]. The early precursor B-cells differen-
tiate within the bone marrow in which the B-cell receptor
gene is formed by the V(D)J recombination process which
is a central process for the generation of mature B-cells
[24]. After rearrangement of the heavy chain locus, the pro
B-cells express a precursor B-cell receptor on its surface
together with a surrogate light chain [25, 26]. In case the
rearrangement was non-functional, the second allele can be
rearranged or the cells undergo apoptosis [27]. If the rear-
rangement was functional, the second heavy chain allele is
suppressed (allelic exclusion) and the light chain is rear-
ranged starting at the IGK locus [28, 29]. In case this rear-
rangement is non-functional, the IGL locus can be
rearranged [30, 31]. Accordingly, due to isotype exclusion
B-cells express usually either the Igk or Igh light chains. A
functional rearrangement of both, the heavy and light
chains leads to the expression of a B-cell receptor of the
IgM isotype on the cell surface in now immature B-cells.
These B-cells are counter-selected for autoreactivity [24].
In case the B-cells recognize self-antigens, cells either
undergo apoptosis, the receptor can get edited using the
non-rearranged allele or the cells enter a stage of immuno-
logical tolerance. The self-tolerant B-cells leave the bone
marrow and pass through the spleen for further negative
selection. The now mature naive B-cells either reside in the
spleen within the marginal zone or in the majority of cases
circulate through the peripheral blood, lymph, and second-
ary lymphoid organs until they die or encounter their cog-
nate antigen.

The Germinal Center Reaction

The term germinal center describes a histological structure
located within secondary lymphoid tissue in which B-cells
selected for production of high-affinity antibodies reside.
When the naive B-cell encounters its cognate antigen, these
cells migrate into the T-cell zone. The interaction with the
T-cells stimulates the proliferation leading to the formation
of primary foci as an early GC reaction. The GC initiation
relies on the induction of several transcriptional modula-
tors. Among those modulators is BCL6, which is expressed
as soon as the activated, naive B-cells interact with a T-cell
in the T-cell zone. BCL6 functions as a transcriptional
repressor regulating the GC formation and maintenance
including silencing of the anti-apoptotic BCL2 protein
[32]. Downregulation of BCL2 ensures that the B-cells
maintain in a proliferative state during SHM-based intro-
duction of mutations [33]. In addition, it is important for
maintenance of the GC B-cell state, as it downregulates fac-
tors including BLIMP1 which is a master regulator for termi-
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nal differentiation [34]. Other important modulators for GC
formation include MYC and MEF2B. After a couple of
days the full germinal center structure has formed consist-
ing of a dark zone, which is a cell dense zone consisting
mainly of highly proliferative centroblasts harboring a
dense nucleus. Furthermore, a light zone can be observed,
in which centrocytes interact with follicular dendritic cells
(FDC) as well as T-helper (Ty) cells. These zones are sur-
rounded by a mantle zone which consists of locally, resting
B-cells which were not activated by their antigen [24, 35].
The polarization of the germinal center B-cells into the
dark and light zone relies on chemokine gradients of
CXCL13 and CXCL12, whose receptors are upregulated in
light zone (CXCRS5) and dark zone (CXCR4) B-cells [36,
37]. Initially, the centroblasts within the dark zone prolifer-
ate and accumulate mutations which are inserted within the
first 1-2 kb downstream of the V gene segment transcrip-
tional start [24, 38, 39]. Mutations within this site, encod-
ing for the variable domain of the antibody which interacts
with the antigen, might increase the affinity to the cognate
antigen. After a couple of proliferative cycles, the cells
enter the light zone in which the affinity of the now modi-
fied B-cell receptor is tested by FDCs and Ty-cells [24, 39].
Accordingly, the centrocytes compete with others for the
most specific antigen recognition. Only those with the
highest affinity receive pro-survival signals by which they
either undergo further rounds of proliferation within the
dark zone or undergo the terminal differentiation steps
[40]. One of the factors regulating the reentry into the dark
zone is MYC. MYC, being repressed by BCL6 after the GC
initiation, becomes reactivated in a subset of light zone
B-cells that reenter the dark zone for further cycles of pro-
liferation and SHM [41, 42]. The iterative process of the
cyclic reentry back and forth from dark to light zone is a
stepwise process further improving the affinity of the B-cell
receptor to its antigen. Cells which are not positively
selected for undergo apoptosis. During the time the centro-
cytes reside within the light zone, CSR takes place further
diversifying the immunoglobulin repertoire.

Post-germinal Center B-Cell Differentiation

After the final steps of affinity maturation of B-cells, the GC
B-cells leave the GC as either differentiated memory B-cells
or plasma cells. Both cell types play important roles in the
adaptive immunity, as they produce high-affinity antibodies
and confer the humoral immunological memory which is the
first-line immune reaction upon reencounter of the antigen.
The factors leading to the terminal differentiation of GC
B-cells is yet not fully understood. Current theories convey
that the strength of the B-cell receptor interaction with the
antigen is a determinant, another, that a developmental
switch in the GC reactions exists or certain cytokines stimuli
promote the cell fate.

A prerequisite for the differentiation from a GC B-cell
to a plasma cell is the termination of the GC transcription
program. This includes the inactivation of PAXS5 which is
an essential maintenance factor of mature B-cell identity.
After suppression of PAXS, cells differentiate into pre-
plasmablast cells, which secrete low amounts of antibod-
ies. Furthermore, the downregulation of PAXS orchestrates
the regulation of other factors important for terminal dif-
ferentiation [43]. Additionally, B-cell receptor and CD40
signaling triggers the activation of BLIMP1/PRDMI,
which promotes the plasma cell fate [34]. Parallel to the
BLIMPI1 activation or even upstream, IRF4 is activated
which suppresses the expression of BCL6 which is the key
GC identity factor. Hence, taken together, low PAXS5 and
BCL6 but high IRF4 and BLIMP1 expression switch off
genes required for proliferation as well as affinity matura-
tion and promote the reprogramming to the plasma cell
transcription program [34, 44, 45]. Some plasma cells
migrate to the bone marrow, where these long-lived cells
produce high-affinity antibodies [46]. Other plasma cells
enter the medullary cords of the lymph nodes or spleen,
where they express high titers of antibodies, but are
depleted within 2 weeks after infection.

Memory B-cells are long-lived B-cells which can divide
if at all very slowly and circle through the blood or reside in
the bone marrow or spleen. They represent the initial phase
of secondary immune response [47]. Upon antigen encoun-
ter, the memory B-cells become a proliferative burst and rap-
idly differentiate into plasma cells producing high-affinity
antibodies as the first line against pathogens. In contrast to
plasma cells, the factors leading to differentiation into mem-
ory B-cells are unclear. A role for phosphorylated STATS
and BCL6 has been proposed. In addition, a CD40 stimula-
tion in the centrocytes directing the memory B-cell differen-
tiation has been described [48].

Extra-germinal Center Plasma and Memory

B-Cell Differentiation

Within the recent years, several publications have shown
that plasma cells as well as memory B-cells do not all
derive from mature B-cells that have went through the GC
reaction. Instead, plasma cells can as well derive from
naive marginal zone B-cells and mature, naive B-cells cir-
culating through blood and lymph system. Which of the
cells differentiate into plasma cells depends on the nature,
dose, and form of the antigen as well as the location at
which the antigen was encountered. The differentiation
into a plasma cell is also dependent on the interaction
with a T-cell, hence if the activation of the B-cells is T-cell
dependent (TD) or independent (TI) [49]. The TD immune
response leads usually to the differentiation to plasma
cells via the GC reaction whereas the TI independent
immune response is independent from this. The TI
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immune response can be induced by antigens which acti-
vate conserved pattern recognition receptors as, for exam-
ple, the toll-like receptors leading to a polyclonal B-cell
response (TI-1) or by antigens which have a repetitive
structure as bacterial capsules which active the B-cells by
B-cell receptor cross-linking (TI-2) [50]. Generally,
plasma cells generated by a TI immune response are in
comparison to plasma cells induced by a TD response
short lived [51]. Moreover, the affinity of their B-cell
receptor to the antigen is lower than from TD plasma
cells, as the cells are not selected for higher affinity.
Interestingly, it has been reported that class switch recom-
bination can, although the cells did not undergo the ger-
minal center reaction, take place, mainly switching the
B-cell receptor isotype to IgG2.

The earliest antibody response to a couple of pathogens
already takes place in the fetal liver. At this time point B1
cells, which are located within the peritoneal and pleural
cavities, as well as, the lamina propria of the gut, can pro-
duce natural antibodies as response to some pathogens.
The B-cell receptor repertoire is skewed toward antigens
which induce a TI-2 immune response. When the Bl
encounter such a pathogen, they migrate into the spleen or
gut and produce, as the earliest plasma cells, natural IgM
antibody [52].

Another source for an early plasma cell response are mar-
ginal zone B-cells. These B-cells, localized within the mar-
ginal zone of the spleen are the first B-cells to respond to
pathogens and differentiate into plasma cells [53]. Mostly,
the marginal zone B-cells recognize TI-2 antigens, which
circulate through the blood. Hence, due to the permanent
localization within the marginal zone of the spleen, the
B-cells respond more rapidly than naive B-cells to antigens
localized within the blood. Activated B-cells move to the red
pulp of the spleen where they undergo massive proliferation
while in parallel differentiating into plasmablasts secreting
immunoglobulins. In contrast to mature, naive B-cells, they
react faster to the presence of antigens and have an increased
responsiveness [54].

Lastly, early plasma cell response can be conducted by
mature naive B-cells which have encountered their antigen in
a TD response. But instead of inducing a GC reaction, these
cells can proliferate and form extra-follicular foci of plasma-
blasts and plasma cells at the periphery of peri-arteriolar
lymphoid sheaths. Within these foci the activated cells dif-
ferentiate to plasmablasts and plasma cells producing anti-
bodies. These cells are in contrast to post-GC short lived as
the foci disappear 8 days after antigen encounter [55].

Taken together, plasma cells generated from marginal
zone or mature naive B-cells are short lived, respond rapidly
as initial immune response, and have B-cell receptors which
are somatically not mutated, leading to production of low-
affinity antibodies to their cognate antigen.

In line with the extra germinal center plasma cell differen-
tiation, several studies reported on the existence of memory
B-cells which express I[gM or have somatically unmutated
B-cell receptor which indicates that they do not derive from
germinal center B-cells. Hence, memory B-cells can derive
early after immunization from naive B-cells which become
activated by their cognate antigen in a T-cell-dependent man-
ner and differentiate outside the germinal center [56]. In
principle the GC-independent memory B-cells harbor the
same features as the GC-dependent memory B-cells includ-
ing a long life, rapid proliferation capacity, high sensitivity
to low-dose antibody, as well as the capability to differenti-
ate fast into plasma cells during second immune response. In
contrast, the memory quality is not as good as in
GC-dependent memory B-cells, as there are a fewer isotype-
switched memory B-cells, less somatic mutations, and no
affinity maturation. But the latter is not a disadvantage, since
GC-independent memory B-cells are already preselected,
giving rise in a secondary immune response to progeny
which acquire mutations and, hence, can act quicker in a sec-
ond pathogen encounter.

Assumed Cell of Origin of B-Cell Lymphomas
in Children and Adolescents

Different stages of B-cell differentiation are characterized by
the specific structure of the BCR, the transcriptional and epi-
genetic profiles, as well as, the expression pattern of differ-
entiation markers. When B-cells go through malignant
transformation, they usually keep the features of the respec-
tive differentiation stages. Nevertheless, the initial trans-
forming event might occur on a different B-cell maturation
stage than the one the tumor cells are ultimately frozen in.
The best known example is follicular lymphoma in adults,
where the pathognomonic IGH-BCL?2 translocation derives
from a mislead V(D)J rearrangement in bone marrow B-cell
precursor cells, whereas the actual tumor cells clearly show
morphologic, transcriptional, and immunologic features of
germinal center B-cells with ongoing somatic hypermutation
of IG genes. Despite such discrepancies, the supposed cell of
origin or the frozen maturation state are used to determine
the origin of the human B-cell lymphomas [1, 57].

Taking these pitfalls and limitations into account, B-cell
lymphomas can be divided into the following groups (Fig. 4.3):

e B-cell precursor neoplasms: B-cell lymphoblastic lym-
phoma in many aspects resembles precursor B-cell lym-
phoblastic leukemia. The cell of origin based on the
marker profile (particularly TdT) and immune gene anal-
ysis is supposed to be a B-cell precursor in the bone
marrow. There might be some heterogeneity regarding the
different pro- and pre-B-cell stages.
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e Germinal center-derived B-cell lymphomas: The vast
majority of pediatric and adolescent lymphomas derive
from cells which had entered the germinal center. Both
endemic and sporadic Burkitt lymphomas (BL) show sev-
eral features of dark zone cells (centroblasts). At least
sporadic BL might be derived from B-cells poised to
become IgA-expressing cells and a link to a primary
immune response is discussed. Diffuse large B-cell lym-
phoma based on gene expression data are divided into
those with similarity to GC B-cells (GCB-DLBCL) or to
in vitro-activated B-cells (ABC-DLBCL). ABC-DLBCL
are rare in young patients, their incidence increases with
age. Thus, most pediatric and adolescent DLBCL are of
GCB type. Primary mediastinal and central nervous sys-
tem B-cell lymphomas are also derived from cells with
contact to the germinal center but might be more advanced
in the GC reaction than typical GCB.

* Marginal zone B-cell lymphomas: Nodal marginal zone
B-cell lymphomas (NMZL) derive from marginal zone
B-cells, a subset of those might also derive from naive
B-cells [58].

Mechanisms Contributing
to the Transformation of B-Cells

Somatic Genetic Alterations

The theory of cancer development postulates that a normal
cell requires several “hits” that change its normal functions.
Cellular functions typically altered by such hits are cell cycle
control, proliferation and apoptosis, B-cell inherent signal-
ing pathways, and epigenetic modifiers. Various mutational
mechanisms can contribute to the generation of such muta-
tions. Besides the B-cell inherent mechanisms outlined
above, mutational signature analyses have pointed to the role
of aging or antiviral responses triggered by the APOBEC
family [59, 60]. These hits can occur either in cancer drivers,
which are typically divided into oncogenes and tumor sup-
pressor genes, but also in passengers, which only have a
minor importance in the transformation or clonal evolution.
Cells with genetic abnormalities are selected based on the
fitness and survival and have the opportunity to acquire fur-
ther aberrations. Different genomic aberrations, like chro-
mosomal translocations, single nucleotide variants, or copy
number changes lead to oncogene activation and tumor sup-
pressor gene inactivation.

Oncogene Activation via Chromosomal
Translocations

Chromosomal translocations usually activate oncogenes
either via enhancer hijacking or via the production of fusion
transcripts.

In case of enhancer hijacking, the complete (coding part) of
a gene is usually brought in the vicinity of an enhancer of
another gene expressed in the (cell of origin of the) tumor
cells. Typical events associated with enhancer hijacking in
pediatric and adolescent B-cell lymphomas are chromosomal
translocations affecting the IGH locus on 14q32.33 or the IGK
and IGL light-chain loci on 2p12 and 22q11, respectively. The
intact oncogenes, encoding, e.g. MYC or IRF4, are juxtaposed
to the various enhancer elements of the IG loci resulting in
deregulated expression of the oncoproteins [61] (Table 4.1).
Besides, the SHM machinery might further activate the onco-
genes through mutations, e.g. in the MYC boxes after the
translocation, as the machinery “jumps” over from the 1G
locus to the partner chromosome after the juxtaposition. The
probably most promiscuous oncogene in B-cell lymphomas,
which can be activated by hijacking of enhancers from a wide
set of genes, is BCL6, which encodes a key regulator of germi-
nal center B-cells. Remarkably, the set of genes deregulated
by enhancer hijacking in mature B-cell lymphomas shows
some dependence of age: whereas BCL2 deregulation through
translocation to the IGH locus is present in around 85% of fol-
licular lymphomas and 30% of diffuse large B-cell lymphoma
of adulthood, this change is rare in the same disease in the
adolescent population and almost completely absent below the
age of 18 years (with the notable exception of IG-MYC trans-
located Burkitt like lymphoma with precursor phenotype).
Similarly, the frequency of BCL6 translocations is lower in
children than in (elderly) adults, which might be associated
with the age-associated changes in cell of origin of these neo-

Table 4.1 Chromosomal translocations involving the IG loci in mature
B-cell neoplasm and children and adolescents

Partner
Disease Translocation | gene
Burkitt lymphoma 1(2:8) MYc
(p12;924)
Large B-cell lymphoma (LBCL) with | t(2;6) IRF4
IRF4 rearrangement (p12;p25)
Diffuse large B-cell lymphoma, t(3;14) BCL6
Follicular lymphoma (q27;q32)*
Large B-cell lymphoma (LBCL) with | t(6;14) IRF4
IRF4 rearrangement (p25:932)
Burkitt lymphoma, t(8;14) MYC
Diffuse large B-cell lymphoma (q24;q32)
Diffuse large B-cell lymphoma t(9;14) PAX5
(p13:932)
Burkitt lymphoma, t(14;16) CBFA2T3
Aggressive B-cell lymphoma (q32;q24)
Follicular lymphoma, t(14;18) BCL2
Diffuse large B-cell lymphoma (q32;q21)°
Burkitt lymphoma t(8;22) MYC
(q24;q11)
Large B-cell lymphoma (LBCL) with | t(6;22) IRF4
IRF4 rearrangement (p25:q11)

*Variants with IG light-chain loci in 2p12 and 22q1 1 have been reported
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plasms. In contrast, IG-IRF4 translocations are more frequent
in younger patients; the same seems to hold true for Burkitt
lymphoma with IG-MYC translocation in general, which
might point to an age-dependent susceptibility to these dis-
eases. It is intriguing to speculate that the latter is associated
with the frequency of primary immune response particularly
those driven by enteric microbiota.

Whereas enhancer hijacking is quite common in mature
B-cell lymphoma and associated with many of the hallmark
chromosomal alterations, the development of fusion tran-
scripts from two separate genes seems to be rather rare in
mature B-cell neoplasms [61]. In precursor B-cell neo-
plasms, i.e., lymphoblastic leukemia/lymphoma, a set of
fusion genes has been described, including e.g. BCR/ABL,
ETV6/RUNXI, or MLL-fusions, to name the most common.
In mature B-cell lymphomas, the probably best known are
ALK-fusion genes. ALK-positive large B-cell lymphoma is a
very rare lymphoma, characterized by the chromosomal
translocation t(2;17)(p23;q23), involving Clathrin (CLTCL)
gene in 17q23 and the ALK gene in 2p23, generating a
CLTCL-ALK fusion protein [62, 63]. Some cases are associ-
ated with the t(2;5)(p23;q35), generating the NPM1-ALK
fusion protein. Fusion transcripts encode fusion proteins
containing parts of both involved proteins. The part of the
partner protein changes the protein function of the oncopro-
tein, e.g. in case of ALK-fusion leads to constitutive activa-
tion of kinase activity due to (aberrant) homodimerization.

Though it is usually assumed that chromosomal translo-
cations lead to oncogene activation, it needs to be empha-
sized that tumor suppressor gene inactivation due to gene
disruption is in part associated with intron retention in fusion
transcripts and seems to be a rather much more common
consequence of these structural chromosomal aberrations.

Tumor Suppressor Inactivation
Tumor suppressor gene inactivation usually occurs via bial-
lelic deletion and/or mutation. An alternative mechanism to
deletion is copy neutral loss of heterozygosity (CNN-LOH),
sometimes described as (partial) uniparental (iso) disomy. In
addition, tumor suppressor gene function might also be
altered by mono-allelic inactivation and haploinsufficiency or
by expression of a mutant dominant-negative protein form.
Tumor suppressor genes commonly altered in many
tumors including various subtypes of pediatric and adoles-
cent B-cell lymphomas are TP53 and CDNKZ2A. Mostly,
changes in these genes are secondary or even late events in
clonal evolution and particularly 7P53 inactivation has been
frequently linked to unfavorable prognosis. In case of Li
Fraumeni syndrome, monoallelic inactivation can predispose
to lymphomas, similarly to ATM inactivation in Ataxia telan-
giectasia. Whereas both latter genes function particularly in
DNA repair, another class of tumor suppressors commonly
hit in mature B-cell lymphomas both in younger and older

patients are genes involved in epigenetic modifications,
like KMT2D (formerly known as MLL?2), encoding a histone
methyltransferase, CREBBP, encoding a histone acetyltrans-
ferase, and SMARCA4, being a member of the SWI/SNF
chromatin remodeling complex.

Other tumor suppressor genes recurrently targeted in par-
ticular subtypes of pediatric and adolescent B-cell lympho-
mas are TNFRSFI4A, frequently targeted in pediatric
follicular lymphoma, and /D3, mutated in around 60-70% of
sporadic Burkitt lymphomas [64, 65]. The /D3 mutations
free its binding partner, namely, TCF3, from the heterodi-
meric complex and allow TCF3 to bind the DNA and activate
its targets. Remarkably, activating mutations of the TCF3
oncogene do have the same effect showing the strong inter-
play of tumor suppressors and oncogenes.

Oncogene Activation
As shown above oncogene activation cannot only occur
though chromosomal translocations as detailed before, but
also like in case of TCF3 through activating mutations.
Similarly, a high proportion of FL particularly in older
patients carry activating mutations of the methyltransferase
gene EZH2. Additional means of oncogene activation
are copy number gains up to amplifications. The oncogenes
outlined above, like MYC or IRF4, are also recurrently hit by
such copy number gains. There are several other examples of
oncogene activation described in B-cell lymphoma, e.g.
gains in REL, a component of the NF-xB complex [66, 67].
Moreover, gains in the 9p region, typically detected in pri-
mary mediastinal B-cell lymphoma (PMBL), lead to activa-
tion of JAK2, PDLI, and PDL2. The prior is involved in
activation of the JAK/STAT pathway, the latter two, also
involved in chromosomal translocations with various part-
ners, play a role in the immune detection of the tumor cells.
Besides coding genes, also non-coding genes can be targeted
by activating oncogenic mechanisms. Probably the best
known is gain of oncogenic miR-17-92 cluster, which is a
transcriptional target of MYC [68] frequently altered in BL.
Oncogenic activation through mutations can also be a side
effect of SHM and CSR at non-Ig genes [69]. Such off-target
activity of SHM produces point mutations in proto-oncogenes
like BCL6 and CD95 which are also mutated in a consider-
able fraction of normal GC and memory B-cells.

Signaling Through the B-Cell Receptor

The selection of cells expressing a BCR is also a common
feature in malignant B-cells. The majority of B-cell lympho-
mas express a BCR, however sometimes at low levels [1,
70-72]. In case of an IG translocation, this usually affects a
non-productive IG locus and leaves the productive 1G locus
intact [73, 74] indicating that at least when the IG transloca-
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tion occurred, the BCR signaling has been necessary for
B-cell survival and development of the B-cell neoplasm.
Moreover, several types of B-cell lymphomas show ongoing
mutations in the IGH V-region during tumor clone progres-
sion [78-80]. Though such mutations if deleterious could
prevent functional heavy and light-chain pairing, those
tumors still express the BCR indicating selection against dam-
aging mutations [64, 66]. In fact, the low frequency of BCR
loss in subtypes of B-cell lymphomas with ongoing somatic
hypermutation, like FL. and MALT lymphoma, shows the
importance of BCR expression in these B-cell lymphomas.
Consequently, the survival signals mediated by the BCR
expression in normal B-cells likely also play a role in the
survival of at least a subset of B-cell lymphoma cells.

BCR-Dependent Lymphomas

Some B-cell lymphomas use the IgM constant regions to
form their BCR; however, the majority of B-cell lymphomas
derives from germinal center cells that usually switch their
BCRs from IgM to IgG. Notably, IgM and IgG-associated
BCRs are linked to different downstream signaling: IgM-
BCR signaling promotes the survival and proliferation of
B-cells by activating pathways like the NF-¢B pathway; in
contrast, IgG-BCR signaling promotes plasmacytic differen-
tiation by the activation of ERK and MAPK pathways
[75-77].

A prototype of lymphomas retaining I[gM-BCR expres-
sion is FL [78]. This lymphoma is genetically characterized
by a t(14;18) translocation, involving the IGH locus and the
BCL2 gene. In FL, the productive IGH allele is never trans-
located to BCL2 and assures expression of IgM. In contrast,
the non-productive allele is translocated and undergoes CSR
to IgG, showing the selective pressure on the cell to retain
IgM expression [79]. Another example is DLBCL, where the
GCB subtype usually expresses IgG-BCR but does not
require BCR signaling for survival [80], whereas the ABC
subtype retains the IgM-BCR [81] in part due to deletions
within the IGH “switch” regions (Sp and Sy), needed for
class switch recombination [82]. These deletions take place
on the productive IGH allele, and blocking class switch
recombination [83].

There are two forms of pathological BCR signaling in
B-cell malignancies: Chronic active BCR signaling involves
diverse downstream pathways, including MAPK, PI3K,
NFAT, and NF-kB pathways. This form is typical for ABC-
DLBCL, where the presence of mutations in CD79A and
CD79B is reported in over 20% of the cases. Functional anal-
yses showed that knockdown of proximal BCR subunits,
including IgM, IgK, CD79A, and CD79B, is lethal for ABC-
DLBCL [81]. On the other hand, tonic BCR signaling acti-
vates only the PI3K pathway, like in BL. As outlined above,
the majority of BL cases show activating mutations in 7CF3
or inactivating mutations in its negative regulator, ID3.

TCF3 has been reported as a factor required for expression
of all immunoglobulin genes. In addition, TCF3 represses
the expression of SHP1, a negative regulator of BCR sig-
naling. Hence, TCF3 enhances BCR signaling by two dif-
ferent ways. Correspondingly, knockdown of TCF3
decreased PI3K activity in BL cell lines and was lethal.
Moreover, HSP90 induces apoptosis in BL cells due to the
disruption of tonic BCR signaling. HSP90 impairs SYK
kinase which is required for the efficient activation of BCR
complex [84].

An atypical form of BCR signaling is observed in follicu-
lar lymphoma caused by the presence of N-linked glycosyl-
ation acceptor sites in the V region induced by SHM [85].
Due to these, BCRs are modified by high-mannose oligosac-
charides, which can interact with mannose-binding lectins
present on the stromal cells in the tumor microenvironment,
leading to cross-linking of the BCR and initiation of the
BCR signaling [86, 87].

BCR-Independent Lymphomas

Despite the essential role of BCR expression and signaling in
many B-cell lymphomas, there are a considerable number of
exceptions. For example, inactivating IGH V-region gene
mutations have been described in at least 10-20% of the
cases of post-transplant lymphomas [88-90]. As these are
EBV-positive lymphomas, it is assumed that expression of
the EBV-encoded latent membrane protein 2A (LMP2A) can
replace for the BCR expression and signaling. More contro-
versial is the role of BCR function in primary mediastinal
B-cell lymphomas. These lymphomas usually lack expres-
sion of a BCR, and the components of the BCR signaling
cascade are downregulated. Nevertheless, these lymphomas
are usually not associated with inactivating IGH V-region
gene mutations [91-93].

The Role of Pathogens in Pediatric
and Adolescent B-Cell Lymphomas

Some viruses clearly seem to contribute to the pathogenesis
of pediatric and adolescent B-cell lymphomas. The best doc-
umented examples are two members of the y herpes virus
family, human herpes virus (HHV) 4, better known as EBV,
and human herpes virus 8 (HHVS) [3, 94].

EBYV has been shown to contribute to the pathogenesis
of Burkitt Iymphoma (BL) and post-transplant
lymphoproliferative disorders (PTLD). Of BL, three epide-
miologic variants are described: endemic, sporadic, and
immunodeficiency-associated, with the frequency of EBV
infection differing significantly between the variants. The
endemic BL variant shows EBV infection in the tumor cells
in nearly all of the cases [95]. In contrast, EBV infection of
the tumor cells is only described in 25-40% of patients with
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immunodeficiency-associated BL [96, 97] and even less fre-
quently in sporadic BL, where it can be detected in less than
20% of the cases. Importantly, EBV seronegativity at the time
of transplantation is the most important risk factor for EBV-
driven PTLD. About 60% of the PTLDs are EBV-positive.
Nevertheless, EBV-negative PTLDs are also reported in
around 20-40% of the cases and more common in adults.

With regard to EBYV, three latency types specific to indi-
vidual EBV-associated tumors have been described. Latency
type I is associated with BL and shows restricted expression
of EBV-encoded nuclear antigen 1 (EBNAI), the EBV-
encoded small RNAs (EBERs), and BAMHI A rightward
transcripts (BARTSs) [98—100]. Latency type II infected cells
typically express EBNA1, EBERs, BARTS, and the latent
membrane proteins (LMP1, LMP2a, and LMP2B). This
latency type is associated with Hodgkin lymphoma. LMP1
and LMP2a mimic an active CD40 receptor and BCR,
respectively [101]. Both latent membrane proteins provide
survival signals for B-cells in the GC. Latency type III,
which is associated with PTLD and EBV-transformed lym-
phoblastoid cell lines (LCLs), expresses both transcripts and
all the EBV latent proteins, containing the six nuclear anti-
gens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, and
EBNA-LP), and the three membrane proteins (LMPI,
LMP2A, and LMP2B). EBNA2 is important to drive the pro-
liferation of the transformed B-cells [3]. On the other hand,
EBERs are expressed by all EBV-infected cells, which is
used for the EBV detection by means of in situ hybridization
for these transcripts.

HHVS is detected in few DLBCL, not otherwise speci-
fied, and in primary effusion lymphoma (PEL). PEL is a very
rare lymphoma mainly found in acquired immune deficiency
syndrome (AIDS) patients. HHV8 establishes a latent infec-
tion in B-cells and encodes several homologues to human
proteins including cytokines (interleukin-6, macrophage
inflammatory proteins, interferon-regulatory factors) and
regulatory genes (cyclin D, G-protein coupled receptor, etc.)
[94, 102].

In addition to HHV4 and HHVS, a pathogenetic role of
other viruses like hepatitis C virus (HCV) [103] and HHV6
is being discussed for lymphomagenesis [104]. Future stud-
ies using next-generation sequencing (NGS) will probably
provide further insights into the role of pathogens in B-cell
lymphomagenesis.

Besides viruses, also other pathogens have been linked to
the development of B-cell lymphomas. In particular, sub-
types of marginal zone lymphomas of MALT type have
been associated with infections with H. pylori, C. psittaci, or
B. burgdorferi. The best evidence of a pathogenic role for
foreign antigens in these lymphomas derives from MALT
lymphomas of the stomach [105]. The vast majority of
MALT lymphoma patients are infected by H. pylori, where
the antibiotic treatment targeted to the pathogen can cure

these patients [106, 107]. Besides, some patients with
DLBCL of the stomach infected by H. pylori can be also
cured using antibiotic treatment [108]. Whether such patho-
gens also play a role in pediatric marginal zone lymphomas
needs to be investigated.

On a more general level, various subtypes of lymphomas
are assumed to be polymicrobial diseases. A clear link to
malaria infections caused by P. falciparum has been estab-
lished for endemic BL where an immune stimulatory and
probably AID-mediated DNA damaging role of the parasite
infection is discussed. In sporadic BL the localization of the
tumors in the ileoceacal region, a cell of origin being a B-cell
poised to IgA expression and an incidence curve with intrigu-
ing parallels to the IgA-expression and Peyer patch develop-
ment might indicate a role of the primary immune response to
the microbiome colonialization of the gut. In analogy, also
B-cell lymphomas predominately presenting in the Waldeyer’s
ring like /RF4-rearrangement positive LBCL might be trig-
gered by pathogenic infection. Antigenic stimulation seems
also to be involved in splenic marginal zone lymphoma
(SMZL). Some patients with a SMZL with villous lympho-
cytes are infected with hepatitis C virus (HCV), and treatment
against this virus using interferon-o (IFN-a) abolishes the
lymphoma in around 75% of these patients [109]. In contrast,
IFN-a has no effect in other patients with disease but without
HCYV infection. Thus, the overall role of pathogens besides
direct oncogenic function but rather as promoting factor in
B-cell lymphomas needs further investigation, particularly in
the light of BCR signaling and primary immune responses
like in children, young adults, and after transplantation.

The Role of the Microenvironment
in the Pathogenesis of B-Cell Lymphomas

The interaction of tumor cells with cells in the tumoral
microenvironment can also affect survival and proliferation
of the malignant B-cells in various lymphomas. For exam-
ple, follicular lymphoma cells proliferate in follicular struc-
tures associated with T-helper cells and follicular dendritic
cells, resembling normal GC B-cells. In vitro studies have
shown that follicular lymphoma cells, among others, receive
stimulation viathe CD40receptor from the microenvironment.
Expression and signaling via CD40 is a main survival signal
also for normal GC B-cells [110, 111].

In addition, the macrophage (MP) infiltration has been
described as pathogenetic factor in various lymphomas
even linked to prognosis in several studies [112, 113].
Macrophages are heterogeneous, multifunctional, myeloid-
derived leukocytes that are part of the innate immune sys-
tem. Tumor-associated MPs (TAMs) are MPs with specific
M2 phenotype that play a central role in the pathophysiol-
ogy of tumors [114].
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Related to B- and T-cell neoplasms, TAMs are involved in
tumor progression, often associated with poor prognosis
owing to the secretion of chemokines and cytokines.
Different active proteases stimulate tumor growth, angiogen-
esis, metastasis, and immunosuppression [115]. In DLBCL,
the implication of MPs has been related to the ability of
DLBCL cells to escape the immune surveillance of tumor-
specific cytotoxic T-cells recruiting M2 TAMs that highly
express immune checkpoint molecules, such as PD-L1 and
PD-L2, on their surfaces. These interact with PD-1 receptors
expressed on intratumoral T-cells and provide inhibitory sig-
nals. This could be an explanation for the effective therapy
with anti-PD-/PD-L1 in some cases of DLBCL [116].

Epigenetic Alterations Leading
to Tumorigenesis

In addition to the genomic alterations contributing to the ini-
tiation and progression of B-cell lymphoma and leukemia,
the importance of epigenetic alterations in the pathogenesis
of these neoplasias has been acknowledged over the last
years. The best studied epigenetic marks in B-cell neoplasias
are DNA methylation and histone modifications, which are
involved in basic biological mechanisms including regula-
tion of gene expression, replication, and DNA repair (as
reviewed in [117, 118]).

Among the histone modifiers most frequently altered in
B-cell lymphomas are EZH2, CREBBP, and EP300 as well
as KMT2D. The methyltransferase EZH2 is part of the
Polycomb Repression Complex 2 (PRC2), which methylates
histone 3 lysine 27 (H3K27) a marker for repressed chromatin
(heterochromatin). In B-cells, EZH?2 is expressed during early
B-cell development where it plays a role in VDJ recombina-
tion [119]. In naive B-cells, the expression of EZH2 is down-
regulated. During the GC reaction, EZH2 is upregulated and
establishes repressive H3K27 marks at promoters of genes
which are involved in differentiation and cell cycle regulation
[120, 121]. EZH2 mutations are frequently detected in DLBCL
as well as FL, with the most recurrent alteration affecting a
tyrosine in the functional SET domain of the protein (Tyr641)
being mutated in 21.7% of DLBCL and 7.2% of FL [122].
This mutation is predicted to affect the enzymatic activity by
shifting the efficiency to methylate H3K27 to trimethylation
instead of mono- or demethylation [123, 124].

The Mixed Lineage Leukemia (MLL) gene family
belongs also to the histone methyltransferases. In contrast to
the PRC2 complex, members of this family methylate his-
tone 3 lysine 4 (H3K4) which is a marker for transcriptional
activation [125]. Diverse alterations affecting these modifi-
ers have been reported. Accordingly, KMT2A (formerly
known as MLL1 ) is translocated in about 70% of infant leu-
kemias [126]. The catalytic SET domain conducting the

methyltransferase activity is frequently lost due to the trans-
location. Nevertheless, it is believed that the MLL1 altera-
tions are associated with aberrant histone methylation and
hence, with the overexpression of target genes. Truncating
and frameshift mutations of KMT2D have been reported to
occur in up to ~90% of FL [66, 127] and ~30% of DLBCL
[128, 129]. These mutations affecting the SET domain lead
to a loss of function and, hence, to a deficiency of H3K4
methylation, suggesting a tumor-suppressive function for
KMT2D [130].

In addition to histone methylation, frequent alterations in
B-cell neoplasia affect histone acetylation via changes in
histone acetyltransferases (HAT). Histone acetylation medi-
ates an open chromatin structure allowing bromodomain
proteins to be recruited which induce the transcriptional
activation. The most recurrently altered HAT in malignant
B-cell lymphomas are CBP (encoded by CREBBP) and
p300 (encoded by EP300) which are described to have
tumor-suppressive functions in B-cell lymphoma [67, 131].
About ~30% of DLBCL harbor alterations leading to a loss
of CREBBP HAT domain function, with GCB-DLBCL
being more frequently affected than ABC-DLBCL [67]. The
HAT domain is also inactivated in ~30% of FL [67] and
18% of relapsed pediatric B-ALL [131]. The inactivation of
CBP leads to an expansion of the GC B-cell compartment,
downregulates MHC class II expression, and promotes
tumor cell growth [132]. Mutations disrupting the HAT
domain of p300 were reported in ~10% of DLBCL [67, 133]
and FL [67]. P300 inactivation confers resistance against
BCL6 inhibitors [133].

Apart from the changes affecting the histone modifica-
tion, changes in DNA methylation take place during B-cell
development and contribute to the physiological processes
linked to the differentiation. Hence, each developmental
stage of a B-cell is composed of an unique epigenetic pat-
tern [4, 134]. B-cell neoplasias maintain a certain degree of
similarity to their assumed normal B-cell counterpart; thus,
the DNA methylation pattern can be used for the determi-
nation of the cell of origin and for classification purposes
[134, 135]. On the other hand, the neoplastic B-cells are
characterized by a number of DNA methylation changes
which in part interact with genomic and transcriptional
changes in the deregulation of key transforming processes
[135-140].

The establishment of DNA methylation patterns involves
the DNA methyltransferases (DNMT) DNMT1, DNMT3A,
and DNMT3B. DNMT1 has been shown to be significantly
upregulated in GC B-cells suggesting a role in GC reaction
and differentiation [141]. Indeed, experiments with Dnmtl
hypomorphic mice have shown that the GC formation upon
immunization is impaired [141]. In line, DNMTT as well as
DNMT3B overexpression has been described in 69% and
86% of BL, respectively [142].
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Pathogenetic Hallmarks of Common Subtypes
of B-Cell Lymphomas in Children
and Adolescents

Burkitt Lymphoma and Burkitt-Like Lymphoma
with 11q Aberration

The hallmark genetic aberration as well as the assumed pri-
mary event in all three epidemiologic subtypes of BL is
t(8;14)(q24;932) or its variants t(2;8)(p12;q24) and t(8;22)
(q24;q11). All these changes lead to deregulation of the MYC
oncogene by its juxtaposition next to one of the enhancer
elements in the IGH (14q32), IGK (2p12), or IGL (22ql11)
locus (Table 4.2).

BL is characterized by a low genomic complexity.
Cytogenetically, an IG-MYC translocation is detected as sole
abnormality in 40% of cases. The most frequent second-
ary alterations are structural aberrations involving chromo-
some 1 (>30% of the patients), especially of the long arm,
and often resulting in a partial trisomy 1q. Aberrations affect-

Table 4.2 Overview of the frequent chromosomal aberrations in
pathogenetic hallmark of B-cell lymphomas in children and
adolescents

Cytogenetic aberration/
Disease genes involved Mutations
Burkitt t(8;14)(q24;q32)¥MYC | ID3, TCF3, CCND3,
lymphoma 1q aberrations TP53, SMARCA4,
Trisomy 7, trisomy 12 | FBXO11, ARIDIA,
dup(13q)/mir-17-92 DDX3X
Burkitt-like Gain 11q23.2-q23.3/
lymphoma PAFAHIB2
with 11q Loss 11q24/ ETS1
aberration Gains 7q34-qter,
12pter-p12.2, 18q21.2,
19pter-p13.2
Loss 6q14.3-q22.2
Diffuse large t(3;14) BCL6, EZH2, KMT2D,
B-cell (927;q32)*/BCL6 CREBBP, PRDM1,
lymphoma t(8;14)(q24;q32)YMYC | TNFRSF14, CARDI1,
t(14;18) GNAI3, CD79B,
(q32:q21)/BCL2 MYDSS8
+3/3q, +18/18q, +19q,
del(6q),
del(9p)/ CDKN2A
+1q, +2pl13-pl6, +7,
+11q, +12/12q
ALK+ large t(2;17)
B-cell (p23;q23)/CLTC-ALK
lymphoma t(2;5)
(p23;q35)/NPM1-ALK
Primary t(3;14) STAT6, PTPN1, ITPKB,
mediastinal (q27;932)*/BCL6 MFHASI, XPOI
large B-cell t(14;16)
lymphoma (q32;p13)/CIITA
+9/9p23-p24/ JAK?2,
PDLI, PDL2
+2p13-p16/ REL and
BCLIIA

avariants with IG light-chain loci in 2p12 and 22q11 have been reported

ing the chromosomal region 13g31, mainly involving the
mir-17-92 miRNA cluster [68], have been reported in 15% of
the cases [143]. Moreover, gains of chromosomes 7 and 12
and deletions in 6q and 17p are common. Besides the sec-
ondary chromosomal imbalances, recent genomic sequenc-
ing studies have identified recurrent somatic mutations in
MYC, ID3, TCF3, CCND3, SMARCA4, TP53, FBXOIl,
ARIDIA, DDX3X in both sporadic and endemic BL [64, 135,
144, 145] (Table 4.2).

The existence of BLs without an IG-MYC translocation
has been subject to controversial discussion. A provisional
entity of MYC-negative “Burkitt-like lymphoma with 11q
aberration” has been recently included in the new WHO lym-
phoma classification. Those cases resemble BL based on
gene expression profile and pathological characteristics but
importantly lack a MYC translocation. Instead, 11q aberra-
tions with proximal gains and telomeric losses are typical
[146] (Table 4.2).

Diffuse Large B-Cell Lymphoma (Including ALK+
Large B-Cell Lymphoma)

DLBCL is a heterogeneous group of diseases with varying
morphologic, immunophenotypic, and molecular features.
Several of these features change with age [147]. DLBCL in
children and adolescents, in contrast to those occurring at
older age, are enriched for GCB-type cases and depleted for
BCL2 and BCLS6 translocations. The mutational landscape of
DLBCL in children and young adults warrants further
investigation.

A special subgroup of large B-cell lymphoma enriched in
young patients is ALK+ large B-cell lymphoma (ALK+
LBCL). It is a rare and an aggressive neoplasm, accounting
for <1% of DLBCLs. The key player of this lymphoma is the
overexpression of ALK protein, as a result of fusion protein
generated by a translocation of the ALK gene on chromo-
some 2, as described above. Typically these translocations
are associated with complex karyotypes. The STAT3 path-
way is constitutively activated in ALK+ LBCLs and the
tumors respond to ALK inhibitors (Table 4.2).

Primary Mediastinal Large B-Cell Lymphoma

Primary mediastinal large B-cell lymphoma (PMBL) is a
mature aggressive large B-cell lymphoma (LBCL). It affects
mainly young adults with a predominance of females and a
median age at diagnosis of 35 years. PMBL display a spe-
cific gene expression profile which is different from GCB or
ABC DLBCLs but shows similarities to Hodgkin lymphoma.
Chromosomal aberrations affecting the BCL6, MYC, and
BCL2 loci are absent or rarely detected. Nevertheless, trans-
locations involving CIITA locus in 16pl13.3 have been
described in more than 50% of cases. The partner genes of
translocations are in the majority of cases PDLI or PDL2 but
these are not the only partners described. In addition, gains
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in the region of 9p, containing the genes JAK2, PDLI, PDL2,
and gains in 2p16.1, including the genes REL and BCLIIA,
have been described as recurrent genetic events in PMBL
[148, 149] (Table 4.2).

PMBL are characterized by a constitutively activated
JAK/STAT signaling pathway. Furthermore, mutations in
STAT6 and PTPNI, a negative regulator of JAK/STAT sig-
naling, are detected in 72% and 25% of PMBL cases, respec-
tively. Additional mutations affect ITPKB, MFHASI, and
XPOI [148] (Table 4.2).

Large B-Cell Lymphoma with IRF4

Rearrangement

Large B-cell lymphoma (LBCL) with /RF4 rearrangement is
an uncommon lymphoma, comprising for 0.05% of diffuse
LBCLs. This neoplasm shows a decreasing incidence in
older age groups.

Besides expression of germinal center markers, the immu-
nophenotype is characterized by the strong expression of
IRF4/MUMI1. Moreover, BCL6 is co-expressed, while
PRDM1 is frequently negative [148].

The key genomic event in this lymphoma is an often
cryptic rearrangement of /RF4 with an IG locus, BCL6 rear-
rangement have also been detected in LBCL with IRF4
breaks, whereas MYC and BCL2 breaks were absent in the
reported cases. In addition to /RF4 rearrangements, the
genomic profile of this entity shows a complex pattern of
genetic changes including 7P53 deletions [148, 150]
(Table 4.2). Nevertheless, patients have favorable outcome
after treatment.

Pediatric-Type Follicular Lymphoma

Pediatric-type follicular lymphoma (PTFL) is an infrequent
nodal follicular lymphoma (FL) that appears in children and
young adults, but can also occur in the older population. This
neoplasm is characterized by the lack of genomic rearrange-
ments involving the BCL2, BCL6, or IRF4 locus. Moreover,
the frequent mutations affecting KMT2D, CREBBP, and
EZH?2 described in adult FL, are absent in PTFL. Instead,
deletions in thelp36 chromosomal region or mutations
involving TNFRSF 14 are the most common genetic aberra-
tions in PTFL. Moreover, mutations in MAP2KI have been
reported in 40-50% of the cases [148] (Table 4.2).

Conclusions and Outlook

As detailed above and exemplified for B-cell lymphomas
common in young patients, the pathogenesis of B-cell lym-
phomas is based on multifactorial grounds. The complex-
ity, interdependency, and timely order of pathogenetic
processes ultimately leading to clinically overt B-cell lym-
phomas are yet by far not completely understood. Even the

distinction between driver and passenger events is still
challenging, though some key lymphoma-initiating events
like the Burkitt translocation t(8;14) have been known since
more than 40 years. The reception of the above detailed
mechanisms involved in the pathogenesis of B-cell lym-
phomas has to take into account that most current models
of B-cell lymphomagenesis rely on simple, mostly mono-
dimensional data and assumptions. Moreover, a linear and
directional evolution of a B-cell lymphoma from a non-
neoplastic precursor is usually assumed. Nevertheless, in
fact to capture the overall complexity of B-cell lymphoma-
genesis, each neoplastic cell of a probably heterogenic
tumor would have to be mapped at a single point in a space
of n-dimensions, with several of the factors outlined above
but also all different OMIC layers being separate dimen-
sions. Moreover, the age of the patient and time since tumor
initiation have to be considered as dimensions in this space.
It needs to be clearly stated, that most of the concepts out-
lined above do not take such a “spacial” approach.
Moreover, in many instances the experimental or observa-
tional procedures providing the data for the models
likely modify features which appear different in the native
host of the tumor, i.e., the patient. All this has to be taken
into account if such observations are translated into clinics.
Clearly, no diagnostic test yet captures the biologic com-
plexity in its entirety (and if so probably best morphology
which in essence provides a birds-eye view on the tumoral
processes). Indeed, given the number of deregulated pro-
cesses, altered genes, and changed signals, it seems rather
surprising that the tumor takes advantage rather than disad-
vantage from those. Likely, this is due to the fact that many
processes show a high grade of redundancy and alterna-
tives. Thus, it will remain a challenge for the future to iden-
tify in the n-dimensional space of pathogenesis those
events, which are indeed key to the pathogenesis and, thus,
can be subject of novel treatment strategies.
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Pathogenesis of T-Non-Hodgkin’s

Lymphoma

Jonathan Bond and Owen Patrick Smith

T-Lymphoblastic Lymphoma

T-lymphoblastic lymphoma (T-LBL) accounts for one fifth
of all childhood and adolescent NHL and frequently pres-
ents with a mediastinal mass and advanced stage III/IV dis-
ease (Fig. 5.1) [1, 2]. Reported median age at diagnosis
ranges from 7.0 to 10.5 years, with a male/female ratio of
about 2.5:1 [3]. The current World Health Organization
(WHO) classification lists T-acute lymphoblastic leukemia
(T-ALL)/T-LBL as a single pathological category, with
T-LBL diagnosis requiring that bone marrow infiltration by
immature CD3-positive lymphoblasts is less than 25% [4].
Although there is ongoing debate as to whether T-ALL and
T-LBL are truly distinct entities, or in fact represent hetero-
geneous clinical presentation of the same disease, the treat-
ment of T-LBL has developed in parallel with childhood
ALL strategies [, 6].

Practical aspects of tissue accessibility mean that the
molecular characterization of T-ALL is comparatively much
more extensive, and discussion of T-LBL oncogenesis is
therefore heavily informed by reference to its leukemic
counterpart. In this section, we will describe the spectrum of
genetic alterations in T-LBL, highlighting any known differ-
ences with T-ALL. These alterations can broadly be divided
into structural abnormalities (including recurrent transloca-
tions and whole or partial chromosomal gain or loss), and
somatically acquired mutations that typically affect
T-lymphoid signaling pathways. We will also discuss pub-
lished attempts to categorize T-LBL based on either
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T-receptor gene rearrangement status or transcriptional pro-
filing, and detail the current attempts at defining a genetic
risk classifier for pediatric T-LBL.

Genetic Alterations in T-LBL

Translocations As in T-ALL, oncogene activation can occur
as a result of rearrangements involving T-receptor genes that
are located on chromosomes 7q34 (TRB), 7Tpl4 (TRG), and
14ql1 (TRA/TRD). T-receptor gene translocations are
reported to occur in 18-44% of T-LBL [6-9], leading to
aberrant expression of well-described T-lymphoid onco-
genes, including loci that encode for homeobox-containing
proteins (HOXA9, TLX1, TLX3) or T-specific transcription
factors (LYLI, LMO2, TALI) [10, 11]. It is believed that the
cell-inappropriate activity of these molecules is directly
linked to the oncogenic differentiation block that is found in
both T-ALL and T-LBL. For example, TLX proteins have
been shown to cause aberrant recruitment of ETS1 to the
TRA enhancer, thereby inhibiting maturation beyond the thy-
mic cortical developmental stage [12].

Translocations of chromosome 9q34 are more common in
T-LBL than in T-ALL, and the t(9;17) (q34;q22-23) altera-
tion has been reported in 2—-15% of cases [7-9]. The 9q34
region contains several oncogenes that are known to be
pathologically important in T-lymphoid malignancy, includ-
ing NOTCHI, ABLI, SET, and NUP214 [13-15], and the
identity of the major molecular actor in this rearrangement is
therefore not clear. Translocations that generate T-ALL-
associated fusion transcripts such as PICALM-MLLTI0 and
NUP214-ABLI have also been described in T-LBL. These
exhibit similar correlation with phenotypic maturity as is
seen in leukemia cases [11].

Deletions and loss of heterozygosity (LOH) Chromosome
6q LOH is found in both T-ALL and T-LBL, but the most
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Fig.5.1 Large mediastinal mass at T-lymphoblastic lymphoma presentation. Chest radiograph (left panel) and CT scan (right panel) showing a
large lymphomatous mass with mediastinal shift, pericardial effusion, and right pleural effusion

commonly affected region differs between the diseases. In
T-ALL, the 6ql4—15 region is more frequently altered,
whereas LOH of 6ql6 is more common in
T-LBL. Chromosome 6q LOH occurs in 12-19% of pediatric
T-LBL and has been shown to correlate with poor outcome
in several studies [16-18]. This region contains the
CASP8AP?2 gene (also known as FLASH) that is believed to
mediate glucocorticoid signaling [19, 20], and the prognostic
effects of this alteration are therefore thought to be linked to
impaired steroid treatment response.

Chromosome 9p deletions and LOH are reported in
11-47% of T-LBL [6, 21-23], which is marginally lower
than the rates found in T-ALL [24]. This region contains the
CDKN2A and CDKN2B genes that encode the cyclin-
dependent kinases pl6™K4*4 and pl5™K4E and the p53-
stabilizing protein p144%F, These loci are frequently altered
in human cancers and are traditionally considered to contrib-
ute to oncogenesis by affecting the retinoblastoma and p53
pathways [25]. In a T-lymphoid context, CDKN2A inactiva-
tion has also been described to co-operate with both NOTCH 1
signaling [26] and chromatin remodeling [27] to promote
leukemogenesis.

Altered chromosome number This is also relatively com-
mon, being seen in 55-69% of pediatric and adolescent
T-LBL [5-9]. Pseudodiploidy (25-44%) and hyperdiploidy
(22-25%) are the most frequently reported numerical altera-
tions, while hypodiploidy (3—-5%) is rare.

NOTCHI pathway activation Mutations in components of
the NOTCHI1 pathway are extremely common in acute
T-lymphoid malignancies [28]. Genetic alterations cause

constitutive NOTCHI1 pathway signaling either through acti-
vating mutation of NOTCH]1 [13] or reduced function of the
FBXW?7 ubiquitin ligase that normally mediates NOTCHI1
degradation [29]. NOTCHI mutations are found in 43-66%
of pediatric T-LBL, and loss-of-function FBXW?7 alterations,
which may or may not be concomitant, are reported in
18-21% of cases [11, 17, 18, 30]. While NOTCHI mutation
with or without FBXW7 mutation appears to be associated
with good outcome, isolated FBXW?7 alteration has not to
date been reported to alter prognosis [17, 18, 30].

Kinase signaling pathway abnormalities Activation of the
PI3K-AKT signaling cascade can be caused by mutation in
PIK3RI1, PIK3CA, or PTEN [31, 32]. Of these, only PTEN
alteration has been described to affect prognosis, although
this effect was outweighed by the presence of concomitant
NOTCH 1 mutation [32]. Mutations in NRAS or KRAS occur
in about 10% of pediatric T-LBL, and unlike in T-ALL, have
not to date been reported to correlate with outcome [32].
Activation of JAK-STAT signaling by TEL-JAK?2 transloca-
tion and JAK2 mutations has also been described [33].

Other alterations Other rare structural genetic alterations
include LOH of ATM and TP53 [22] and localized deletions
of chromosomes 12p13 or 17ql1 [23]. The ETV6-NCOA2
translocation that was previously described in early thymic
precursor and biphenotypic ALL [34] was also reported in a
single case of immature T-LBL [35]. Whole-exome profil-
ing of five pediatric T-LBL samples identified multiple can-
didate mutations, many of which differed from those
reported in T-ALL [17], and it is likely that future next-gen-
eration sequencing studies will identify further recurrent
alterations.
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Other Approaches to Categorization of T-LBL

T-receptor gene rearrangement status Immunophenotypic
profiling and evaluation of the rearrangement status of
T-receptor (TR) genes allows categorization of both T-ALL
and T-LBL by resemblance to normal T-lymphoid ontog-
eny [11, 36]. Normal TR gene recombination is highly
ordered, sequentially involving the TRD, TRG, TRB, and
TRA loci [37, 38]. TR-based classification allows categori-
zation of T-LBL into immature (cytoplasmic TCRf-),
intermediate (cytoplasmic TCRp+ surface TCR—/+), and
mature (surface TCR+ biallelic TRD-deleted) groups that
correlates with expression of specific oncogenes [11]. For
example, TALI positivity co-segregates with mature
T-LBL, whereas intermediate cases are more likely to
express homeobox-containing genes such as HOXA9 and
TLXI. The intermediate T-LBL group has been suggested
to have a relatively favorable prognosis, albeit in a series
that included both pediatric and adult cases, where the lat-
ter comprised a high proportion of immature T-LBLs that
had reduced survival [11].

Ontogenic immaturity as determined by absence of bial-
lelic deletion (ABD) of the TRG locus has also been linked
to T-LBL outcome. TRG ABD was originally described to
predict poor prognosis in pediatric T-ALL [39], although
subsequent implementation of minimal residual disease
(MRD)-based treatment strategies and improved outcomes
in treatment-resistant cases [40, 41] means that this prognos-
tic link probably no longer pertains. The link between TRG
deletion status with outcome in pediatric and adolescent
T-LBL has been evaluated in one series. Although ABD was
rare (4 of 53 cases), this was associated with a statistically
significantly reduced survival [18].

Transcriptional profiling Microarray studies have identi-
fied recurrent patterns of gene expression in pediatric T-
ALL, allowing reproducible categorization of leukemias
according to a limited number of transcriptional profiles
[42-44]. Comparative data in T-LBL is scarce, although
efforts have been made to identify differentially expressed
transcripts between T-ALL and T-LBL [6, 23, 45]. These
studies have identified genes that are implicated in a diverse
range of cellular function, including adhesion, caspase-
mediated apoptosis, immune response genes, and regulation
of transcription and protein biosynthesis. T-LBLs were
reported to have increased expression of KMT2A and
reduced expression of CD47 when compared with T-ALL
[45]. MicroRNA expression studies have also been per-
formed, with miR223 being identified as a potential poor
prognostic marker in one study [46].

Toward a Genetic Classifier for Risk Group
Stratification in T-LBL

Children with T-LBL who fail front line chemotherapy
have a dismal prognosis and those who relapse after treat-
ment cessation can only be rescued by allogeneic stem cell
transplantation. This has raised the question over the past
three decades as to whether patients can be “risk-stratified”
at diagnosis and thus allocate them to a specific treatment
regimen whose intensity is modulated according to the risk
of relapse, such that children who are predicted to have
favorable outcomes receive lesser intensity regimens, spar-
ing unwanted toxicities, while those with higher risk for
treatment failure receive more intensive +/— experimental
therapy.

Until recently there has been a paucity of molecular/
genetic and prognostic factors in T-LBL, mainly due to the
lack of suitable lymphoma material for such analysis. A
small number of molecular retrospective studies in pediatric
T-LBL have been published showing a correlation of clinical
outcome with LOH6q, ABD, and mutations in NOTCH],
FBXW7, and PTEN (Table 5.1). More recently an interna-
tional cooperative group comprising the Italian (AIEOP), the
French (SFCE), and the German (BFM-D) study groups
evaluated the potential of using genetic markers for T-LBL
risk stratification. A consensus was reached that the muta-
tional status of NOTCHI and FBXW?7 would be used in a
new stratification system for prospective validation in an
international cooperative treatment protocol for children and
adolescents with lymphoblastic lymphoma [EudraCT num-
ber: 2017-001691-39], LBL 2018 trial. Patients with muta-
tions in NOTCHI and/or FBXW?7 are stratified into the
standard-risk group and those with NOTCHI and FBXW7
germline status are stratified into the high-risk group. Patients
without information on the mutational status of NOTCH1I
and FBXW7 are stratified in the standard-risk group. Other
molecular markers such as PTEN, ABD, LOH6q, NRAS,
KRAS, PIK3CA, PIK3R1, and FLASH that have shown some
prognostic relevance in children and adult T-LBL will be
validated prospectively in the LBL 2018 trial.

Table 5.1 Prognostic genetic markers in pediatric T-LBL

% of Prognostic
Genetic marker Cases impact References
NOTCH M 50-60 | Good [11, 18,23, 30,
+/— FBXW7M™ 47]
LOH 6q 10-15 | Poor [7, 16, 47]
PTEN altered 15 Poor [32]
ABD 7 Poor [18]

LOH loss of heterozygosity, ABD absence of biallelic deletion of the
TRG locus
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Peripheral T-Cell Lymphoma

The rare cases of non-lymphoblastic T-cell lymphomas in
children and adolescents are categorized as peripheral T-cell
lymphomas (PTCL), which is effectively a diagnostic
umbrella that comprises 21 separate T-NHL subtypes in the
latest WHO classification [4]. The rarity and heterogeneity
of pediatric PTCL mean that meaningful epidemiological
and pathological data are understandably scarce, although
several groups have published retrospective analyses of
national and international registry data [48-52]. Historical
reports should be interpreted with caution in the light of evo-
lutions in the diagnosis and molecular understanding of other
disease subgroups. For example, modern pathological re-
evaluation resulted in many cases originally diagnosed as
PTCL to be re-categorized as either anaplastic large cell lym-
phoma (ALCL) or autoimmune lymphoproliferative syn-
drome (ALPS) [48].

The two largest published series on pediatric PTCL [48,
51] reported a median age at diagnosis of 11.1-12.6 years,
with a male predominance of approximately 60%. As in
adults, PTCL not otherwise specified (NOS) was the most
frequent PTCL subgroup, comprising 42.0-47.4% of cases.
Extranodal NK/T-cell lymphoma (14.7-23.7%), subcutane-
ous panniculitis-like T-cell lymphoma (13.2-14.0%), and
hepatosplenic T-cell lymphoma (13.2—-14.0%) were the next
most common subsets, while primary cutaneous gamma-
delta T-cell lymphoma (0.7-2.6%), angioimmunoblastic
T-cell lymphoma (AITL) 0-2.8%, and mycosis fungoides
(0—4.9%) were all extremely rare.

Of note, in the series reported by a European Intergroup
for Childhood NHL (EICNHL) and international Berlin-
Frankfurt-Miinster (i-BFM) collaboration [51], a quarter of
childhood and adolescent PTCL patients had pre-existing
morbidity. This included a significant proportion who had
received either hematopoietic stem cell or solid organ trans-
plantation prior to PTCL diagnosis. Constitutional genetic
disorders such as Nijmegen breakage syndrome, CATCH22
syndrome, and Trisomy 21 were also seen. This report also
noted that these cases were more likely to have an unfavor-
able prognosis compared with the remainder of the pediatric
PTCL cohort.

Comprehensive analysis of the molecular pathology of
pediatric PTCL has also been hindered by disease rarity in
this age group. PTCL in both adults and children has been
shown to frequently harbor a complex karyotype [53, 54].
Reports of recurrent specific abnormalities are however lack-
ing, although Isochromosome 7 and/or Trisomy 8 have been
described to occur in most pediatric hepatosplenic T-cell
lymphomas [48].

Advances in high-throughput sequencing technologies
have permitted identification of a plethora of novel genetic

alterations in PTCL in recent years, and this will hopefully
lead to improved molecular classification of these diseases.
Genes found to be affected by mutations include the guanine
exchange factors RHOA [55-57] and VAV [58, 59]; epigen-
etic factors DNMT3A [55, 57, 60], TET2 [61], and IDH?2
[62]; and molecules involved in TCR signaling, including
CD28[57, 63, 64]. In addition, RNA sequencing has revealed
potentially therapeutically targetable kinase fusions [59],
while recurrent rearrangements involving P53-related factors
have also been detected [65]. The cohorts analyzed in these
studies were overwhelmingly adult in nature, and any extrap-
olation to pediatric and adolescent PTCL should be made
with caution.
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The Pathogenesis of Anaplastic
Large Cell Lymphoma

Suzanne Dawn Turner

Introduction

Anaplastic large cell lymphoma (ALCL) is considered a
peripheral T cell lymphoma predominantly affecting chil-
dren and young adults, particularly when associated with the
aberrant expression of anaplastic lymphoma kinase (ALK)
fusion proteins [1, 2]. ALK was an unknown gene until
cloned from cases of ALCL and reported in the context of a
chromosomal translocation, the t(2;5)(p23;q35) [3]. Many
ALK fusion protein variants have since been reported, but
the Nucleophosmin (NPM)-ALK resulting from the afore-
mentioned translocation remains the predominant version
[4-6]. Rare cases of ALK-negative ALCL have also been
reported in children but are more often seen in adults with a
comparatively worse prognosis [7]. As well as systemic
ALCL, ALK+ or ALK-, other categories of ALCL also exist
including cutaneous and breast implant-associated forms
although the latter are ALK- and largely affect adults [8§—10].
Whether all forms of ALCL share a common origin or are
derived from distinct cell types converging on a shared histo-
pathology is unknown.

Cell of Origin

Non-Hodgkin lymphoma (NHL) encompasses a multitude of
distinct disease entities largely categorised based on their
presumed cellular origin. At its most basic level, whether
they are of a B, T or natural killer (NK) cell origin. Within
these subclasses exists an array of subtypes largely distin-
guished according to growth pattern, location, defining
genetic abnormalities but most prominently the stage of lym-
phoid cell ontogeny that they most resemble. The latter in
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particular applies to anaplastic large cell lymphoma (ALCL),
a malignancy classified as a peripheral T cell lymphoma due
to systemic involvement and molecular rearrangements of T
cell receptor (TCR) genes suggestive of a mature T cell ori-
gin [10]. However, whether the cell of origin bears any
resemblance to the presenting cell type of the established
malignancy or if this final identity was shaped by the patho-
genic events driving tumour development is not known.

Immunohistological Features of ALCL
Indicative of the Cell of Origin

Whilst at the molecular level, TCR rearrangements can be
detected within ALCL, the TCR is not expressed on the cell
surface [11, 12]. Instead, a combination of cell surface pro-
teins is identifiable, some in keeping with a T cell identity
albeit a ‘confused’ one. For example, expression of CD4 is
detected on many ALCL yet often together with the produc-
tion of cytotoxic proteins such as perforin and granzyme B,
the former being indicative of a helper T cell and the latter a
cytotoxic one (Fig. 6.1). Whilst we like to compartmentalise
cell types, it is likely that there is immense plasticity amongst
T cell subsets although expression of either CD4 or CDS is
determined early during thymic development; CD4 and CDS§
are both expressed on primitive thymocytes prior to positive
selection at which point either CD4 or CD8 is downregulated
to generate helper or cytotoxic T cells, respectively [13].
This process is dependent on the recognition of either MHC
class I or I presented on thymic epithelial cells in the cortex
[13]. As such, the predominant expression of CD4 together
with the production of cytotoxic proteins brings into ques-
tion the cell type most likely to be the precursor of ALCL. One
explanation could be that these cells are derived from helper,
CD4-expressing T cells but that cytotoxic protein production
is an artefact of the transformation process. Indeed, it has
been demonstrated that NPM-ALK, the driving event
in ALCL, can induce production of these proteins [14].
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Fig.6.1 The ‘confused’ immunophenotype of ALCL. ALCL are pleo-
morphic presenting with a variety of histological subtypes, but the
majority of cells are positive for CD30, which does not distinguish lym-
phoid lineage but is suggestive of cell activation as is positivity for the
epithelial membrane antigen (EMA) and CD25 (although co-expression
of CD4 and CD25 with the transcription factor FoxP3 can be indicative
of a regulatory T cell). In contrast, CDS8 is rarely expressed, yet the
majority of tumours produce the cytotoxic proteins perforin and/or
granzyme B yet most cases are positive for CD4. CD3 is not expressed
in the majority of cases presenting an overall ‘confused’ cell
immuno-identity

As such, in contrast to the accepted dogma of the World
Health Organization classification of lymphoid neoplasms, it
is perhaps more likely that the normal cell counterpart is a
helper rather than a cytotoxic T cell [10]. Other immunologi-
cal markers include CD30, a protein expressed transiently in
the thymus and then on activated lymphocytes, although
NPM-ALK activity has also been shown to be responsible
for inducing expression of this protein too [15, 16]. Of
course, none of these cell surface proteins when considered
in isolation can ultimately define the cell or origin. Therefore,
apart from molecular TCR rearrangements, there is little cer-
tainty in predicting the cell of origin by immunophenotypic
markers. An alternative approach is to examine the gene
expression profile of tumour cells and to compare this to that
of distinct, normal cell counterparts.

Genetic Features of ALCL Indicative
of the Cell of Origin

Studies performed comparing the gene expression profile of
ALCL tumour cells to clearly defined normal T cell subsets
have been unable to assign a specific T cell identity to ALCL
(the gene expression profile of ALCL does not cluster with
CD4- nor CD8-positive T cells), although more recently
gene set enrichment analysis has proposed a Th17 origin
[17-19]. However, whether the Th17 gene expression profile
is a remnant of the cell of origin or a cell phenotype induced
by NPM-ALK is still an open question [18, 20]. Indeed, a
regulatory T cell (Treg) origin has also been proposed due to
co-expression of CD4 and CD25 on tumour cells together
with production of IL10 and TGFf and expression of FoxP3,
although again, this phenotype has been shown to be a con-
sequence of NPM-ALK-induced STAT3 activity particularly
with regard to the latter three elements [21] and CD25 can

also be indicative of activation status. T helper cells come in
many ‘flavours’ and plasticity between these is dependent on
a host of microenvironmental factors, key amongst which is
the presence of a distinct profile of cytokines and the cell
types that produce them [22] (Table 6.1). For example, inter-
convertibility between Treg and Th17 cells is particularly
evident in autoimmunity and is dependent of the availability
of the cytokines IL6 and LIF [23].

Why Is the Identity of the Cell of Origin
Important to Know?

Knowing the identity of the cell of origin and its normal
physiological function, hypotheses can be constructed as to
the pathogenesis and origins of this distinct lymphoma entity.
For example, Thl cells are identified in the context of
responses to intracellular pathogens, whereas Th2 cells are
present when extracellular pathogens are present in their
environment. A Th17 origin would therefore be more indica-
tive of large, extracellular pathogens such as bacteria and/or
autoimmune conditions and associated with the presence of
neutrophils [24].

Naturally, when a diagnostic pathologist examines a
tumour specimen, they are looking at the consequences of an
evolutionary process whereby the fittest clone of tumour
cells survives and propagates. Hence, the immunophenotype
of the established growth may be the consequence of a com-
bination of events occurring during the course of tumour
development, with retainment of those properties most con-
ducive to cell survival in their imposed surroundings, pre-
sumably those that facilitate acquisition of the so-called
hallmarks of cancer [25].

Dissecting Tumour Heterogeneity to Pinpoint
the Cell of Origin

It is now accepted that not all cells within a tumour are cre-
ated equally and that some are ‘fitter’ than others; whether
this be the consequence of clonal evolution whereby in a sto-
chastic process, clones of cells derived from genetically
related progenitors acquire properties to improve their
survival odds, or a hierarchical process in which much like
normal tissue development, a small subset of progenitor cells
have the ability to self-renew and differentiate into progeny
that later lose this ability. Hence, the phrase cancer stem cell
representing a cell from which all tumour cell progeny
derive. This terminology elicits ideas of transformed tissue-
specific stem cells representing the cells of origin for malig-
nancies, although of course this is not necessarily the case, as
any cell that can acquire stemness properties, even if that cell
was originally terminally differentiated, could also enact this
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role. More preferable is the terminology tumour propagating
cell (TPC) better reflective of the perhaps acquired rather
than innate properties of stemness a tumour cell may have
[26]. With regard to ALCL, the TPC has been identified as
sharing gene expression signatures with early thymic pro-
genitors (ETP) or haemopoietic stem cells (HSC) suggestive
of a thymic or early haemopoietic origin [27].

The ALCL TPC Is a Primitive Haemopoietic Cell

Tissue-specific stem cells are traditionally identified by
their functional properties, i.e. presumed quiescence, abil-
ity to give rise to differentiated progeny and the ability to
self-renew. More often than not, specific cell surface pro-
teins or Cluster of Differentiation (CD) markers are then
assigned to facilitate their identification. As an adaption of
this, TPC have been discovered in a number of cancers,
most prominently the leukaemias by looking for cells
within tumours that express CD proteins associated with
stem cells [28]. An alternative approach when cells with
TPC properties cannot be identified in this manner is to
exploit the functional properties of these cells. In this
regard, the side population (SP) technique detects TPC
through their relative quiescence and ability to efflux dyes
through ABCG?2 transporters [29, 30]. Employing this tech-
nique, the TPC for ALCL was identified, and whilst no spe-
cific CD proteins could be exclusively assigned to these
cells, the fact that they gave rise to progeny lacking self-
renewal unable to sustain tumour growth in vitro nor in vivo
was defined as the TPC for ALCL. Given the lack of expres-
sion of cell of origin-defining CD proteins by the ALCL SP
cells, gene expression profiling was performed and matched
to defined haemopoietic cell subsets by gene set enrich-
ment analysis. These data showed that the ALCL TPC most
resembled an ETP or HSC with regard to its gene expres-
sion profile [27]. Hence was born the hypothesis that ALCL
might initiate in these specific cellular subsets. Given that
ALCL is a PTCL with a potential thymic (ETP) or bone
marrow (HSC) origin, events in the thymus might also pro-
vide clues as to the pathogenesis of this disease. Rather
uniquely amongst different cell types, the lymphoid lin-
eage, by nature of its requirement to recognise foreign anti-
gen in the context of self-antigens, an ordered educational
process whereby TCR genes are rearranged, provides a
timestamp of developmental processes that again may pro-
vide further evidence as to the true cell of origin for ALCL.

TCR Gene Rearrangements Provide a History

of Tumour Cell Development

TCR gene rearrangement takes place in an ordered manner
whereby TCR genes are rearranged in a sequence within
developing thymocytes resident in the thymus (Fig. 6.2).
This highly coordinated process commences in ETP
whereby rearrangement of the TCRS chain genes precedes

TCRy, followed by TCRf and ending in TCRa at which
point the TCRS genes are deleted as they are located within
the TCRa locus. As this occurs, the thymocytes mature into
T cells which exit into the peripheral circulation having
survived the processes of 3-selection as well as positive and
negative selection. As such, it is possible to delineate the
history of tumour cells by examining the status of the TCR
genes. For ALCL, ALK+, tumour cells carry a range of
TCR gene rearrangements not conducive with surviving the
thymic environment (Fig. 6.2). For example, many ALCL
have major clonal TCRa rearrangements but lack an equiv-
alent TCRp clone [12]. Thymocytes in this situation would
not normally pass the -selection checkpoint instead under-
going apoptosis and therefore not surviving to rearrange
the TCRa chain genes. The fact that tumour cells exist with
these abnormal TCR gene rearrangements is indicative of
some other activity permissive of surviving the thymic
environment to emerge into the periphery as a ‘mature’ T
cell. Indeed, murine models show that NPM-ALK can
allow thymocytes to escape p-selection [12]. An alternative
explanation would be ongoing VDJ recombination in the
periphery although RAG is not expressed in ALCL and this
activity would be unable to return VDJ gene segments to
their wild-type confirmation [12]. These data also suggest
that some of these tumour cells may not have had the capac-
ity to express a cell surface, functional TCR in the first
place in keeping with the lack of expression of a TCR on
the surface of tumour cells [11]. Assuming these incipient
tumour cells escape the thymic environment to enter the
peripheral circulation, this then raises the question as to
whether events in the periphery contribute to the pathogen-
esis of this disease.

Unravelling the Pathogenesis of ALCL
Aetiological Associations

Despite a Th17 phenotype being indicative of large extracel-
lular pathogens, there is no documented aetiological associa-
tion for ALCL. A few case reports have reported systemic
ALCL with cutaneous presentation in the context of tick or
other insect bites although there is no evidence that these
bites led to infections that drove hyper-proliferation and
transformation of cells [31, 32]. An alternative explanation
would be the homing of tumour cells to these sites of inflam-
mation, mediated by cytokines. However, many children
present with B symptoms including fever, but again, whether
these are related to the cause of or are a consequence of
tumour development is difficult to decipher. Given the dif-
ferential proposed cytotoxic cell of origin, one might consider
viral pathogenesis although viral sequences such as those
belonging to EBV have not been detected in ALCL, but one
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Fig. 6.2 Aberrant thymic events are indicative of a primitive haemo-
poietic origin for ALCL. The gene expression profile of the TPC driving
ALCL is suggestive of an origin in an HSC or ETP. In further support,
TCR gene rearrangements are detectable not conducive with thymocyte
survival within the harsh thymic environment, whereby selection pro-
cesses operate to generate functional T cells that recognise non-self but
not self-antigens presented with MHC. The t(2;5)(p23;q35)-expressing

cannot discount a hit-and-run mechanism whereby virally
infected B cells drive the initial T cell proliferation during
which genetic mutations are acquired that render the incipient
tumour cells relatively autonomous for growth [33]. Again,
with no evidence observed in the established tumours, this
remains supposition at best.

(Epi)genetic/Genomic Instability

It is largely accepted that multiple mutations are required for
incipient tumour cells to acquire all the hallmarks of cancer
to become established malignancies [25]. These mutations
might be incurred as a consequence of an unstable genome,
perhaps induced by the presence of the initiating oncogenic
event. Whilst NPM-ALK has been shown to have effects on
DNA repair capacity within tumour cells, the genome is rela-

thymocytes must exit into the periphery to present as a peripheral T cell
lymphoma in patients, suggesting that the product of the translocation
NPM-ALK facilitates bypass of thymic selection processes as evi-
denced in murine models. HSC haemopoietic stem cell, CLP common
lymphoid progenitor, ETP early thymic precursor, DP double positive,
ISP intermediate single positive, TCR T cell receptor

tively silent with few consistent genomic or genetic abnor-
malities [34—41]. These data suggest that either NPM-ALK
itself is able to induce the necessary cancer hallmarks and/or
that epigenetic events are involved. It has been suggested
that the former is the case, as NPM-ALK can indeed activate
expression of many proteins that confer the cancer hallmarks
as has been demonstrated in multiple publications [16, 42—
60]. In addition, NPM-ALK can induce transformation of
primary human T cells in a relatively short time frame,
although in murine models this is not the case, yet the latter
are not true mimics of ALCL [16, 61-64]. Epigenetic altera-
tions are apparent in ALCL, although CpG methylation
activity has also been attributed to NPM-ALK- mediated
activation of DNMT1 [65, 66]. Hence, rather than requiring
a status of (epi)genetic instability, the development of ALCL
might instead be dependent on a defined set of ‘just right’
conditions.
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TheJust Right’ Level of Signalling:
The Goldilocks Hypothesis

Fortunately, ALCL is a rare cancer suggesting that distinct
conditions must be met that are permissive of cellular trans-
formation. Indeed, the presence of the t(2;5)(p23;q35) in as
many as 1% of newborn cord blood suggests that not all chil-
dren born harbouring this translocation will develop ALCL
[67]. However, this study did not specifically examine hae-
mopoietic progenitor cells for the presence of the transloca-
tion, although cord blood is enriched for these primitive
cells. Presuming cells carrying the translocation persist into
childhood and maintain its presence as they differentiate, the
low prevalence of this cancer suggests that additional events
are required for tumorigenesis. Indeed, some of these may be
provided by the above-discussed (epi)genetic/genomic alter-
ations characterised in ALCL although as previously men-
tioned, consistent abnormalities are even rarer and have not
been proven as contributing events. An alternative pathway
towards tumour development might instead be presented by
the inherent activities of T cells in adaptive immunity,
although as mentioned previously, established tumours lack
cell surface expression of the TCR as well as proximal sig-
nalling proteins [11, 68]. However, the T cell compartment
has immense plasticity and even in the absence of a func-
tional TCR, cells may behave in an innate manner akin to
innate lymphoid cells.

Antigen-Dependent Tumour Growth

In those scenarios where TCR rearrangements are conducive
with the expression of a functional TCR, it is possible that
antigen-dependent clonal stimulation of incipient tumour
cells provides the necessary impetus for tumour growth
(Fig. 6.3). In this model, much like in the process of normal
T cell activation, on encountering peptide presented in the
context of MHC, the affinity of a particular TCR for its
ligand might dictate whether certain cells are clonally
selected and expanded [69]. This process is a complex and
highly regulated one dependent not just on recruitment of
co-receptors, key kinases and phosphatases to the engaged
TCR complex but also the ‘tuning’ of the signal intensity by
cell surface proteins such as CD5 and CD45. Indeed, a low
level of tonic signalling is required under homeostatic condi-
tions to facilitate the survival of circulating naive T cells,
perhaps provided by binding with low affinity to self-
peptide:MHC complexes. One might imagine a scenario
whereby NPM-ALK might act to fine-tune this activity due
to its ability to mimic TCR-induced signal transduction lead-
ing to activation of T cells on contact with low-affinity ligand
[70]. It has also been demonstrated that differing levels of
NPM-ALK expression are detectable in different ALCL
tumours adding a further level of complexity whereby the
combination of the strength of the NPM-ALK-induced and
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Fig. 6.3 Does chronic stimulation in an antigen-(in)dependent man-
ner facilitate malignant transformation? In the former case, the lack of
expression of a cell surface TCR eliminates the ability of cells to
respond to antigen presentation and instead may behave more like
innate lymphoid cells responding to an inflammatory milieu. In the
latter case, the presence of a functional TCR interacting with antigen
presented in the context of MHC by antigen-presenting cells may drive
chronic proliferation of cells, which due to the presence of NPM-ALK
do not reach exhaustion but instead continue to proliferate, in time
gaining additional mutational events that are conducive with relatively
autonomous growth and establishment of a malignancy. The TCR, if it
was present, is downregulated as it becomes surplus to requirements
given that NPM-ALK can mimic TCR-induced signalling pathways

TCR-induced signals dictates cell fate [71] (Fig. 6.4). This
then begs the question as to why the TCR is no longer
expressed on the surface of the established tumour cells, par-
ticularly as proteins of proximal TCR-induced signal trans-
duction are silenced by epigenetic means in ALCL, although
this may be the very reason given that without proximal T
cell signalling proteins, no signal can be transduced through
an engaged TCR and therefore its production is purely a
waste of resources for the tumour cells [72]. Overall, it is
likely that there is a delicate balance of signal transduction
required for incipient tumour cells that likely changes on
establishment of relatively autonomous growth, and that may
differ from one tumour to the next.

Antigen-Independent Tumour Growth

Data published by Malcolm et al. showed that some ALCL
have TCR rearrangements that are not consistent with expres-
sion of a functional TCR (or lack rearrangements com-
pletely) [12]. However, these tumours still express T cell
markers such as CD4 suggesting that they derived from the
thymic environment. These cells potentially mimic innate
lymphoid cells (ILC), a cell type that lacks the ability to rec-
ognise distinct antigen and instead is responsive to an inflam-
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Fig. 6.4 The delicate balance between NPM-ALK expression levels,
ligand-engaged TCR-induced signal transduction and outside-in sig-
nals provided by microenvironmental cues may dictate incipient
tumour cell life or death. A number of ‘just right’ conditions may be
required for transformation of circulating NPM-ALK-expressing T
cells into tumour cells dependent on the status of the TCR. In the pres-
ence of the TCR, its engagement by ligand combined with the strength
of signal transduction dictated by the level of NPM-ALK expression

matory milieu [73]. Serum samples taken from paediatric
patients with ALCL are enriched with a significant number
of cytokines including IL6, IL9, IL10 and IL17A with a
trend towards increased levels of IL18, IL2, IL.22, TNFa and
IFNY, and whilst these may not be truly representative of the
cytokines present at the tumour site, it is possible that an
inflammatory microenvironment contributes to disease
pathogenesis [74]. An inflammatory milieu whereby a multi-
tude of cytokines are produced may instead sustain tumour
development rather than antigen-specific reactions of incipi-
ent tumour cells. In this scenario, ongoing chronic inflamma-
tion provides the impetus for cellular proliferation and
transformation (Fig. 6.3).

Conclusions

There are no rules for cancer, and any one malignancy may
well differ considerably in its pathogenesis from another of
the same subtype. Therefore, whilst histopathologically
speaking tumours may appear the same, the pathways they
took to reach this status may differ and merge at various
steps along the way. Hence, there may be multiple pathways
of disease pathogenesis all converging on a similar histo-
pathological presentation. Within ALCL, there are also mul-
tiple histopathologies, the most predominant being the
common variant which may also reflect the differing path-
ways towards malignancy within this entity. Ultimately,
Darwinian evolution applies whereby the fittest clone sur-
vives and constitutes the majority of the established growth.
Current evidence suggests an early, primitive origin for

Microenvironmental triggers

must be of a critical level to be conducive with cell survival and clonal
expansion. This may also be influenced by microenvironmental cues
which may play a larger role in the transformation of circulating NPM-
ALK-expressing T cells that lack a cell surface TCR. Ultimately, the
TCR, if present, is downregulated as it becomes redundant or is not
compatible with the strength of signals initiated downstream of NPM-
ALK and/or the microenvironment

ALCL within the thymus or the bone marrow, whereby the
presence of the NPM-ALK generating or a variant transloca-
tion initiates a process whereby alongside T cell develop-
ment, the conditions can become ‘just right’ for cellular
transformation and establishment of a malignancy. Whether
this process involves antigen-dependent or antigen-
independent chronic stimulation remains to be determined
although the low-level genomic/genetic instability, as is the
case for most paediatric tumours, is suggestive of other con-
tributory events.
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Introduction

Tumors derived from the lymphoid system comprise neo-
plastic lesions originated from both precursor and mature B
and T/NK cells. The vast majority thereof can be related both
genotypically and (immuno-)phenotypically to their physio-
logically occurring counterparts within diverse lymphoid
compartments. The WHO classification of tumors of the
hematopoietic and lymphoid tissues [1] has recently been
updated (revised 5th edition 2016) and enlists numerous
groups and entities of different lymphoid proliferations,
which share distinct clinical, morphologic, immunopheno-
typical, and genetic similarities. The vast majority of B-cell
and T-cell non-Hodgkin’s lymphomas (NHL) occurring dur-
ing childhood are aggressive malignancies, whereas indolent
lymphomas, on the other hand, are rare in the pediatric popu-
lation in contrast to the adult population.

In this chapter, however, not all lymphomas will be
described; instead, we have focused on those lymphomas
occurring most frequently in childhood and young adoles-
cence, as well as try to emphasize the new categories
described in the young population in the most recent
years.

Precursor Lymphoid Neoplasms

This category includes B-lymphoblastic lymphoma/leuke-
mia (B-LBL/B-ALL) of either the NOS category or with
recurrent genetic abnormalities, as well as precursor T-cell
neoplasms (T-lymphoblastic lymphoma/leukemia, T-LBL/T-
ALL) and NK-cell leukemia/lymphoma.
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LBL is a lymphoma/leukemia of precursor B or T cells
with blastoid appearance and immature immunoprofile.
When present in the bone marrow (BM) and peripheral
blood (PB), it is termed ALL, whereas in case of primary
and almost exclusive presentation in lymph nodes or extra-
nodal sites, with only minor BM infiltration (<25%), the
term LBL is preferred. However, often both leukemic and
lymphomatous components are seen in one patient. LBL
represents roughly 30% of lymphomas in childhood,
whereas it is infrequently seen in adults [2]. B-LBL more
often presents as a leukemic disease, whereas T-LBL is usu-
ally associated with a lymphomatous disease, thereby often
presenting as a mediastinal mass [3]. In case of lymphoma-
tous B-LBL, one singular peripheral lymph node or extrano-
dal tissues such as the skin, the gonads, soft tissue, or tonsils
are the primary sites [4].

Morphology and Immunohistology (Fig. 7.1)

LBL of both B-cell and T-cell immunophenotype present
with a characteristic diffuse infiltration with effacement of
the underlying tissue. Lymph nodes affected by T-LBL often
show a marked interfollicular infiltration with sparing of
residual B-cell follicles. In many cases, a diffuse and streaky
or single-file infiltration of the perinodal fatty tissue and
adjacent tissue can be detected. Tumors represent rapidly
dividing neoplasms with numerous mitotic figures and also
frequent apoptosis, sometimes with abundant starry-sky
macrophages intermingled. Cytologically, LBL tumors are
relatively monotonous infiltrations composed of small lym-
phoid cells with round to oval, slightly irregular nuclear con-
tours and narrow cytoplasms. In most cases, nucleoli are
rather small, but may sometimes be prominent. The chroma-
tin is usually finely dispersed. By pure morphology, a dis-
tinction of B-LBL and T-LBL is not conceivable.

In smears or touch preparations, small- to medium-sized
blasts are seen, with variations in cytoplasmic ranges varying
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Fig. 7.1 Lymphoblastic lymphoma. Lymphoblastic lymphoma/leuke-
mia of T (a—i)- and B (j—o0)-cell origin: Morphologically indistinguish-
able, both neoplasms are composed of small- to medium-sized
monomorphic blasts (a, j + k with testicular involvement). TdT is posi-
tive in both subtypes (¢, 1), whereas CD3 (e, 0) and CD5 (f) are present

in T-LBL. CD1a (d) positivity and CD4 (g)-CDS8 (h) co-expression are
indicative of a late cortical T-cell phenotype. CD34 (m) is variably posi-
tive in both subtypes, whereas CD117 (i) is generally absent. CD19 (n)
is indicative of B-cell origin
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from narrow to moderate sizes, sometimes with small
vacuoles. In about 10% of cases, coarse azurophilic granules
may be noticed, which may stain with Sudan Black B on
smears or touch preparations [5]. The nuclei are either round-
ish or slightly convoluted, and contain dispersed chromatin
with a variable amount of nucleoli [6]. Cytochemical analy-
sis shows negativity of blasts for MPO and NSE, but may
show reactivity in the PAS stain [1].

Immunophenotype of B-LBL/B-ALL

The blasts are positive for the B-cell markers CDI19,
cyCD79a, and cyCD22 and are usually positive for PAX-5
and TdT, whereas expression of CD20 and CD34 is variable
[7]. Positivity of myeloid markers such as CD13 and CD33
may be noted, whereas MPO expression is usually absent,
although weak expression may be seen with immunohisto-
chemistry, especially after antigen retrieval [7, 8]. Care must
be taken in cases of strong MPO expression, because most
MPO+ cases belong to the AML category or represent mixed
phenotype B/myeloid leukemia [1, 7]. Based on the stage of
B-blast-differentiation [9], antigen expression varies, and
basically four stages are discerned: in the earliest stage
(pro-B ALL or early precursor B-ALL), blasts are positive
for CD19, CD79a, CD22, and TdT. In the second stage (com-
mon B-ALL) the blasts show additional expression of CD10;
the two most mature stages comprise pre-B-ALL with
expression of cytoplasmic p-chains and the transitional stage
of B-ALL with surface p-chains. The stage of differentiation
correlates both clinically as well as genetically [1].

Immunophenotype of T-LBL/T-ALL

The lymphoblasts typically express TdT, CD7, and CD3. In
a similar approach as in B-LBL/ALL, T-ALL/LBL has been
subcategorized into different stages according to intrathymic
differentiation [10]: the first stage (pro-T or TI-I) is charac-
terized by expression of cyCD3 and CD7; the pre-T (T-II)
shows a phenotype with expression of cyCD3, CD7, and
CDS5 or CD2; the cortical stage (T-IIT) exhibits expression of
cyCD3 and CDl1a, with variable expression of sCD3, and the
final medullary or mature stage (T-IV) shows typically a
cyCD3+ and sCD3+/CDla- immunophenotype [11].
Additionally, CD8 and CD4 are frequently co-expressed,
especially in the cortical stage. CD10 may be positive, but is
not specific for T-precursor neoplasms, because it is also
typically expressed in mature T-cell lymphomas with a fol-
licular T-helper cell immunophenotype [12]. CD79a may be
weakly expressed in cases of T-LBL [13], as well as myeloid
antigens such as CD13 and CD33 [14]. A rather rare ALL,
termed early T-cell precursor lymphoblastic leukemia, is

separated from other T-ALL/LBL cases; it usually shows a
characteristic immunophenotype with co-expression of CD7
together with one or more stem cell or myeloid markers
including CD34, CD117, HLA-DR, CD13, CD33, CD11b,
and CD65. The tumor cells may express cyCD3, CD2, and/
or CD4, whereas CD8 and CD1a are constantly negative, as
is CD5 in most cases [15].

Differential Diagnosis

B-LBL has to be distinguished from other diffusely infiltrat-
ing B-cell lymphomas (Table 7.1). Blasts of B-LBL have to
be distinguished from normal immature B-cell precursors
(so-called hematogones), which may be abundant in reac-
tive and inflammatory conditions. Hematogones [16] are
CD10+, and typically show a spectrum of B-cell differentia-
tion [17], with heterogeneous expression of immature and
mature B-cell antigens in the same specimen [18]. Moreover,
hematogones are usually randomly dispersed, and do not
form clusters in bone marrow biopsies as would be typical
for ALL.

T-LBL has to be distinguished from other more mature
T-cell lymphoproliferations, especially in cases with mature
or medullary differentiation with absence of CD34 and
CDla, when also TdT may be not expressed anymore [19].
Another diagnostic pitfall is the distinction between thy-
moma and T-lymphoblastic lymphoma in needle biopsies of
mediastinal tumors. A strongly recommended diagnostic cri-
terion favoring thymoma over T-LBL is the demonstration of
numerous cytokeratin-positive epithelial cells by immuno-
histochemistry [20].

Furthermore, T-LBL has to be distinguished from indo-
lent T-lymphoblastic proliferations (iT-LBP), which have
been described recently in association with Castleman dis-
ease, angioimmunoblastic T-cell lymphomas and follicular
dendritic cell tumors associated with Castleman disease [21],
and also in a case with disseminated multinodal involvement
[22]. These peculiar proliferations of TdT+ T-cells mimic
T-LBL, but are benign, non-clonal proliferations without
requirement of further therapy [23]. They are characterized
by confluent groups of TdT+ T cells with a cortical T-cell
immunophenotype, with preservation of the surrounding tis-
sue architecture, and a low-proliferation fraction.

Genetic Profile

Almost all B-LBL/ALL show a clonal rearrangement of the
immunoglobulin (Ig) chain genes. Additionally, clonal rear-
rangements of the T-cell receptor (TCR) genes may be
detected in many cases of B-ALL/LBL, thus being not ben-
eficial in lineage determination [24]. T-LBL and T-ALL, on
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Table 7.1 Clinicopathologic characteristics of B-cell lymphomas with blastoid morphology

DLBCL BL B-LBL
Morphology Large, mainly CB, IB Medium sized Monomorphic, small
lymphoid-like
Chromatin Clumped, irregular Coarse Fine
Nucleoli Prominent, centrally (IB) or membrane- | Variable, randomly distributed No
bound (CB)
Cytoplasm Moderate/broad Small, deeply basophilic, typically Very narrow
numerous vacuoles
Architecture Diffuse infiltrates Diffuse, prominent starry-sky pattern Diffuse
Immunophenotype | GCB/non-GCB; MatureBceell,CD10+,BCL-6+,BCL-2-MUM-1- | Precursor B-cell phenotype
mature B-cell, BCL-2+/—, MUM-1+/—,
CD10+/—, BCL-6+/—
Cytogenetics Complex; see Ref. [76] C-MYC-Translocation Numerous; see Ref. [26, 28]

Abbreviations: DLBCL diffuse large B-cell lymphoma, BL Burkitt lymphoma, B-LBL B-lymphoblastic lymphoma, CB centroblasts, /B immuno-
blasts, GCB germinal center B cell-like, non-GCB nongerminal center B cell-like

the other hand, show besides almost constant rearrangement
of the TCR chain genes concomitant rearrangements of the
IgH genes in about 20% of cases [25].

Cytogenetic and molecular abnormalities are detected in
almost all cases of B-ALL/LBL, frequently defining specific
entities acknowledged in the WHO classification [1, 26];
these include mainly balanced translocations or numeric
aberrations, and they are associated with unique phenotypic
and prognostic features [1]. Chromosomal abnormalities
reported in T-LBL and T-ALL frequently comprise rear-
rangements of the regulatory regions of TCR genes and
oncogenes such as TLX-1, TLX3, TALI, and LMO?2 [27, 28].

For detailed description of genetic alterations in LBL/
ALL, see the detailed chapters.

Burkitt Lymphoma

The three epidemiologic variants of Burkitt lymphomas (BL)
constitute the endemic form mostly encountered in central
Africa, the sporadic form occurring all over the world, and
the immunodeficiency-associated variant linked with various
forms of immunosuppression, mainly HIV infection.

Sporadic BL represents the most common subtype in
Western Europe and the USA. In these regions it accounts for
approximately 30—50% of all lymphomas of childhood [29],
whereas it is a rare tumor in the overall population.

All BL variants are highly aggressive tumors, which dif-
fer slightly in their geographical distribution, clinical presen-
tation, EBV association, biology, genetics [30], as well as
morphologic and immunophenotypic features [31-33].

All three forms most often occur at extranodal sites, with
different preferential sites for the respective variants [34]; in
endemic BL, the jaws are most often involved (in >50% of
cases) [35], whereas the sporadic variant recurrently presents
with abdominal masses, thereby involving the terminal ileum
and the ileo-cecal region [31]. In immunodeficiency-

associated BL, the bone marrow is often primarily involved
[36], thereby presenting as an overt acute Burkitt leukemia
(in previous classification schemes termed FAB L3 leuke-
mia), and it also may show lymph-node involvement,
whereas a nodal involvement is rare in both other variants.
All three variants tend to involve the CNS as well as breasts,
kidneys, gonads, and other solid organs [29].

Morphology and Immunohistology (Fig. 7.2)

Typical BL is composed of monomorphic medium sized,
cohesively lying blastoid cells with usually a “salt-and-
pepper” chromatin distribution, which may be also finely dis-
persed. They exhibit multiple, not exceptionally prominent
nucleoli, which are mainly located in the paracentral area of
the nucleus. The cytoplasms are medium sized and deeply
basophilic, sometimes with squared-off borders in jigsaw-
like patterns. BL is one of the most-rapidly dividing human
tumors, with a doubling time of approximately 24-48 hours
[37]. Mitotic figures are exceedingly often encountered, as
well as high rates of apoptotic figures. A characteristic finding
is the so-called starry-sky appearance of the otherwise deeply
basophilic infiltrates, caused by numerous pale-appearing
phagocytic histiocytes scattered among the blastoid cells
which are incorporating apoptotic bodies from the rapidly
dividing tumor cells. It should be emphasized, however, that
the starry-sky picture is not specific for BL, but may be seen
in other cases of rapidly growing hematopoietic tumor infil-
trates [38]. On touch preparations or on bone marrow-smears
the deeply basophilic cytoplasms exhibit many oil-red-posi-
tive lipid-rich vacuoles.

In several cases a slight pleomorphism of nuclei may be
noted; the cells may show more prominent nucleoli, and
especially in immunodeficiency-associated BL even a subtle
plasmacytoid differentiation may occur, which does not con-
tradict the diagnosis of BL [39].
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Fig. 7.2 Burkitt lymphoma. Burkitt lymphoma is a highly aggressive
lymphoma with cohesive monomorphous medium-sized tumor cells
with finely dispersed chromatin and inconspicuous nucleoli, deeply
basophilic cytoplasms, and many starry-sky macrophages in the back-
ground (a). The molecular hallmark of BL is the translocation of MYC
at band 8q24 (c¢): fluorescence in situ hybridization (FISH), MYC break-

However, the characteristic morphologic features will
only be detected in specimens with optimal fixation [40];
especially in small samples with only few tumor cells the
starry-sky pattern may be absent, and the tumor cells, if only
poorly fixated, may show more variability in size and shape.
In these cases, immunophenotypic and molecular features,
as well as the clinical presentation may be of significant
importance for the correct diagnosis [41-44].

The tumor cells typically express pan-B-cell markers such
as CD19, CD20, CD79a, PAX-5, and CD22 together with sur-
face IgM (sIgM+) [38]. Additionally, antigens typically
expressed by germinal-center derived B cells, such as CD10,
BCL-6, and GCET-1, are detected in almost all specimens. The
tumor cells show strong nuclear expression of the c-myc pro-
tein in the vast majority of cases [45]. The proliferation fraction
(Ki-67) is exceptionally high with almost 100% of the tumor
cells positively stained. Typically, BL cells express CD38,
TCL-1, and lack CD44 expression [42]. The tumor cells may
be positive for CD43 and CD77 [30], whereas they are negative
with CD23, CD5, CD138, TdT, CD34, and Cyclin-D1.

apart probe, one allele shows co-localization of probes (yellow signal),
the other allele a separation of probes (separate red and green signal)
indicative of translocation which leads to a strong expression of MYC
protein (b). Tumor cells typically express TCL1 (d), CD38 (e), BCL6
(g), and CD10 (h). BCL2 is usually negative or weakly positive (f). The
proliferation rate is nearly 100% (i)

Usually both MUM-1 and BCL-2 are negative or only
very weakly and inhomogeneously expressed [46].

Genetic Profile

BL show a characteristic translocation of MYC at 8q24 locus
to the heavy chain of the immunoglobulin gene (IgH) on
chromosome 14 (14q32), t(8;14)(q24;q32) or, less com-
monly, to the light-chain gene loci, kappa on chromosome 2,
t(2;8), or the lambda locus at 22ql1, t(8;22), respectively
[36]. Interestingly, the location of the breakpoints is different
in sporadic and ID-associated cases, where the breakpoints
are near or within MYC, compared to endemic cases, where
the breakpoints are scattered in a wide range upstream of
MYC [47]. Moreover, several other genetic aberrations may
be noted in BL, such as gains of chromosomes, typically
+1q, +7, +12, or losses of e.g. 17p [48].

Approximately 10% of all otherwise typical BL lack MYC
translocation [39]. In these cases, strict clinicopathologic and
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immunophenotypic criteria have to be fulfilled to separate
other aggressive lymphomas, which may mimic classical BL.

The WHO classification 2016 has enlisted a new provi-
sional category termed “Burkitt-like lymphoma with 11q
aberration” [1]. These lymphomas resemble classical BL
both morphologically as well as in their immunoprofiles, but
lack MYC translocations, and usually do not show 1q abnor-
malities frequently detected in BL [49]. Morphologically,
they may show more cellular pleomorphism, and present
with primary nodal involvement [50]. Using flow cytometry,
these lymphomas were characterized by lower CD38 expres-
sion and more enhanced expression of CD45 than classical
MYC+ BL [51] and showed expression of CD56/CD16 in
60% of cases [51].

Differential Diagnosis

Burkitt lymphoma has to be distinguished from other dif-
fusely growing blastoid lymphomas, especially diffuse large
B-cell lymphoma [52]. The main morphologic and immuno-
phenotypic features of the respective lymphoma subtypes are
listed in Table 7.1.

Diffuse Large B-Cell Lymphoma (DLBCL)

DLBCL constitute approximately 20% of childhood NHL
[2, 53]. In recent years, much effort has been made to clas-
sify the large group of DLBCL into various morphologic,
genetic, and molecular subtypes and entities, which present
with variable clinicopathologic characteristics as well as
prognosis and outcome. In children, the lymphomas usually
present at a single site and commonly with nodal involve-
ment. The most common extranodal sites involved are the
abdomen and the mediastinum. DLBCL is often associated
with various conditions of either primary or secondary
immunodeficiency [54, 55]. Transformation of a previous
indolent B-cell lymphoma, such as CLL or FL, which is
often the case in adults, almost never occurs in the pediatric
population. Distinct lymphoma subtypes with peculiar clini-
copathologic and molecular characteristics listed as separate
entities among the large B-cell lymphomas, such as T-cell/
histiocyte-rich large B-cell lymphomas (T/H-RLBCL), pri-
mary DLBCL of the CNS, as well as primary mediastinal
B-cell lymphoma (PMBCL), have also been described in
children.

Morphology and Immunohistology (Fig. 7.3)

The tissue involved usually shows entire destruction of
the architecture, with mostly dense and diffuse infiltrates

of sheets of blastoid appearing medium to large tumor
cells. Basically, three morphologic variants of DLBCL
can be discerned strictly on morphologic grounds [56].
The most common morphologic subtype, centroblastic
lymphoma (CB), is composed of a polymorphic mixture
of centroblasts (CB) with vesicular nuclei, finely or irreg-
ularly distributed nuclear chromatin, and 2-4, sometimes
prominent nucleoli, which are typically membrane-bound.
The cytoplasms of archetypal CB are medium sized, and
slightly basophilic, and may cytologically show various
vacuoles on touch preparations. The sheets of CB are
intermixed with various numbers of immunoblasts (IB),
which are slightly larger than CB, show finely distributed
chromatin, and have one single, centrally located, promi-
nent nucleolus. The cytoplasms usually are more ample
and basophilic and may demonstrate plasmacytoid differ-
entiation. Centroblastic lymphoma may show multilo-
bated nuclei, frequently in tumors arising in extranodal
sites such as bone lymphomas. The immunoblastic variant
is characterized by an almost pure (>90%) population of
IB. Very large, strikingly polymorphic tumor cells charac-
terize the third morphologic variant, anaplastic diffuse
large B-cell lymphoma, with tumor cells showing slight
resemblance to Hodgkin and Reed-Sternberg cells or cells
of anaplastic large cell lymphoma (ALCL), arranged in an
often sinusoidal and cohesive infiltration pattern.

Besides the three morphologic variants, further rare mor-
phologic variants have been reported, such as spindle- or
signet-ring-shaped tumor cell populations or lymphomas
with a striking fibrillary matrix [57].

Tumor cells of DLBCL show a mature B-cell phenotype
with expression of various B-cell markers such as CD19,
CD20, CD79a, and PAX-5 together with surface and cyto-
plasmic immunoglobulin (mostly IgM). Expression of CD10
is variable, but can be detected in roughly 50% of pediatric
cases [52]. Based on findings of the gene expression profiles
of a large series of DLBCL using DNA microarrays, most of
the lymphomas could be assigned to a certain molecular sig-
nature [58]. The gene expression profiles of the tumor cells
were compared to signatures of their postulated physiologic
counterparts, and were identified as either germinal center
origin-like (GCB) or post-germinal center origin/activated
B-cell-like (ABC) and type 3 subgroups. These three sub-
groups were demonstrated to provide fundamental survival
differences in patients treated by chemotherapy, therefore
the distinction of the GCB from the non-GCB subtype is an
important predictive factor in DLBCL. Based on the seminal
results obtained with molecular techniques, the identification
of the cell of origin (COO) in almost each case of DLBCL in
the daily practice of routine pathology laboratories became
available soon thereafter by immunohistochemistry. With the
use of expression patterns of certain antigens such as CD10,
BCL-6, IRF4/MUM-1, FOX-P1, GCET-1, and LMO2, an
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Fig. 7.3 Diffuse large B-cell lymphoma (DLBCL). DLBCL can be
divided into morphologic and molecular subgroups, the latter according
to cell of origin. The three common morphologic variants of DLBCL
are depicted: left column represents a case with centroblastic morphol-
ogy with vesicular nuclei with some small nuclear membrane bound
nucleoli (a) with a GCB immunophenotype: positivity for BCL6 (d)
and CD10 (g). The middle column shows immunoblastic morphology

assignment to the two basic molecular subtypes of GCB and
ABC (the latter also termed non-GCB) may be achieved by
application of one of the three main algorithm systems. The
widely used Hans algorithm [59] is a comfortably simple
classifier with assessment of expression of the three antigens
CD10, BCL-6, and IRF4/MUM-1 with a cutoff at 30%.
Cases positive for CD10 are assigned as GCB-like, whereas
cases negative for CD10 have to express BCL-6 without
MUM-1 co-expression qualifying for assignment to the GCB
immunophenotype. CD10-negative cases with negativity for
BCL-6 or considerable MUM-1 expression are allocated to
the non-GCB immunophenotype. The Choi classification
algorithm [60] uses two additional markers, GCET-1 and
FOX-P1, for assignment to either GCB or non-GCB immu-
nophenotypes. The third algorithm frequently applied by a
pathologist is the Visco-Young algorithm [61]; in this clas-

(b) with monomorphous blasts with single centrally located nucleoli
and basophilic cytoplasms. Immunoblastic DLBCLs often exhibit a
non-GCB immunophenotype: positivity for MUM-1 (e) and FOXP1
(h). The anaplastic variant is depicted in the right column: very large
bizarre pleomorphic tumor cells (¢) and positivity for CD30 (i); CD19
(f) is indicative of a B-cell origin

sification system, the application of only three markers,
namely CD10, BCL-6, and FOX-P1, is needed for classifica-
tion into GCB vs. non-GCB subtypes. The frequency of
GCB and non-GCB subtypes varies based mainly on age,
geographical distribution, and the method used for classifica-
tion. Children have considerably more DLBCL with GCB
immunophenotypes (80-95%) [62] than adult patients
(approximately 60% GCB vs. 40% ABC). DLBCL with a
GCB-like immunophenotype have an improved prognostic
outcome compared to DLBCL with the non-GCB immuno-
phenotype [59, 63]. Additionally to the antigens expressed to
delineate COO, expression of MYC and BCL-2 is assessed
with a cutoff of 50% for BCL-2 and 40% for MYC, respec-
tively [64]. DLBCL with co-expression of these two markers
(“double expressors”) were shown to be associated with
inferior survival [65] as well as an increased risk for CNS
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relapse. These lymphomas were demonstrated to be more
common in the ABC subgroup. A small subgroup of de-novo
arising DLBCL may express CD5, associated with high-risk
prognostic features, and usually assigned to the ABC sub-
type [66]. CD30 is expressed in approximately 20% of cases,
often associated with anaplastic morphology [67].

Genetic Profile

In almost all cases, clonal rearrangements of Ig heavy- and
light-chain genes can be detected. In the GCB subtype the Ig
genes usually demonstrate ongoing somatic hypermutation,
whereas in the ABC subtypes, already accomplished somatic
hypermutation can be demonstrated [68].

Numerous studies have revealed a broad spectrum of
somatic mutations within the large group of DLBCL; these
mutations are in many cases associated with the specific
COO. It has been shown that mutations within EZH2 and
GNAI3 are almost exclusively associated with the GCB
subtype, whereas mutations for MYDS8S, CARDII, and
CD79b are restricted to ABC-type lymphomas [69]. The
most common translocation in DLBCL is BCL-6 at 3q27,
detected in approximately 30% of DLBCL cases [70].
Rearrangements of BCL-2 are detected in roughly 40% of
GCB lymphomas [71], whereas they are very rare in the
ABC subgroup [72]. By contrast, alterations of BCL-6 are
more common in the ABC subgroup [73], as well as copy
number alterations at 621 and 9p21. MYC translocation,
without a concurrent translocation of BCL-2 and/or BCL-6
(“single hit”), is found in approximately 10% of adult
DLBCL, whereas it is more often detected in pediatric
cases of DLBCL, suggesting a possible relationship with
Burkitt lymphoma [74]. However, unlike in BL, MYC trans-
location in DLBCL is usually associated with a more com-
plex karyotype. BCL-2 translocation is only very rarely
seen in children [74, 75].

Differential Diagnosis

DLBCL, NOS, has to be distinguished from other blastoid
B-cell lymphomas such as BL and LBL (Table 7.1).

Based on their unique clinicopathologic features large
B-cell lymphomas with only a minority of lesional B cells
scattered in a reactive background of numerous histiocytes
and T cells, the category of T-cell/histiocyte-rich large B-cell
lymphoma (THRLBCL) has been separated from the NOS
group as a distinct entity. Similarly, due to the unique local-
ization within the mediastinum, distinct clinical, (immuno)
phenotypic, and genetic features, a separate category of pri-
mary mediastinal large B-cell lymphomas (PMBL) has been
denoted in the WHO classification system. DLBCL with evi-

dence of EBV association should also be assigned into a spe-
cific entity, as should DLBCL primarily arising in the CNS.

Primary Mediastinal (Thymic) Large B-Cell
Lymphoma and Mediastinal Gray-Zone
Lymphoma

Primary mediastinal (thymic) large B-cell lymphoma (PMBL)
is a blastoid large B-cell lymphoma with a characteristic clin-
icopathologic presentation. It is thought to arise from medul-
lary thymic B cells and is located in the anterior mediastinum
of mainly young female adults (median age 35a, female-male
ratio approximately 2:1). These tumors represent only 2-3%
of NHL, and are even more infrequently denoted in children
[77]. Gene expression profiling has shown an overlap between
PMBL and cases of classical Hodgkin’s lymphoma of the
nodular sclerosing subtype (NS) [78]; hence, the WHO clas-
sification acknowledges a separate category of B-cell lym-
phomas, unclassifiable, with features intermediate between
diffuse large B-cell lymphoma and classical Hodgkin’s lym-
phoma (so-called mediastinal gray-zone lymphomas,
MGZL). These lymphomas also reveal a predominant local-
ization in the mediastinum, and show pathologic features that
are intermediate between PMBL and cHL of mainly NS sub-
type [79]. In contrast to PMBL, MGZLs are more often diag-
nosed in young male patients, and appear to have an inferior
outcome compared to PMBL [80].

Clinically, both lymphomas most often present as a large
mediastinal, often bulky tumor mass with infiltration of adja-
cent organs such as lung, pericardium, or walls of the nearby
great vessels. Progression of disease often leads to involve-
ment of extranodal tissue, such as CNS, kidneys, or the GI
tract; bone marrow involvement as well as lymph node affec-
tion of PMBL is very rare [81].

Cases of PMBL identified by gene expression profiling
with a presentation outside of the mediastinum have been
reported recently [78, 82, 83]; however, these extramediasti-
nal lymphomas may be missed by routine histopathologic
workup, since gene expression profiling is usually not
performed.

Morphology and Immunohistology (Fig. 7.4)

PMBLs are characterized by diffuse infiltrates of mostly
large-sized tumor cells with usually round or slightly lobu-
lated nuclei and broad clear cytoplasms [84]. Occasionally
cells with features of RS cells may be intermingled. Typically,
tumor cell aggregates are accompanied by dense alveolar
fibrosis, and in many cases necrosis is present.

The gray-zone lymphomas often show areas resembling
cHL of NS subtype, with a broad spectrum of cytologic
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Fig. 7.4 Primary mediastinal B-cell lymphoma (PMBL) and mediasti-
nal gray-zone lymphoma (MGZL). A typical example of PMBL is
depicted in the left column: PMBL consists of large-sized tumor cells
with slightly lobulated nuclei (a). Tumor cells are in many cases posi-
tive for CD23 (¢), usually positive for PD-L1 (e), and often for CD30

appearances of the lesional cells; in some areas, the infil-
trates may demonstrate a great resemblance to HL with
sheets of mostly mononuclear atypical cells with occasional
multinucleated RS cells intermingled in the diffuse fibrotic
background of PMBL; some arecas may show sheets of blas-
toid lymphoid cells with abundant pale cytoplasms resem-
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(g). MAL (i) is typically positive. MGZL exhibit a broad morphologic
and immunohistologic spectrum. The right column shows a cohesive
diffuse infiltration of Hodgkin- and Reed-Sternberg-like blasts (b) with
very strong positivity for CD20 (d) and PD-L1 (f), weak expression of
PAX-5 (h) and CDI5 (j)

bling PMBL, located in a sometimes vaguely nodular fibrotic
background with lymphocytes, histiocytes, and eosinophilic
granulocytes, typically found in the reactive background of
cHL [79, 85].

Immunophenotypically, PMBL express B-lineage-
associated antigens such as CD19, CD20, CD79a, and
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Table 7.2 Comparison of antigen expression in primary mediastinal
B-cell lymphoma, mediastinal gray-zone lymphoma, and classical

Hodgkin’s disease

Antigen PMBL MGZL cHL
CD30 +/— + +
CD20 + + —/+
CD79a + + —/+
CD45 + + -
CD23 + +/— -
PAX-5 + + + (weak)
Oct-2 + + -
BOB-1 + + -
PD-L1, 2 + + +
CD15 - +/—

MAL + +

ALK-1 - — -
MUM-1 + + +
EBV — — +/—

Abbreviations: PMBL primary mediastinal B-cell lymphoma, MGZL
mediastinal gray-zone lymphoma, cHL classical Hodgkin’s disease

PAX-5. The transcription factors BOB-1 and OCT?2, typi-
cally not detected in tumor cells of cHL, are strongly positive
[86]. Most cases (>80%) show a weak to moderate, hetero-
geneous expression of CD30. CDI10 is usually absent,
whereas BCL-2 and BCL-6 may be variably expressed;
MUM-1 is usually positive. Up to 3/4 of PMBL express
CD23 [87], in contrast to other DLBCL; they were shown to
express MAL antigens [88, 89] and usually reveal a strong
expression of PD-L1 and PD-L2 [90].

In MGZL, the neoplastic cells usually are positive for
CD45, which is in contrast to cHL cells. CD20 and CD79a
are strongly expressed in most cases, as is CD30. There may
be heterogeneous co-expression of CD15 together with pro-
nounced expression of the B-cell transcription factors BOB1,
Oct-2, and PU.1 [91], but there are also cases lacking strong
expression of B-cell markers with pronounced expression of
CD30 and CD15, thus resembling cHL immunophenotypi-
cally. A comparison of the immunophenotypic peculiarities
of PMBL, MGZL, and cHL is given in Table 7.2.

Genetic Profile

Immunoglobulin genes are clonally rearranged in most
instances of PMBL and MGZL. Gene expression profiling
studies have revealed a unique signature of PMBL different
from other large B-cell lymphomas but similar with cHL [78,
82]. In 75% of cases, alterations such as translocations,
gains, and amplifications of PDLI at the 9p24.1 chromo-
somal location can be detected [82, 90], most likely leading
to the overexpression of PDL1 detected by immunohistol-
ogy. In roughly 50% of cases chromosomal gains at 2p16.1

are found, thereby associated with amplification of REL and
BCLI1A [92].

Similarly to PMBL, MGZL show genetic aberrations of
the 9p24.1 locus [93] with frequent gains and amplifications
of PDL2, as well as gains of REL at 2p16.1. Moreover, gains
of MYC have been reported in up to 20% [93]. Methylation
analysis demonstrated a close epigenetic relationship of
PMBL, cHL, and MGZL and a unique epigenetic signature
for MGZL [94], revealing a different methylation of CpG
islands in contrast to PMBL and cHL, thus supporting its
separation as a distinct entity of the WHO classification.

Pediatric-Type Follicular Lymphoma

Follicular lymphoma (FL) in the pediatric population differs
from the “usual” FL of adulthood clinically, histologically,
immunophenotypically, and also genetically. The pediatric
type of FL (PTFL) was listed as a variant of FL already in
the 2008 WHO classification. It primarily occurs in children
and young adults, but has been reported in adults infre-
quently [95, 96]. Clinically, this variant often involves cer-
vical lymph nodes or other sites of the head and neck [97],
and usually presents as a limited disease with often only one
singular involved lymph node (Stage I) [95]. Extranodal dis-
ease or bone marrow involvement has not been reported so
far [95-98]. The disease shows a striking male predomi-
nance, with a M:F ratio of >10:1. Most affected individuals
are between 1 and 18 years, with only singular reported
cases >40a.

Morphology and Immunohistology (Fig. 7.5)

This FL variant is characterized by high-grade histology. The
lymph node architecture is usually completely or subtotally
effaced by an infiltration of large expansive follicular struc-
tures which show irregularly shaped germinal centers, often
in a serpiginous infiltration pattern, lacking polarization
[95]. Sometimes the infiltrates are surrounded by a rim of
normal residual lymphoid tissue giving the impression of a
“node-in-node” proliferation [99]. In contrast to the neoplas-
tic follicles of classical FL, the follicles of PTFL show a
starry-sky pattern with numerous tingible body macro-
phages. Mantle zones are usually very narrow or may even
lack completely. The infiltrates are composed of a monoto-
nously appearing population of medium-sized blastoid cells
with round nuclei and rather inconspicuous nucleoli. The
cytoplasms are usually rather small and only slightly baso-
philic, best appreciated in the Giemsa stain. Occasionally the
cells resemble centroblasts. Based on the rather monotonous
appearance of the cells, which fulfill the criteria of FL grade
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Fig. 7.5 Pediatric-type follicular lymphoma. Strictly follicular infiltra-
tion of the lymph node with a “node-in node” appearance denoted in (a)
and (c); (b) shows a neoplastic follicle without polarization, lacking a
well-defined mantle zone; the neoplastic follicles are composed of

3, grading is not done in these cases [100]. Mitotic figures
are quite numerous. By definition, diffuse areas with mor-
phologic features of DLBCL must be absent [96].

The lesional cells show a mature B-cell immunopheno-
type with expression of CD19, CD20, CD79a, PAX-5, and
CD22. In many cases the expression of the B-cell markers is
restricted to the purely follicular infiltrates, whereas interfol-
licular B cells may be lacking. Equally to the counterpart of
classical FL, the cells in PTFL show strong expression of
BCL-6 and CD10 [101]. By contrast yet, they usually lack
expression of BCL-2, but weak expression by a minority of
cells is occasionally seen [98]. The attenuated mantle-zone
cells may be highlighted wit IgD and CD23. The prolifera-
tion fraction (Ki-67) usually reveals a high proliferation rate
of >30%, again lacking a polarization which is a typical find-
ing in non-neoplastic hyperplastic follicles. IRF-4/MUM-1
is always negative. MUM-1 positivity should raise the pos-

medium-sized blastoid cells with numerous starry-sky macrophages
intermingled (d); most tumor cells are immunohistologically bcl-2
negative (e), bcl-6+ (f), and CD10+ (g) and exhibit a high proliferation
fraction with Ki-67 (h)

sibility of LBCL with /RF-4 rearrangement. CD43 expres-
sion, which is rarely seen in classical FL, has been reported
in PTFL in up to 25% of cases [100].

Genetic Profile

PTFL show clonal Ig rearrangements by PCR-based clonal-
ity detection techniques. In contrast to classical FL, they do
not reveal translocations for BCL-2 and BCL-6, and do not
reveal IRF-4 aberrations. The most common genetic aberra-
tions are deletions of 1p36 affecting TNFRSF14 [102, 103],
similar to the classic FL. Recently, mutations of the MAP2K1
were reported in up to 50% of PTFL cases [104]. TNFRSF 14
and MAP2K1 mutations occur independently in most cases,
suggesting that both mutations may play an important role in
PTFL lymphomagenesis [105].
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Differential Diagnosis

PTFL has to be differentiated from classical follicular
lymphoma. In most cases morphology and immunopheno-
typic analysis, combined with the characteristic clinical
presentation allows accurate distinction (Table 7.3).
Classical follicular lymphoma is very rare under the age of
18, hence a diagnosis of usual FL should be made extremely
warily in this age group, and, if so, only with the utiliza-
tion of all diagnostic techniques, including demonstration
of BCL-2 rearrangements by FISH. The distinction
between PTFL and reactive causes, mainly florid follicular
hyperplasia, may sometimes provide diagnostic problems.
The key diagnostic feature in distinguishing PTFL from
reactive processes is architectural effacement of the
enlarged lymph nodes. It may be noteworthy that cases of
florid follicular hyperplasia, mainly arising in the head and
neck region of young boys, may present with populations
of clonal CD10+ B cells by FACS immunophenotyping
[106]. PTFL have to be distinguished from large B-cell
lymphomas with /RF-4 rearrangements and from pediat-
ric-type nodal marginal-zone lymphomas (detailed
description see below) (Table 7.4).

Table 7.3 Clinicopathologic characteristics of classical and pediatric-
type follicular lymphoma

Classical FL PTFL

Median age 6th decade <40a

M:F 1:1,7 10:1

Stage at 40-70% stage IV | I-1I

presentation

Predilection sites | Widespread Head and neck, solitary
disease LN

Bone marrow 40-70% -

involvement

Diffuse areas Common -

Composition of Centrocytes, Blastoid intermediate-

follicles centroblasts sized cells

Grading Grade 1, 2, 3 — (grade 3 morphology)

Polarization of — -

follicles

Starry-sky - +

pattern

Interfollicular + —

proliferation

CD10+/BCL-6+ |+ +

BCL-2+ +(90% grade 1/2, |usually may show weak
<50% grade 3) staining in a minority of

cells

Ki-67 <20% (grade 1/2), |>30%
>20% grade 3

t(14;18) + (85-90%) -

(932:q21)

Abbreviations: FL follicular lymphoma, PTFL pediatric-type follicular
lymphoma, LN lymph node

Table 7.4 Clinicopathologic characteristics of pediatric indolent
B-cell lymphomas

PTFL LBCL, IRF4 + PMZL
Age range <40a 4-79a (median 2-27a (median
(median 12a) [107] 16a) [109]
11a) [100]
Male:Female | 10:1 1:1 20:1
Localization LN head Waldeyer ring, LN head and
and neck LN head and neck
neck
Morphologic | Purely Diffuse, Large follicles,
pattern follicular, occasionally diffuse areas,
grade 3 follicular often PTGC
CD10+ + + -
BCL-2+ —/+ (weak) |+ +
BCL-6+ + + -
IRF4/MUM-1 | — + -
CD43+ - - +
Clonality + + +

Abbreviations: PTFL pediatric-type follicular lymphoma, LBCL IRF-
4+, large B-cell lymphoma, IRF-4+, PMZL pediatric marginal-zone
lymphoma, PTGC progressive transformation of germinal centers, LN,
lymph node

Large B-Cell Lymphoma with /RF4
Rearrangement

Large B-cell lymphoma (LBCL) with /RF4 rearrangement is
a rare form of B-cell lymphoma characterized by strong
immunohistologic expression of IRF4/MUM-1, in most
cases accompanied by rearrangement of the /RF'4 gene [107].
It occurs predominantly in children and young adults and
shows a predominant predilection site of the head and neck
regions and involvement of the Waldeyer ring [95]. In con-
trast to PTFL, the sex distribution is equal.

Morphology and Immunohistology (Fig. 7.6)

The lymphomas present either with follicular, follicular and
diffuse, or purely diffuse infiltration patterns. The cells are
medium- to large-sized blastoid-appearing cells with open
chromatin and small nucleoli. Notably and in contrast to
PTFL, in follicular structures starry-sky macrophages are
very infrequently seen, and mitotic figures are not quite
numerous. The neoplastic follicular structures repeatedly are
arranged in a back-to back pattern, with only small or no
mantle zones, lacking serpinginous follicles frequently
encountered in PTFL [107]. A portion of cases reported pres-
ent with an entirely diffuse growth pattern.

The follicular and diffuse infiltrates are composed of B
cells with a mature immunophenotype, with expression of
CD20, CD19, CD79a, PAX-5 with frequent co-expression of
bcl-6 and bel-2 [108]. MUM-1/IRF-4 is typically and consis-
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Fig. 7.6 Large B-cell lymphoma with /RF4 rearrangement (LBCL,
IRF4+). LBCL consists of medium to large cells (a) and (b) with char-
acteristic positivity for IRE/MUMS-1 protein (¢) and rearrangement of
the /RF4 gene. (d) Fluorescence in situ hybridization with an IRF4
(6p25) break-apart probe: one allele shows co-localization of both

tently strongly expressed. Weak to moderate CD10 expression
has been reported in roughly 2/3 of cases [99, 107]. These
lymphomas usually show a high proliferation fraction.

Genetic Profile

The lymphomas consistently show clonal rearrangements of
the Ig genes and in almost all cases a rearrangement of the
IRF4 gene with the IgH locus, whereas the light-chain gene
locus is only occasionally involved. Interestingly, some cases
exhibit alterations of the BCL-6 gene locus [99, 107],
whereas MYC and BCL-2 rearrangements are absent.

Pediatric Marginal-Zone Lymphoma

Pediatric marginal-zone lymphoma (PMZL) shows distinct
clinical and histologic characteristics, therefore representing
a specific subtype among nodal marginal-zone lymphomas

probes (yellow signal), whereas the other allele shows separation of
signals (separate red and green signals) indicative of translocation.
CD10 (e) is negative in roughly Y4 of cases. BCL6 (f) and BCL2 (g) are
frequently expressed. The lymphomas usually show a high proliferation
rate (h)

in the WHO classification 2016. It is a very rare type of an
indolent lymphoma most often occurring in one single lymph
node of the head and neck region, almost solely in boys and
young males (male-female ratio 20:1). It has an excellent
prognosis with a very low recurrence rate.

Morphology and Immunohistology (Fig. 7.7)

The histologic presentation is quite similar to conventional
marginal-zone lymphomas presenting in the adult popula-
tion; however, often large follicles with resemblance to pro-
gressively transformed germinal centers (PTGC) are denoted,
in context with marked expansions of the marginal zone. The
mantle-zone cells frequently infiltrate the residual frag-
mented germinal centers. Sometimes, the mantle zones are
only difficult to discern without immunohistologic stains.
The cells show a mature B-cell phenotype with expres-
sion of CD20, CD79a, CD19, and PAX-5, with frequent co-
expression of CD43 [109]. Light-chain restriction of the
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Fig. 7.7 Pediatric marginal-zone lymphoma. Large, ill-defined folli-
cles with markedly expanded marginal zones (a) and (b); the reactive
enlarged germinal centers contain numerous starry-sky macrophages
and mitotic figures, but show narrow mantle zones (¢). CD79a depicts
the reactive germinal center, the darker stained remnants of the mantle-
zone and the marginal-zone cells (d); germinal center cells are positive

marginal-zone cells can be detected with antibodies against
kappa and lambda. IgD staining highlights residual mantle-
zone cells arranged in irregular and expanded patterns,
whereas CD10 and BCL-6 show positivity of the residual
germinal center cells. The proliferation fraction is rather low.

Genetic Profile
Clonal rearrangements of the Ig heavy- and light-chain regions

can be detected by PCR in almost all cases. Trisomy 18 and
trisomy 3 have been reported in a proportion of cases [110].

with CD10 (e) bcl-6 (h) and IgM (j) and negative with bcl-2 (g); most
marginal-zone cells are positive with CD43 (f); CD21 highlights the
marked expansion and disruption of the FDRC meshwork within the
reactive germinal center (i); the remains of the mantle zone are denoted
with IgD (k); Ki-67 shows highly proliferating cells in the germi-
nal center and several proliferating marginal-zone cells (I)

Differential Diagnosis

The differential diagnosis with marginal-zone hyperplasia
may be difficult [111], since these conditions may present
with monotypic immunoglobulin expression, and they may
also express CD43 [112]. Interestingly, an association with
Haemophilus influenzae infection has been reported [111].
Molecular studies in these hyperplasias, however, fail to
show monoclonality; therefore, in all cases with attenuation
of the marginal zone, molecular studies are strongly recom-
mended. PMZL has to be distinguished from PTFL and LCL
with IRF4 rearrangements (Table 7.4).
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Anaplastic Large Cell Lymphoma, ALK+

Anaplastic large cell lymphoma, ALK+ (ALCL, ALK+), is a
T-cell lymphoma characterized by large pleomorphic tumor
cells with typically strong expression of CD30 and rear-
rangement of the ALK gene on chromosome 2p23 [113] with
various translocation partners, the most common binding-
partner thereby being Nucleophosmin (NPM) on chromo-
some 5q35. Those nodal-based tumors, which share
morphologic and immunomorphologic similarities with the
ALK-positive cases, but lack this peculiar genetic aberration,
are summarized in a separate entity in the WHO classifica-
tion 2016, the ALK-negative ALCL. Similarly excluded
from this category of ALK+ ALCL are primary cutaneous
CD30+ ALCL cases as well as B-cell lymphomas with ana-
plastic morphology.

ALK+ ALCL occurs predominantly in children and
young adults, thereby representing up to 20% of all pediatric
lymphomas [2, 38]. It has been shown that up to 90% of
ALCL in children were ALK+, whereas only roughly 30% of
adult cases were associated with ALK rearrangements [114].
ALCL has a slight male preponderance with a male to female
ratio of 1.5:1. ALCL frequently involves both lymph nodes
and extranodal sites such as skin, bone, or soft tissues [115,
116]. Most patients present with widespread disease at the
time of diagnosis and frequently demonstrate only subtle
bone marrow involvement, sometimes only detected by
immunohistology [115, 117]. B-symptoms, such as intermit-
tent fever, are quite typical [118].

Morphology and Immunohistology (Fig. 7.8)

Morphologically, the spectrum of ALCL encompasses a
great variety of different morphologic patterns [119], some-
times coexisting in one and the same tissue affected [120].
All morphologic variants, however, should harbor a charac-
teristic large “hallmark cell” at least to a minor extent. This
eponymous anaplastic cell is characterized by an eccentri-
cally located, typically horseshoe- or kidney-shaped nucleus
with a characteristic paranuclear eosinophilic region. Smaller
variants of these cells may be discerned in some cases, as
well as cells with nuclear (pseudo-)inclusions, the latter also
being referred as “doughnut” cells. In case of lymph node
affection, ALCL usually shows a paracortical and often sinu-
soidal infiltration pattern of cohesively growing, highly poly-
morphic medium- and large-sized tumor cells, thereby often
simulating carcinomatous infiltration. The most common
morphologic type of ALCL is the common type, which
accounts for approximately 60% of all cases [120, 121]. This
subtype is composed of mainly large, pleomorphic, some-
times multilobated tumor cells. The frequent hallmark cells
may resemble Reed-Sternberg cells, but usually have less
prominent nucleoli. The nuclear chromatin is irregularly dis-

tributed or finely dispersed. The cytoplasms are abundant in
most cases, and show a characteristic dove-grey color in the
Giemsa-stain. The lymphohistiocytic morphologic variant
accounts for approximately 10% of cases and is character-
ized by typical, but usually slightly smaller tumor cells inter-
mixed with numerous reactive histiocytes [120, 122],
sometimes masquerading the true neoplastic nature of the
process. The neoplastic cells tend to cluster around vessels
and can be highlighted by immunohistology with antibodies
against CD30 and ALK-1. One further pattern (5-10%) is
the small cell variant, composed mainly of a population of
rather monomorphic, small cells with slightly irregular
nuclei [120, 123]. Also in this variant, a pronounced accumu-
lation of small cells together with hallmark cells can be dis-
cerned in the vicinity of blood vessels [120]. The cells in this
variant may also appear as so-called fried egg cells with cen-
trally located nuclei and abundant pale cytoplasms. This is
the variant mostly misdiagnosed as peripheral T-cell lym-
phoma (PTCL). An additional rare morphologic variant, the
Hodgkin-like pattern, exists, mimicking the nodular sclero-
sis subtype of classical Hodgkin’s lymphoma [124]. Other
not so well-characterized rare variants include the sarcoma-
toid, signet-ring, neutrophil-rich and giant cell types [1]. In
up to 20% of cases, more than one morphologic pattern is
seen in a single affected site (‘“composite pattern”) [120]; in
cases of relapse, morphologic patterns may change [125].
By immunohistology, tumor cells express CD30 in a
membrane-bound fashion, often with a dot-like enhancement
of the Golgi zone. Most tumors show an aberrant T-cell
immunophenotype with frequent antigen loss. Using a large
panel of T-cell antibodies such as CD2, CD3, CD4, CDS5,
CD7, and CD8 will accomplish assignment to the T-cell lin-
eage in most cases [126]. The most frequent T-cell-associated
antigens deleted in ALCL are CD3, CD5, and CD7 [6, 127],
whereas CD4 and less specific T-cell markers such as
CD45RO and CD43 are expressed more frequently. The
remaining cases without demonstration of any T-cell markers
are labeled “null cell phenotype” but show evidence of T-cell
differentiation on the genetic level. T-cell and null cell types
of ALCL do not show clinicopathologic or genetic differ-
ences and are therefore regarded as a single entity [120].
Most cases of systemic ALCLs express EMA and CD25, and
they also recurrently express cytotoxic markers such as TIA-
1, Granzyme-B, or Perforin [128]. CD15 is usually absent,
but may be weakly expressed in a subset of tumor cells [120].
Macrophage-associated antibodies, such as PGM-1 or
CD163 give negative staining results, and EBV is constantly
negative in ALCL [129]. By definition, ALK+ ALCL express
ALK proteins, thereby exhibiting both nuclear/nucleolar and
a cytoplasmic staining pattern in cases with underlying
NPM-ALK translocation [120, 121]. An interesting feature
of the small cell variant is the almost exclusive nuclear stain-
ing pattern of ALK [120, 126], whereas the larger cells clus-
tering around vessels normally show ALK staining in both
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Fig.7.8 Anaplastic large cell lymphoma (ALCL). Anaplastic large cell
lymphoma (ALCL): ALK-positive ALCL, common type (a-g) is a
tumor composed of blasts occasionally exhibiting “horseshoe” or
kidney-shaped nuclei (hallmark cells; b and ¢). CD30 (d) and CD43 (e)
are strongly positive, and ALK is typically expressed in both nuclei
and in cytoplasms (f) in case of NPM-ALK translocation. Cytotoxic
markers are frequently expressed (Perforin, g). Morphologic subtypes
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are the small cell variant (h), (k: CD30), Hodgkin-like ALCL with
HRS-like cells (i), (I: CD30). Lymphohistiocytic variant of ALCL is
shown in (j), (m: CD30). ALK-negative ALCL (n—q) is morphologi-
cally indistinguishable from ALK-positive ALCL. Hallmark cells are
present (insert n); tumor cells show strong expression of CD30 (o) and
EMA is frequently positive (p); ALK1 is per definition negative (q)
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subcellular localizations. 20-25% of cases, however, exhibit
an exclusive cytoplasmic ALK staining pattern [120, 121],
and these cases were shown to harbor variant translocations
involving the ALK gene on 2p23, but not the NPM gene.
These partners include genes such as TPM3, ATIC, TFG,
CLTC, MSN, or TPM4 [130-133]. Fusion of these partners
with ALK results in upregulation of ALK expression and
activation of its kinase function. The superior prognosis of
ALK-rearranged cases to those without ALK alterations is
independent of the various ALK fusion partners [134].

Differential Diagnosis

ALCL, ALK+, has to be differentiated from ALK-negative
systemic cases, which are listed under a separate entity in the
WHO classification [1], as well as from primary cutaneous
ALCL (C-ALCL), which is included as a specific type within
the spectrum of primary cutaneous CD30-positive T-cell
lymphoproliferative disorders [1]. Primary C-ALCL typi-
cally occurs in older patients, and many cases undergo spon-
taneous regression without treatment in contrast to the
systemic cases. ALK staining is rarely found in primary
C-ALCL [135], whereas C-ALCL is sometimes associated
with a DUSP22-IRF4 rearrangement on chromosome 6p25.3
[136], also found in several cases of systemic ALK-negative
ALCL [137] as well as in rare cases of lymphomatoid papu-
losis [138].

It is important to distinguish ALCL from classical
Hodgkin’s lymphoma (cHL), not only due to fundamentally
different treatment strategies. Although ALCL and cHL
share some common features such as strong expression of
CD30 and atypical anaplastic cells, they are biologically
and genetically, as well as clinicopathologically different
diseases.

ALK+ ALCL also has to be distinguished from a rare
B-cell lymphoma expressing the ALK protein, which has
striking immunoblastic/plasmablastic features [1]. These
ALK+ LBCL show a typical granular cytoplasmic ALK
staining, frequently associated with a CLTC-ALK fusion,
also sometimes found in ALK+ ALCL; rare cases may even
contain the ‘“classical” NPM-ALK translocation [139].
However, these lymphomas are CD30-negative and express
plasma cell markers such as CD38 and VS38c together with
MUM-1 and EMA, but lack the B-cell markers CD20,
CD79a, and PAX-5 [140].

ALK+ALCL has to be distinguished from various non-
hematopoietic tumors, which may show weak to moderate
ALK-positivity. Aberrant expression of ALK has been
observed in a variety of pediatric cancers, including glioma,
rhabdomyosarcoma, inflammatory myofibroblastic tumor,
and Ewing sarcoma [141].

Anaplastic Large Cell Lymphoma,
ALK-Negative

ALK-negative ALCL has recently been listed as a separate
entity in the WHO classification of hematopoietic and lym-
phoid tumors [1]. It is morphologically indistinguishable
from ALK+ ALCL and lacks, by definition, any association
with ALK alterations. It usually occurs in adults, and is only
very rarely seen in the pediatric population [126, 134, 142].
It affects both nodal and extranodal tissue, and patients fre-
quently present with widespread disease.

Morphology and Immunohistology (Fig. 7.8)

ALK-negative ALCLs show identical morphologic features
as their ALK+ counterparts with the exception that morpho-
logic variant patterns should not be prominent. Hence, in
almost all cases large classical type anaplastic tumor cells,
including hallmark cells arranged in a cohesive pattern are
detected [137].

The immunophenotype is — with the exception of ALK
expression — identical to ALK+ ALCL, with uniformly
strong expression of CD30, and about half of the cases co-
express EMA and one or more T-cell markers, most fre-
quently CD2, CD4, and CD3, more often than CD5 [137].
CD43 is usually positive, and significant expression of
cytotoxic markers such as TIA-1, Granzyme-B, and
Perforin is frequently seen. Interestingly, cases with rear-
rangements of DUSP22-IRF4, which occurs in roughly
30% of the ALK-negative ALCLs, frequently lack expres-
sion of cytotoxic markers [137]. Cases with TP63 rear-
rangements (detected in about 8% of cases) show
overexpression of p63 proteins; however, the protein
expression is not always associated with actual rearrange-
ment of TP63 on the genetic level, since it has also been
found in non-rearranged cases [137].

Differential Diagnosis

The main differential diagnosis of ALK-negative ALCL is
peripheral T-cell lymphoma (PTCL). PTCL can express
CD30, but the staining is usually weaker and more heteroge-
neous. It has to be noted that some PTCL may even show
large pleomorphic tumor cells arranged in a cohesive infiltra-
tion pattern, thus strict morphologic and immunophenotypic
criteria have to be applied in questionable cases. Cases with
evidence of either DUSP22 or TP63 rearrangements are con-
sidered as ALCL [137, 142].

ALK-negative systemic ALCL has to be distinguished
from C-ALCL, which may have a similar morphology and
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immunophenotype, and may even harbor a DUSP22 translo-
cation [143]. Thorough clinical work-up is therefore manda-
tory in these cases.

Peripheral T-Cell Lymphoma

Peripheral T-cell lymphoma (PTCL) is a heterogeneous
group of lymphomatous diseases and only rarely encoun-
tered in the pediatric population [144]. The WHO classifica-
tion 2016 lists several subtypes and entities. The most
common subtype in adults is PTCL, NOS, and this subtype
is also the most common entity seen in children [145], fol-
lowed by extranodal NK/T-cell lymphoma, hepatosplenic
T-cell lymphoma, and subcutaneous panniculitis-like T-cell
lymphoma, while T-cell lymphomas with a follicular T-helper
(FTH) cell immunophenotype, including angioimmunoblas-
tic T-cell lymphoma (AITL), seem to be exceedingly rare in
childhood [144, 146].

Because of this scarcity of PTCL in the pediatric popula-
tion, only brief descriptions of the major pathologic findings
are provided in the following section.

Peripheral T-Cell Lymphoma, NOS

PTCL, NOS, are lymphomas without characteristics of
specifically designated subtypes of mature TCL in the
WHO classification [1]. These lymphomas are mainly
nodal-based diseases, with infrequent involvement of the
peripheral blood and bone marrow, as well as the skin and
the GI tract.

Morphology and Immunohistology (Fig. 7.9)

The affected lymph nodes usually show destruction of the
normal architecture by diffuse, mainly paracortical infil-
trates of neoplastic T cells with a broad range of cytologi-
cally diverse neoplastic T cells [147]. The cells may be
small, medium, or large sized and slightly or even highly
pleomorphic, with irregularly shaped, sometimes hyper-
chromatic nuclei, showing mildly basophilic or occasion-
ally clear cytoplasms. There may be a substantial
inflammatory background with eosinophilic granulocytes,
histiocytes and plasma cells, and sometimes Reed-Sternberg
cells may be intermingled, and also EBV+ large B cells may
be seen. Immunophenotypically, PTCL, NOS are composed
of CD3+/TCRbeta+ and mostly CD4+ T cells with frequent
losses of antigens such as CD5 and CD7. Some cases may
show CD30 expression, which is inhomogeneous and not as
strong as in ALCL. By definition, these lymphomas lack
pronounced expression of more than two or three FTH anti-
gens, such as CD10, BCL-6, PD1, CXCL13, ICOS, and
CXCRS [1].

Extranodal T-/NK-Cell Lymphoproliferative
Disorders (EBV-T/NK-LPD)

EBV-T/NK-LPDs are associated with chronic active EBV
infection and are more prevalent in East Asia and Central
and South America. There are two major categories listed
under this term, which exhibit overlapping clinical and
pathologic features. These conditions are systemic EBV-T/
NK-lymphoma of childhood and chronic active EBV infec-
tion (CAEBYV), the latter presenting with a large spectrum
of clinical syndromes, lasting from localized indolent forms
such as hydroa vacciniforme-like LPD to a systemic illness
characterized by clonal proliferation of EBV-infected T or
NK cells.

The systemic lymphomatous form (EBV+ TCL of child-
hood) is a clonal proliferation of cytotoxic T cells, which
occurs shortly after acute EBV infection, and is usually
accompanied by hemophagocytic syndrome [148, 149].

Morphology and Immunohistology

A pronounced proliferation of histiocytes, frequently exhib-
iting hemophagocytosis together with a proliferation of cyto-
toxic CD8+ T cells is found in the spleen, the liver, and the
bone marrow [149]. In case of lymph node affection, in the
beginning a relative preservation of the architecture is noted,
followed by depletion of B-cell areas, with an often paracor-
tical and interfollicular proliferation of only slightly atypical
T cells with expression of CD2, CD3, CDS8, EBER-1, TIA-1,
and GB-7, but negativity for LMP-1 and CD56 [149].

Hepatosplenic T-Cell Lymphoma

Hepatosplenic T-cell lymphoma is an aggressive systemic
extranodal lymphoma characterized by proliferation of T
cells with a gamma/delta T-cell receptor equipment, which
infiltrate preferentially splenic and liver tissue, without
involvement of peripheral lymph nodes. It is usually accom-
panied by systemic symptoms and shows infiltration of the
bone marrow in almost all cases [1]. A substantial number of
HSTCL is noted in the context of immunosuppression [150].

Morphology and Immunohistology

The tumor cells infiltrate the cords and the sinusoids of the
spleen; within the liver a striking sinusoidal infiltration pattern
is typical, similar to the infiltration pattern in the bone marrow,
which may be subtle and overlooked without immunohisto-
logic staining. The neoplastic lymphocytes are small to
medium sized with slightly irregular nuclei and pale cyto-
plasms. Immunologically, the cells are characterized by
expression of CD3, TCR gamma-delta, and TIA-1, and the
neoplastic cells frequently are “double-negative’” (CD4-, CDS-).
They usually show loss of CD5 antigen expression [1, 150].
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Fig. 7.9 Peripheral T-cell lymphoma (PTCL). Peripheral T-cell lym-
phoma, NOS, may show diverse morphologies (a and g), with a
medium to large cell variant (a—f) or a small cell variant (g-1). T-cell
markers such as CD2 (d) and CD3 (j) help define T-cell origin. Loss of
markers normally present on non-neoplastic T cells (e.g. CD7, ) may
be noticed. CD30 is negative in this case of small cell PTCL (k). ALK1
is always negative (1). Angioimmunoblastic T-cell lymphoma (m-r) is

) R
s,w&.c.%sa&

e s 3&5‘
"’.iﬂ"’_i .'r?f;}z'%-s

et

a distinct nodal subtype of PTCL, composed of characteristic clear
cells (m) with expression of T-cell markers such as T-cell receptor
beta-chain (BF1, o) arranged around vessels with an activated endothe-
lium. Neoplastic cells express a follicular T-helper cell phenotype with
positivity for PD1 (p). Networks of CD21+ follicular dendritic cells
are characteristically expanded (q) and EBV is detectable in bystander
B cells (EBV-ISH, r)
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Fig. 7.9 (continued)

Subcutaneous Panniculitis-Like T-Cell
Lymphoma

Subcutaneous panniculitis-like T-cell lymphoma (SPTCL) is
a cytotoxic T-cell lymphoma rarely reported in the pediatric
population [151, 152]. Patients usually present with wide-
spread subcutaneous nodules, mainly on the extremities and
trunk. It is occasionally associated with a hemophagocytic
syndrome [152] and may show overlapping features with
lupus panniculitis [153].

Morphology and Immunohistology

The epidermal and dermal compartments are usually incon-
spicuous, whereas the subcutaneous tissue shows mainly
lobular infiltration of atypical T cells with numerous histio-
cytes with vacuolated cytoplasms. Rimming of adipocytes by
atypical hyperchromatic lymphocytes is a constant and typi-
cal feature, as are fat necrosis, and karyorrhectic debris. Other
inflammatory cells, such as plasmacytoid dendritic cells and
plasma cells, which are a common feature in lupus panniculi-
tis, are typically absent [154]. Immunophenotypically, the T
cells express a mature CD3+/CD8+ T-cell immunophenotype
with expression of the TCR alpha-beta and cytotoxic markers
such as TIA-1, GB7, and Perforin. They are negative with
CD56 [153]. Besides differential diagnostic overlap with
lupus panniculitis, the distinction from cutaneous gamma/
delta T-cell lymphoma may be difficult, but clinically essen-
tial; this peculiar lymphoma subtype usually shows a pro-
nounced dermal and epidermal component together with
panniculitis-like features, and shows a gamma/delta TCR
equipment, which can be confirmed by immunohistology
reliably on paraffin-embedded tissue sections [155].

Nodal Lymphomas of Follicular T-helper (FTH)
Cell Origin, Including AITL

PTCL with a FTH immunophenotype were separated from
the PTCL, NOS, category in the recent revised WHO classi-
fication 2016 [1]. They are characterized by overlapping

clinicopathologic and genetic features, and the most often
diagnosed subtype in both children and adults thereby being
angioimmunoblastic T-cell lymphoma (AITL), described in
the following section.

Morphology and Immunohistology (Fig. 7.9)

These systemic lymphomas are composed of polymorphic
mature T cells with a characteristic expression of at least two
to three markers characteristic for follicular helper T cells,
such as CD10, BCL-6, PD1, CXCL13, ICOS, and CXCRS.
Lymph nodes affected show an effaced architecture with a
characteristic sparing of the cortical sinuses, and often pre-
served capsules with infiltration of the perinodal fatty tissue
[1]. In the paracortical expanded areas, proliferations of
branching vessels with high endothelial cells (HEV) and vast
proliferations of follicular dendritic cell meshworks are a
characteristic feature. The lesional T cells are usually small to
medium sized and only slightly atypical, and typically pres-
ent with pale or clear cytoplasms, frequently in the vicinity of
arborizing HEV. The T cells are arranged within a usually
abundant inflammatory background, containing numerous
histiocytes, plasma cells and transformed B-blasts, some-
times with Reed-Sternberg-like features, which show evi-
dence of EBV infection in most cases. Three patterns of
infiltration are recognized, with pattern 1 showing only subtle
changes: in this pattern, neoplastic T-cell surround regular-
appearing germinal centers; in pattern 2, regressive remnants
of B-cell follicles are seen surrounded by numerous T cells,
which are more easily detected by morphology than in pattern
1; pattern 3 shows a totally effaced lymph node architecture
with only few regressed B-cell follicles in the cortical areas
[156]. Immunophenotypically, a mature CD4+ T-cell pheno-
type can be discerned, with characteristic expression of sev-
eral FTH markers listed above, and occasional losses of T-cell
antigens. The B cells and plasma cells are usually polyclonal
with regard to Ig light-chain expression. The FDRC mesh-
works are positive with CD21 and CD23. Genetically, these
lymphomas usually show clonally rearranged TCR chain
genes, and a substantial number (25-30%) also show clonally
rearranged Ig-chain genes [157], especially in cases with the
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presence of a substantial EBV+ population. Using cytogenet-
ics, clonal aberrations (such as trisomies 3, 5, and 21 as well
as loss of X or 6q) are found in a vast majority of cases [158].
Typical gene mutations found in AITL are mutations in IDH?2,
TET2, DNMT3A, and RHOA [159].

Post-transplant Lymphoproliferative
Disorders

Post-transplant lymphoproliferative disorders (PTLDs) arise
in recipients of solid organ or hematopoietic stem cell trans-
plantation (HSCT) in the setting of immunosuppression.
PTLDs encompass a spectrum of lymphoid and plasmacy-
toid proliferations, ranging from early, usually polyclonal
lesions to fully developed monoclonal lymphomas. Most of
the proliferations are associated with EBV, although a por-
tion (20%) of lymphomas, especially in adults, lack EBV
association and are indistinguishable from lymphomas aris-
ing in the immunocompetent host. The EBV cases tend to
occur later after transplantation (TX) than EBV+ cases.
Almost all PTLDs are of B-cell origin with only very few
T-cell lymphoproliferations and few cases of classical
Hodgkin’s lymphomas. T-cell-derived PTLDs are mostly
EBV-negative.

Among pediatric recipients, the incidence of PTLD is
higher than in adults [160] and is strongly associated with
post-transplant primary EBV infection [161].

The highest rates of PTLD have been reported in patients
receiving intestinal and lung as well as heart/lung allografts
with an incidence up to 16% after 5 years post TX [162],
whereas renal allograft recipients are at lower risk for
PTLD (up to 2.4% after 5 years). PTLD after HSCT usually
derives from donor B cells and occurs mainly within the
first 3—6 months after TX [163]. The incidence is with <2%
usually lower than in patients receiving solid organ TX, but
may increase with risk factors such as T-cell-depleted
grafts, degree of donor-recipient mismatch, or extent of
immunosuppression [164]. PTLD may involve lymph
nodes, but also extranodal sites, and frequently affects the
site of the allograft. Affection of the allograft is ordinarily
associated with EBV, occurs early after TX and is most
commonly observed in lung and intestinal transplant recipi-
ents [165, 166].

Morphology and Immunohistology (Fig. 7.10)

PTLDs comprise a large, somehow blurred spectrum of vari-
ous lymphoproliferative disorders. The spectrum ranges
from the early, nondestructive PTLDs through polymorphic
PTLDs to the clinically destructive and most aggressive
forms of monomorphic PTLDs (Table 7.5).

The nondestructive forms are defined as lymphoid prolif-
erations with preservation of the underlying architecture of
the organ involved, forming mass lesions in most instances.
Within this category, basically three disorders are subsum-
marized: Plasmacytic hyperplasia (PH), florid follicular
hyperplasia (FFH), and infectious mononucleosis-like (IM)
PTLDs. These PTLDs correspond to the formerly so-called
early lesions, a term which should no longer be used due to
potential confusion with lesions arising early after TX [167].

The nondestructive lesions more often occur in children
and young adults without prior EBV infection. Usually they
affect lymph nodes or lymphoid tissue of the Waldeyer ring
such as tonsils and adenoids [168].

PH is the most common type of the nondestructive lesions
and shows numerous mature plasma cells in the context with
lymphocytes and occasional immunoblasts located in the
expanded interfollicular regions. The uninvolved, preserved
areas show either inconspicuous lymphoid follicles or reac-
tive expanded follicles, especially in affected tonsils or ade-
noids [167]. FFH is characterized by large germinal centers
with signs of polarization, composed of numerous centro-
blasts, starry-sky macrophages, and only few centrocytes
[169]. Mitotic figures are abundant, and mantle zones are
regularly unaffected. These cases lack a significant plasma-
cellular proliferation.

IM-like lesions show the typical morphology of IM, with
marked paracortical expansion with a usually diffuse prolif-
eration of a heterogeneous population of immunoblasts, scat-
tered in abackground of numerous polymorphic lymphocytes.
Reactive follicles are infrequently detected [167].

The B cells and plasma cells in the nondestructive PTLDs
exhibit polytypic expression of kappa and lambda light
chains. Both B cells and T cells display a fully developed
immunoprofile without antigen loss.

As a prerequisite for the categorization into this form of
PTLD, EBV positivity has to be demonstrated in a substan-
tial quantity of lesional cells. The demonstration of EBV in
the tissue is best accomplished with the EBER in situ hybrid-
ization. Typically, IM-like PTLD shows positivity for
LMP-1 in the proliferating immunoblasts with frequent co-
expression of CD30 [170].

Genetic Profile of Nondestructive PTLDs

Usually the lesions in the nondestructive forms of PTLD
show a polyclonal pattern of both IgH and IgL chain genes.
However, cases showing small oligoclonal and even mono-
clonal rearrangements with unknown significances have
been reported in the past.

The polymorphic PTLDs (P-PTLD) are characterized by a
polymorphous proliferation of a spectrum of lymphoid cells
of variable cell size and differentiation [171]. Usually, small
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Fig. 7.10 Post-transplant lymphoproliferative disorders (PTLDs).
Both left rows (a, e, i, m and b, f, j, n, respectively) show nondestruc-
tive representatives of PTLD with florid follicular hyperplasia (FFH) in
the very left row; germinal center cells are bcl-6+ (e), bel-2-negative (i),
and numerous cells within the GC are EBV-positive (EBER-ISH) (m).
The next row (b, j, f, n) denotes infectious-mononucleosis-like fea-
tures, with marked interfollicular expansion, containing a diffuse poly-
morphous proliferation of immunoblasts and plasmacytoid cells, many
with co-expression of CD30 (f); numerous CD8+ T cells are intermin-
gled (j); the proliferating B cells are EB V-infected (n). The right panels

and intermediate lymphoid cells are intermixed with immu-
noblasts and plasmacytoid cells as well as mature plasma
cells. In contrast to the first category of the nondestructive
lesions, the P-PTLDs form mass lesions and show alterations
or destruction of the underlying tissue architecture. A large
proportion of reactive T cells is frequently detected. Some
lesions are found to be associated with areas of geographical
necrosis. Typically, large pleomorphic cells are intermingled,
showing marked similarities to classic Hodgkin and Reed-
Sternberg cells. The distinction of cases with areas showing
more monotonous appearing infiltrates to cases of the mono-

(c, g, k, 0 and d, h, 1, p, respectively) show examples of destructive
lesions, with a polymorphic PTLD presenting with an ulcerative mass
lesion in the small intestine in (¢); the polymorphic tumor cells infiltrate
the bowel wall; cells are positive for CD79a (g), and show a high prolif-
eration fraction (Ki-67) (k), and are EBV+ (0); the far right panel shows
a monomorphous DLBCL-type PTLD with numerous IB and plasma-
blasts (d), with expression of CD79a (h), and monotypic expression of
the Ig-light-chain ¥ (I) (Double staining with x in brown, and A in
magenta); EBV-positivity demonstrated in (p)

morphic PTLD (M-PTLD) category may be challenging, as
there are no clear-cut, well-defined criteria so far. As a basic
rule, lesions that would unequivocally be diagnosed as overt
lymphoma in a non-transplant recipient should best be termed
M-PTLD in the setting associated post TX. Some cases with
numerous RS-like cells may be difficult to discern from true
cHL PTLD. These lesions have been termed “Hodgkin-like
PTLD” in the past [172].

Immunohistology demonstrates numerous reactive CD3+
T cells intermixed with a variable number of the actual
lesional CD20+ B cells. Ig light-chain restriction of plasma-
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Table 7.5 PTLD classification WHO 2016 [1] (slightly modified)
Tissue IgH/TCR
PTLD Type Effacement | Histology Immunohistology clonality
Nondestructive No Polyclonal
Plasmacytic Pronounced interfollicular plasma Polytypic x and A, EBV+
hyperplasia cell proliferation
Florid follicular Numerous large hyperplastic GC Polytypic B cells, plasma
hyperplasia cells, EBV+
Infectious Diffuse interfollicular polymorphous | Polytypic B cells, plasma
mononucleosis-like proliferation, numerous IB, cells, CD30+ IB, EBV+
plasmablasts
Destructive Yes Monoclonal
Polymorphic Spectrum of lymphoid differentiation | Monotypic k and A, EBV+
Monomorphic Mostly DLBCL or plasma cell Clonal B cells or T cells
neoplasia
Classical Hodgkin’s | Yes Same as cHL EBV+/—
lymphoma

Abbreviations: GC germinal center, /B immunoblast, DLBCL diffuse large B-cell lymphoma, cHL classical Hodgkin’s lymphoma

cytoid cells and plasma cells may be focally detected. The
large bizarre Hodgkin-and RS-like cells usually demonstrate
pronounced expression of CD30, show frequent co-
expression of CD79a and CD20, and usually lack CDI15
expression. The EBV association is established with EBER-
ISH. In contrast to “true” cHL PTLD, the “Hodgkin-like”
cases exhibit EBV positivity additionally in a significant por-
tion of small- and intermediate-sized lymphoid cells [173].

Genetic profile of P-PTLD: Most cases of P-PTLD show
clonally rearranged Ig heavy and light-chain genes, whereas
T-cell receptor genes are usually not clonally rearranged.

The M-PTLDs are usually of B-cell origin, although some
T/NK lymphomas have been reported in the setting of
SOT. The monomorphic lymphomas are the most common
types of PTLD, constituting 60—80% in most reported large
series [174]. These lymphomas share basically an identical
morphology and immunophenotypic profile as lymphomas
arising in immunocompetent hosts. Most lymphomas fulfill
the morphologic and immunohistologic criteria for a diagno-
sis of DLBCL or to a lesser frequency Burkitt lymphoma or
a plasma cell proliferation.

Of note, the lesions corresponding to DLBCL frequently
show a rather polymorphous infiltrate of large transformed
tumor cells with occasional RS-like cells, and necrosis is
sometimes a prominent finding. The plasmacytic prolifera-
tions are composed of sheets of plasma cells with few inter-
mingled lymphoid cells.

An indolent peculiar-specific subtype, namely EBV+
extranodal marginal-zone B-cell lymphoma of mucosa-
associated lymphoid tissue (MALT-lymphoma), has been
added into the category of M-PTLD [175]; these lesions
present with cutaneous or subcutaneous localizations and
must be distinguished from other extranodal, frequently gas-
tric or pulmonary EBV-negative MALT lymphomas and
other EBV-negative small B-cell lymphoma proliferations,
which are not included in the PTLD categories. These EBV+

MALT lymphomas have an easily discernable plasmacytic
differentiation with intermixture of lymphoid, marginal-zone
like cells with abundant pale cytoplasms.

Immunohistologically, the B-cell lymphoproliferations
show a mature B-cell immunophenotype with expression of
PAX-5, CD19, CD20, and CD79a, with frequently demon-
strable monotypic Ig light-chain expression. CD30 is often
expressed by a large number of tumor cells, especially in
cases with EBV association. The EBV+ cases exhibit more
often a non-GCB immunophenotype (CD10-/BCL-6-/
MUM-1+), whereas the EBV-negative DLBCLs are more
often of the GCB immunophenotype with expression of
CD10 and BCL-6, without co-expression of MUM-1. BL
occurring after TX is usually EBV+ and shows an identical
immunoprofile as the classical forms.

The plasmacytoma-like proliferations may be EBV-
positive or EBV-negative, are CD38+/CD138+, usually lack
CD20 and CD19, and show monotypic expression of both Ig
heavy and light chains. EBV association has to be demon-
strated in case of MALT-type PTLD. Besides expression of
B-cell markers, these lymphomas were reported with fre-
quent expression of IgA [175].

Genetically, the M-PTLDs show clonal rearrangements of
IgH and IgL chain genes in almost all cases. Of note, a sub-
stantial number of clearly B-cell PTLDs were reported to
harbor monoclonal T-cell receptor gene rearrangements,
especially in cases with numerous reactive CD8+ T cells in
the background [1].

The monomorphic T/NK PTLDs are rare, constituting only
5-15% of all PTLDs [176]. They fulfill the criteria similarly to
lymphomas arising in non-immunocompromised patients
both morphologically and immunophenotypically. In most
instances PTCL, NOS, or hepatosplenic T-cell lymphomas are
seen [177]. Other forms include T-large granular lymphocytic
leukemia, SPTCL, extranodal NK/T-cell lymphoma, nasal
type, ALCL (either systemic or cutaneous), and even mycosis
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fungoides/Sézary’s syndrome [178]. Immunohistologically,
various T-cell and/or NK-cell markers are expressed, such as
CD2, CD3, CD5, CD7, and CD4 or CD8. Cases of HSTCL
typically show loss of T-cell markers, such as CD5, and are
T-cell receptor gamma delta-positive, with frequent co-expres-
sion of CD56 and CD4/CDS8 double-negativity [179]. About
30% of the T/NK PTLD are EBV-positive [180].

Genetically, T -PTLDs Show Clonal Rearrangements
of the T-Cell Receptor Chain Genes.
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Genetic Predisposition
to Non-Hodgkin Lymphoma

Oskar A. Haas and Arndt Borkhardt

Introduction

The two main categories of lymphomas are Hodgkin’s dis-
ease (HD) and non-Hodgkin lymphomas (NHL). Together
they not only comprise the most common malignancies in
western countries, but, next to leukemias and brain tumors,
also the third largest group of neoplasms in children up to
14 years as well as the largest one in teenagers up to 24 years
of age [1-3]. In 0-14-year-old children, NHL is slightly
more common than Hodgkin lymphoma, whereas the con-
verse is true for teenagers and young, 15-24-year-old adults.
Based on their specific biological, (immuno)phenotypic, and
genetic features, the recently updated World Health
Organization (WHO) classification guidelines distinguish
already a large number of different NHL sub-entities [4],
although the literature available for this review is still based
on a more crude classification that merely comprises B- or
T-cell lymphoblastic lymphoma, follicular (FL), diffuse
large B-cell (DLBCL), Burkitt (BL), and anaplastic large
cell lymphoma (ALCL), a system that hitherto has also
formed the essential basis the prognostic classification and,
consequently, the allocation to particular forms of
treatment.

In children, lymphomas evolve in a tension field, in which
a maturing immune system needs to arrange and familiarize
itself with its own body’s intrinsic components and, at the
same time, also to get accustomed to a multitude of environ-
mental exposures, not least various infectious agents [5]. A
flawless genetic make-up of all contributing constituents is
thus of crucial importance to guarantee the appropriate
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assembly of the encoded components and their efficient inter-
action in functional pathways and the required participation
in the proper development of the immune system. Equally,
dysfunctional or weakened germline components, be it in the
form of major single-gene defects or perhaps likewise vital,
but less well-recognized genetic modifiers, can easily inter-
fere with the normal physiological development in this par-
ticularly vulnerable stage and tilt the balance, among others,
also toward neoplastic transformation. Part of these more or
less clearly definable genuine heritable preconditions are also
normally inert variants in constituents of a well-adapted
immune system, which only become relevant under particular
circumstances, for instance, the fortuitous exposure to par-
ticular environmental hazards. Such either overstimulating or
disruptive conditions are chronic infections, primarily those
with Epstein-Barr (EBV), human immunodeficiency (HIV)
as well as human papillomaviruses (HPV), chronic inflamma-
tions, autoimmune diseases, treatments with certain drugs,
and organ transplantations (Fig. 8.1) [5-14].

Considering the above, the identification and character-
ization of predisposing factors has thus rightfully become the
focus of special interest especially also in lymphoma research
[15]. The recognition and definition of such disease-
associated genetic variants is increasingly required for the
management and care of patients not least because it often
guides the appropriate choice and adaptation of therapy [16—
19]. Even when treated successfully, these patients require
further surveillance, because they can develop second or sec-
ondary neoplasms. The distinction between de novo or inher-
ited disease-relevant germline mutations is a vital prerequisite
for assessing the potential consequences for the patient her-
self as well as her respective family members and, therefore,
also for enabling appropriate counseling [13, 20-22]. Last,
but not least, the in-depth individual analysis together with
the more general screening for such genetic determiners not
only satisfies our scientific curiosity. It also broadens our
overall knowledge and understanding of the normal
physiological function and pathologic consequences of the
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Fig. 8.1 Relevant factors that contribute and participate to lymphoma
development in children [5]

respective immune system components and their role in dis-
ease mechanisms, which in turn again inevitably enables us
to continuously improve and personalize the treatment of the
respective patients.

Ascertainment of Genetic
Predisposing Factors

There are different tactics one can use to search for and
ascertain distinct or more general genetic predisposition fac-
tors (Table 8.1) [23]. The special choice of the appropriate
mode is primarily a matter of the individual demands and
opportunities as well as overall intentions. It can focus on
either patient/family-relevant, gene-related, disease-
associated or population-based aspects. Whether and when
such a predisposing condition is thus suspected and when it
becomes apparent depends mainly on the respective screen-
ing and verification procedures, which in turn rely on the
particular severity and overall consequences of the respec-
tive gene defects. In case these generate also obvious physi-
cal malformations or other clinical symptoms, such as
disturbances of the hematological and/or immune system,
they are often known already before lymphoma onset.
Conversely, such conditions might only be suspected only
once lymphoma is diagnosed. In such scenarios, the careful
assessment of medical records and the patient’s family his-
tory together with his/her physical examination and key lab-
oratory findings will not only help to secure the cause of a
preexistent genetic susceptibility but often also provide

Table 8.1 Strategies to ascertain genetic factors that predispose to
lymphoma

Based on distinctive or conspicuous clinical features

Ataxia telangiectasia

Nijmegen breakage syndrome
Constitutional mismatch repair syndrome
Primary immunodeficiency syndromes
Other rare DNA repair syndromes

Based on familial predisposition
Twin studies
Familial aggregation
Case-control studies
Cobhort studies
Registry-based studies
Based on genetic risk factors

Linkage studies

Genetic association
Candidate genes
Genome-wide association studies (GWAS)

Based on disease

Hodgkin’s disease

Non-Hodgkin lymphoma
Diffuse large B-cell lymphoma (DLBCL)
Burkitt lymphoma (BL)

Anaplastic large cell lymphoma (ALCL)

Adapted according to Cerhan and Slager [23]

already those relevant hints, which can ease the identification
of the responsible defective gene or at least the category or
pathway to which it belongs to [15]. The most relevant indi-
cators comprise dysmorphic features, short stature, various
types of cytopenias and immunodeficiencies, specific histo-
pathological lymphoma forms, and/or unproportional treat-
ment toxicities [1, 2, 24-29].

A first global impression about the type and frequency of
the various disorders in children and adolescents with NHL
can be obtained from information that can be extracted from
three large lymphoma trial groups, the “European Intergroup
for Childhood NHL (EICNHL),” the “International Berlin-
Frankfurt-Miinster (i-BFM) Study Group,” and the “NHL-
Committee of the Italian Association of Pediatric Hematology
Oncology (AIEOP)” [1, 2, 30].

Depending on the likelihood that a respective genetic
defect is indeed present and directly or indirectly responsible
for lymphoma development, the particular conditions can be
subdivided into those in which such a connection is undoubt-
edly established, in which it has not yet been explicitly proven
and in which it is either most likely unjustified and/or only an
incidental concurrence of two otherwise unrelated events [1,
2]. According to these studies, one can expect that at least
60% of lymphoma cases in children and adolescents occur on
the basis of bona fide predisposing genetic germline defects
that are even commonly associated with already clinically
recognizable syndromes. Compared to that, the group of het-
erogeneous and hitherto less clear-cut primary immunodefi-
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ciency conditions is with up to 15% much smaller, whereas
other non-risk syndromes or not unambiguously classifiable
conditions make up another 20% and 10%, respectively [2].

Monogenic Disorders

The two main closely intertwined categories of monogenic
disorders that not only predispose to lymphoma development
but, with a certain propensity also to various other types of
malignancies, are the DNA repair deficiency syndromes and
inborn errors of immunities that include severe primary
(SCID) as well as combined immunodeficiency (CVID) syn-
dromes. Apart from these two groups, the respective lym-
phoma treatment studies contain also a number of otherwise
well-defined genetic syndromes and nongenetic conditions,
such as those with merely one or more organ malformations,
which seem to be hardly relevant in this context. Given an
estimated overall lifetime risk for developing lymphoma of
approximately 2%, the frequency of the various disorders
and the rarity of their coincidental occurrence, one can
expect that this may be an unfortunate pure chance event.
Until at least conceptually understandable or proven, any
such assumed causal link must therefore remain completely
speculative.

Among the noteworthy findings that became apparent in
these and other more disease- or condition-specific oriented
publications is the unequal distribution of histological sub-
types in the different groups. Approximately 85% of patients
with ataxia telangiectasia (AT) develop mature B-cell NHLs
[5, 30-32], of which diffuse large cell forms (DLBCL) are
roughly three times more common than Burkitt lymphoma
(BL). Approximately 25% of patients with Nijmegen break-
age syndrome (NBS) develop peripheral T-cell lymphoma
(PTCL) [17, 28, 30, 33, 34], and approximately 80% of
patients with constitutional mismatch repair deficiency
(CMMRD) develop T-cell lymphoblastic lymphoma (T-LBL)
[26, 35-37]. In contrast, approximately 60% of B-cell lym-
phoproliferations that take place in patients with primary or
secondary immunodeficiencies are oligoclonal and polymor-
phic [5, 30]. Of note is also the overall inferior prognosis and
increased risk of treatment-related toxicity and death in such
patients compared to those with sporadic forms of lymphoid
malignancies [2].

Since we will only superficially portray the most common
and prominent representative examples in each of these cat-
egories, we refer the interested reader to the many excellent
and extensive reviews of individual disease forms that can be
found in the scientific literature as well as in several internet
resources and compendia, such as “Online Inheritance of
Man (https://www.omim.org/),” “Orphanet (www.orpha.
net/),” and “Gene Reviews (www.ncbi.nlm.nih.gov/books/
NBK1116/).”

Ataxia Telangiectasia

This autosomal recessive disorder has an estimated world-
wide prevalence of 1:40.000-1:100.000. It is caused by
mutations in the ATM gene, whose protein product is a prom-
inent coordinating member of cellular signaling pathways
that respond to DNA double-strand breaks as well as to oxi-
dative and other genotoxic stress situations [31, 38]. The
clinical consequences of a constitutional ATM-deficient
DNA damage response are cerebellar degeneration, telangi-
ectasia, immunodeficiency, cancer susceptibility, and radia-
tion sensitivity (X- and gamma-rays), the latter of which has
to be especially accounted for in the medical management of
affected patients.

About two-thirds of AT patients suffer from immune sys-
tem abnormalities, such as reduced T and B cells and low
levels of one or more immunoglobulin classes. The lifetime
risk to develop cancers is approximately 25%. The most
common ones in those less than 20 years of age are lympho-
mas and leukemias, whereas adults also develop solid tumors
including breast, liver, gastric, and esophageal carcinomas
[31, 32, 39, 40].

Nijmegen Breakage Syndrome (NBS)

NBS is a similarly well-characterized and clinically recogniz-
able autosomal recessive disorder that is caused by mutations
in the NBN gene [33]. Although such cases can occasionally
be encountered in any part of the world, a specific Slavic ori-
gin founder mutation (NM_02485.4:¢c.657_661del5) makes
this mutation particularly common among Central and
Eastern European populations. This circumstance facilitates
its easy genetic verification especially in these geographic
regions. The NBN gene encodes a subunit of the Mrel 1—
Rad50-NBN (NMR) DNA double-strand break (DSB) repair
complex [41]. Affected children are exceptionally sensitive
to ionizing radiation or radiomimetics and share a strong pre-
disposition to develop malignancies of predominantly lym-
phoid origin and, to a lesser extent, also brain tumors, such
as medulloblastoma and glioma. Thus, more than 50%
(56/105) of patients in the Polish NBS registry had devel-
oped a malignant disease, more than 90% (51/56) of which
were lymphomas [28, 34]. Moreover, compared to sporadic
lymphomas in children and in individuals with primary or
secondary immunodeficiency disorders, they are primarily
mature DLBCLs and BL or T-cell LBL/acute leukemias
[28]. The estimated lymphoma risk is exceptionally high in
NBS patients. Whereas it is increased already 70-250-fold in
AT patients, it is increased more than 1.000-fold in NBS
patients and therefore without doubt the highest among all
the chromosome breakage and immunodeficiency syn-
dromes [28].
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The prognosis is generally poor because NBS patients
experience an extremely high rate of malignancies and sig-
nificant treatment-related toxicities as well as infectious
complications. Nevertheless, long-term survival can be
achieved already in a substantial number of affected children
when one accounts for their specific vulnerability during
treatment and transplantation, a procedure that will also rees-
tablish their immunity again [17, 34].

Constitutional Mismatch Repair Deficiency
(CMMRD)

CMMRD can be caused by mutations in four genes, MLH1,
MSH2, MSH6, and PMS2, that regulate DNA mismatch
repair [25, 42]. The autosomal-dominant Lynch syndrome
(LS) results from heterozygous monoallelic germline loss-
of-function mutations that predispose to the development of
colorectal cancer, endometrial carcinoma, and other malig-
nancies in adults. The distinct autosomal recessive childhood
version of CMMRD, on the other hand, is caused by bi-
allelic compound heterozygous or homozygous mutations
that affect primarily the PMS2 gene (60%) [25, 26, 35, 37,
43-46]. Affected children develop leukemias and lympho-
mas, brain (especially glioblastoma) and embryonic type, as
well as LS-associated tumors [37]. Their overall prognosis is
generally poor, not least because multiple such neoplasms
often occur syn- or metachronously [36]. In contrast to AT
and NBS patients, those with CMMRD experience no exces-
sive treatment toxicity and the clinical effects of their immu-
nodeficiency remain much subtler. Since one can often find
particular physical attributes, i.e., café-au-lait spots, skin
hypopigmentation, and pilomatricomas, in these patients that
may otherwise also be encountered in other predisposing
conditions, such as AT, Fanconi anemia, neurofibromatosis
type 1, Li-Fraumeni syndrome, or Peutz-Jeghers syndrome,
their differential diagnostic work-up requires clinical exper-
tise and genetic scrutiny. T-cell malignancies in patients with
pigment anomalies and consanguine parents are thus a virtu-
ally unmistakable indicator for an underlying causative
CMMRD. Although several consortia put together helpful
criteria and guidelines to support the diagnostic evaluation
and surveillance of patients with CMMRD, their clinical
utility has not yet been fully evaluated [25, 43—45]. One of
the relevant recommendations put forward is that genetic
testing in minors at risk is only warranted in case parents opt
for surveillance or to exclude CMMRD prior to hematopoi-
etic stem cell donation [42].

So far, 56 patients with CMMRD and hematological
malignancies in 48 families are known in the literature,
approximately one-third of which had lymphomas or leuke-
mias [35, 45]. Their median age at diagnosis was 6 years
(range 0.4-30 years). With 41 cases, lymphomas are the

most frequent malignancies; 27 of them were of T- and 10 of
B-cell origin (including 2 BL, 2 DLCBL, and 1 post-
transplant lymphoproliferative disease). Of special note is
not only the high proportion of T-cell lymphomas but espe-
cially also their unique and hitherto unexplainable mediasti-
nal predilection. Approximately two-thirds of these patients
were homozygotes and one-third compound heterozygotes.
58% of the mutations affected the PMS2, 25% the MSHO,
and 17% each the MLHI and MSH?2 gene [35, 44].

Immunodeficiency Syndromes

The recent 2017 update of the “Primary Immunodeficiency
Committee” of the “International Union of Immunological
Societies” lists and categorizes 344 genetic defects that cause
354 distinct disorders of immunity [47, 48]. Of these, more
than 20 are known to predispose to lymphoma (Table 8.2).
Since an in-depth review of all these lymphoma-predisposing
disorders is beyond the scope of our review, we will only
briefly touch some relevant points in three representative
examples. The overall sketchy general conclusions one can
draw from publications dealing with this subject are that PID
patients have a 1.42-fold excess to develop cancer, which is
largely due to lymphoma in specific PID populations [49,
50]. The overall risk of individuals with PID to develop a
malignant disease is 4-25%, which after infections consti-
tutes their second leading cause of death. With nearly 60%
(8.4% HD and 49.6% NHL) lymphoma is the predominant
cancer subtype and thus a considerable problem in primary
as well as acquired immunodeficiency syndromes [5, 51].
The predominant type of lymphoma is of B-cell origin, of
which many of the small cell types are EBV-related
[51-55].

Perforinopathies

The recently conceived term “perforinopathies” refers to a
related group of perforin-deficient hyperinflammatory disor-
ders with an increased cancer susceptibility, which may
either result from rare congenital gene-impairing mono- or
bi-allelic mutations or, in less severe forms, also be due to
more common hypomorphic alleles [56-58]. Bi-allelic per-
forin gene (PRFI) mutations, in particular, are the cause of
the familial hemophagocytic lymphohistiocytosis type 2
(FHL2) [59], a disease that shares some of its typical pre-
senting features with ALCL and accounts for approximately
10-15% of all pediatric NHL [7, 60-63]. Approximately a
quarter of these lymphoma patients carry monoallelic PRF ]
mutations but, remarkably, virtually none in SH2DIA or
UNCI3D, genes that are implicated in two other forms of
FHL [60]. Mutations in SH2D A are best known for causing
the X-linked lymphoproliferative disease (XLP), which
makes affected male carriers particularly vulnerable to
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Epstein-Barr virus (EBV) infections [64]. One of the severe
complications of the accompanying and uncontrollable lym-
phoproliferations are B-cell lymphomas that develop in a
quarter of the respective patients [64]. Noteworthy in this
context is also the postulated predisposing role of an other-
wise common activity-diminishing PRF] gene variant (SNP
A91V; 1s35947132) in the nasal form of NK/T-cell lym-
phoma in adults, which is the most frequent EBV-related
NK/T-cell malignancy [63].

Wiskott-Aldrich Syndrome (WAS)

This rare X-linked genetic disorder is caused by heteroge-
neous mutations in the WAS gene, which is exclusively
expressed in hematopoietic cells [65-68]. So far, approxi-
mately 300 different mutations are known, which are scat-
tered over the entire gene. The encoded gene product (WASp)
belongs to a family of proteins that relay signals from the cell
surface to the actin cytoskeleton [69]. The wide spectrum of
clinical symptoms and hematopoietic effects one encounters
in this disorder can be clearly attributed to the different types
and location of the respective mutations and which are there-
fore also directly responsible for the severity of the disease.
The ensuing problems range from only mild forms of iso-
lated micro-thrombocytopenia or neutropenia to severe
forms of eczema, recurrent infections, and autoimmune and
neoplastic diseases. The prevalence of malignancy in retro-
spective studies of patients with severe clinical presentations
and an average age of onset of 9.5 years has been estimated
to be around 20% and to especially affect those with autoim-
mune manifestations [65]. The most frequent, often EBV-
associated forms of neoplasms are extra-nodal NHLs [65].
One of the postulated mechanisms that apparently facilitate
lymphoma development and progression in this disorder is
that malfunctioning dendritic, T and NK cells are incapable
to keep virally infected or otherwise altered preneoplastic B
cells under control and to eliminate them properly [65, 67].

Interleukin (IL)10 and IL-10 Receptor

Interleukin-10 (IL-10) and IL-10 receptor (IL-10R) deficien-
cies are the first recognized monogenic causes of very early
onset severe inflammatory bowel disease [18, 70-72]. This
immunoregulatory disorder predisposes to the development
of unique monoclonal EBV-negative DLBCL subtypes of
germinal center origin that are characterized by a constitu-
tive activation of the NF-kB pathway and a defective local
T-cell immune response. Taking into account all 35 reported
patients with IL-10 deficiency (5 with IL-10, 11 with
IL-10R1, and 19 with IL-10R2), the likelihood to develop
lymphoma is estimated to be 36% (5 of 14) at the age of
7 years [72]. These observations clearly indicate that a defec-
tive IL-10 pathway is causatively involved in lymphoma
development, although one also needs to point out that
apparently neither gut inflammation itself nor a distinct pat-

tern of inflammation seems to be the essential causative fac-
tor. The increased risk might rather be more connected with
the immunosuppressive therapy in the form of azathioprine,
which four of the five patients reported by Neven et al. had
received [72]. In line with this observation is that thiopurine
treatment of inflammatory bowel diseases in adult patients
also increases the risk for such lymphoproliferative disorders
significantly [73].

Genetic Factors Predisposing
to“Sporadic” NHL

Despite the large number of hitherto already identified pre-
disposing monogenic causes, it is clear that even in these
instances, the development of lymphoma is a multifactorial
process with some probabilistic elements that depend on and
involve a liable genetic architecture as well as the participa-
tion and interaction of a multitude of other intrinsic (as
regards the respective cells, organs, and organism) as well as
extrinsic environmental triggers [74]. So far, our understand-
ing of all these lymphoma-initiating and lymphoma-
promoting processes primarily derive from such rare
monogenic subtypes. However, it is to be expected that the
continuous systematic analyses of the rich source of “spo-
radic” cases, i.e., those in which such a definable genetic
component is not (yet) known, will without doubt provide us
with a plethora of novel findings and relevant insights. The
best evidence that the class of sporadic lymphoma may
indeed encompass many more distinct genetic sub-entities is
the growing numbers of novel mutations that are still identi-
fied especially in rare forms of immunodeficiencies. The
notion of a polygenic causation and possible inheritance of
such sporadic cases derives, among others, mainly from the
observation that lymphoma risk can aggregate in families,
albeit without evidence of a clear-cut Mendelian segregation
trait. One common interpretation of this phenomenon is that
each lymphoma arises in a particular individual based on the
combined risk-contributing effects of a large number of oth-
erwise irrelevant modifying genetic variants.

Again, there are multiple ways to assess a familial predis-
position and to identify germline susceptibility loci. These
include twin, case-control, and registry-based studies for the
former and linkage and genetic association studies for the
later [23, 75]. Based on a comprehensive overview of such
studies, Cerhan et al. reported that in the United States, the
estimated overall lifetime risk for developing NHL outside of
rare hereditary syndromes is 1 in 48 (2.1%) [23]. The relative
risk for first-degree relatives is 1.7-fold elevated, whereas
their absolute lifetime risk is 3.6%. The absolute risk is even
lower for specific lymphoma subtypes. One noteworthy
observation was that there is apparently both commonality
and heterogeneity for risk factors by NHL subtype [10].
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Familial Predisposition

Although family history is commonly used to identify indi-
viduals with a possible heritable predisposition, especially
within the pediatric cancer population, it is hardly able to
predict such a susceptibility in most patients [76, 77], a prob-
lem that has many reasons, in particular incomplete informa-
tion on family history, small family size, de novo mutations,
and incomplete penetrance. Moreover, parents and other
first- or second-degree relatives are often still young and can-
cer may not have developed yet. Notwithstanding all these
obstacles, multiple lines of data nevertheless suggest that a
family history of lymphoma is indeed associated with an
increased risk of lymphoma. Familial risk is elevated for
multiple lymphoma subtypes and familial risk does not seem
to be confounded by nongenetic risk factors, although there
are likely unidentified environmental risk factors and cluster-
ing of known (and unknown) such risk factors within fami-
lies that are difficult to exclude. This suggests that at least
some lymphoma subtypes share a genetic etiology. Moreover,
genetic factors are also likely to be subtype-specific because
a family history of a particular subtype is also most strongly
associated with a risk for the same lymphoma subtype.

Twin Studies

The largest twin study that aimed to elucidate a genetic sus-
ceptibility to HD comprised altogether 187 dizygotic and
179 monozygotic twins [78]. Compared to background rates,
this study found a 100-fold higher risk for a monozygotic
twin to also be affected by HD but no excess risk for a dizy-
gotic twin. The relatively young average age at diagnosis of
the twins concordant for HD and the relatively short average
interval between diagnoses in each pair of twins further cor-
roborate the importance of genetic factors in this context.
There was also a 23-fold higher risk of NHL for a patient’s
monozygotic twin but only a 14-fold higher risk for a
patient’s dizygotic twin, which indicates that in these
instances a shared environment is probably more relevant for
their increased NHL susceptibility.

Familial Aggregation

Case-control, cohort, and registry-based studies investigate
whether and to which extent an inherited genetic risk to a
particular disease, in this instance lymphoma, aggregates
within families. Such studies are to a certain extent compli-
cated by the impossibility to reliably separate a shared
genetic background from the impact of a shared environment
as well as the need to also account for family size.

The largest case-control study available to date was per-
formed by the “International Lymphoma Epidemiology
Consortium.” This meta-analysis comprised 17.471 NHL
cases and 23.096 controls from 20 case control studies and
found a 1.8-fold increased risk for patients who had a first-
degree blood-related family member with NHL. Albeit less

pronounced, this risk was also elevated for those who had a
first-degree relative with HD or leukemia [10, 23].

Owing to the fact that only few large cohort studies with a
sufficient number and detailed information of familial lym-
phoma cases are available, the risk for specific NHL subtypes
is difficult to assess. A Swedish study that covered 3.5 million
people over a 35 years period found a 7.2- and 8.8-fold higher
risk in children and young adults to develop HD if a parent or
sibling also had HD [79], whereas another study reported a
six-fold higher risk for siblings [80]. A cohort study that
included 120.000 female teachers in California concluded
that a history of lymphoma in a first-degree relative was asso-
ciated with a 1.7-fold higher risk of B-cell NHL [81].

In the Utah Cancer Registry, which linked population-
based family registry with cancer registry data, the risk of
NHL was increased 1.7-fold in first-degree relatives of a pro-
band with NHL [82]. The most comprehensive data available
on familial aggregation by lymphoma subtypes compared
the cancer experience in first-degree relatives of lymphoma
patients with that of relatives and matched population con-
trols. First-degree relatives of HD patients had a 3.1-fold
increase in risk of HD whereas risk of HD was not associated
with a family history of NHL [83]. One striking finding in
these studies is the NHL subtype-specific clustering of risk
as exemplified by the fact that first-degree relatives of indi-
viduals with DLBCL had a 9.8-fold increased risk of also
being affected by DLBCL.

Genetic Risk Factors

Linkage studies, which use multi-case families or sib pairs to
search for shared regions of inherited alleles among affected
individuals in an unbiased manner, were so far little reward-
ing as regards lymphoma research, a failure that might be
due to small sample sizes or the lack of single high-penetrant
variants in the investigated cohorts.

Genetic association studies, which rely on high-throughput
genotyping of sequence variation in germline DNA became
the predominant analytical method in genetic epidemiology.
The two major types of association studies are candidate gene
and genome wide association studies (GWAS).

Candidate gene studies are mainly driven by the a priori
biologic knowledge of lymphoma and lymphoma-associated
diseases, such as infectious or autoimmune ones, as well as
those which derive from other cancers. Genes of particular
interest in this context are those which are involved in
immune function, cell cycle/proliferation, apoptosis, DNA
repair, and carcinogen metabolism pathways. However, for a
variety of reasons, most of these studies had only very lim-
ited success in identifying susceptibility loci in adult
NHL. The most robust risk association was found between a
tumor necrosis factor (TNF; rs1800629)/lymphotoxin-alpha
(LTA; 1s909253) haplotype and DLBCL [84], a SNP
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(rs3789068) in the proapoptotic BCL2L11 gene and B-cell
NHL, as well as a SNP (rs3132453) in PRRC2A in the HLA
class Il region and B-cell NHL [85].

GWAS uses dense microarrays with several hundred
thousand SNPs that are distributed over the entire genome.
As all loci are considered equally, such an analytic approach
is considered as being hypothesis-free or “agnostic” [23]. To
date, such GWAS studies have successfully identified 11
regions that are associated with follicular lymphoma and 6
with DLBCL risk in adults (Table 8.3). The respective com-
mon SNPs define loci with a minor allele frequency below
5%, have small effect sizes, and are of largely unknown

Table 8.3 GWAS-discovered loci predisposing to follicular and dif-
fuse large B-cell lymphoma in adults of diverse ethnic origin [86]

Chromosomal location‘ SNP ‘ Nearest gene ‘ References
Follicular lymphoma
3q28 1rs6444305 LPP [119]
6p21.32 1s10484561 | MHC class II [120]
6p21.32 1s2647012 HLA- [121]
6p21.32 - HLA-DRf3I Glu [119]
6p21.32 rs17203612 | HLA-DRA [119]
6p21.33 rs3130437 HLA-C [119]
6p21.33 1s6457327 Cborfl5 et al. [119]
(STG)
8q24.21 rs13254990 | PVTI [119]
11g23.3 rs4938573 CXCR5 [119]
11q24.3 rs4937362 ETS1 [119]
18q21.33 rs17749561 | BCL2 [119]
Diffuse large B-cell lymphoma (DLBCL)
2p23.3 1s79480871 | NCOAIL [122]
3927 rs6773854 BCL6/LPP [123]
6p21.33 1s2523607 HLA-B [122]
6p25.3 15116446171 | EXOC2 [122]
8q24.21 1s13255292 | PVTI [122]
8q24.21 rs4733601 PVTI [122]

Fig. 8.2 Diagnostic approaches
for the genetic assessment of pre-
disposing risk factors in lym-
phoma patients, whose individual
and combined values, advantages,
and disadvantages are outlined in

the main text

function. Moreover, so far hardly any of these loci have been
also verified in replicate studies.

Genetic Testing, Screening,
and Counseling Issues

Although all these epidemiologic and “agnostic’” mass screen-
ing methods for assessing, exploring, and defining genetic risk
factors for lymphoma development have certainly their merits,
they are hardly of any value for the daily management of indi-
vidual lymphoma patients. Compared to that, the hitherto pur-
sued approach to search for and verify a genetic cause in
particular individuals, which relied primarily on the recogni-
tion of associated symptoms and, as such, on the a priori
knowledge and alertness of the treating physicians, was still
much more rewarding [15, 27, 51]. However, the growing
awareness of the high frequency and heterogeneity of such
underlying conditions, some of which are also often difficult
to recognize and delineate, as well as the continuous improve-
ment of cost-efficient sequencing methods and bioinformatic
tools, will definitely lead to a change in the diagnostic evalua-
tion tactic [77, 86]. Given the increasing interest in the role of
germline cancer susceptibility in general and in the pediatric
setting in particular, it is to be expected that the assessment of
lymphoma-associated genetic predisposition factors will soon
be performed in a more systematic manner. It is somehow sur-
prising that, to our knowledge, suitable screening programs
have not yet been considered or implemented in current lym-
phoma treatment studies. Given what is known so far and
given the high number and variety of such vastly unexplored
predisposing immunodeficiencies, it is expected that com-
pared to other cancer and leukemia predisposing conditions
such an endeavor must be especially worthwhile in the lym-
phoma setting. Several pilot projects dealing with other malig-
nancies in children provide some ideas how such programs
could be installed [77, 86, 87]. As outlined in Fig. 8.2, there
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are several stepwise possibilities to do so. The most compre-
hensive one would be of course to sequence and compare
DNA samples from the respective lymphoma together with
one from the germline as well as the patient’s parents.
Depending on the infrastructural possibilities as well as cost/
benefit calculations, one could perform such analyses either
simultaneously or consecutively. The former is certainly more
expensive but has the advantage that one can immediately
compare the inheritance patterns of any identified abnormal
results and thereby assess their validity and relevance in a
rapid manner. The latter is probably cheaper because, in prin-
ciple, one can concentrate only on the comparative confirma-
tion of a smaller number of potentially relevant preselected
markers. However, this approach could turn out to be more
work- and also more time-consuming to obtain the essential
information. Finally, there is also the question what one looks
for and what one wants or needs to achieve in such a setting.
For simple, clear-cut and easy to resolve diagnostic question,
such as verification of a Nijmegen breakage syndrome or car-
rier screening for already known mutations, simple PCR anal-
yses are clearly sufficient. For any other diagnostic evaluation,
we consider targeted screening as the nowadays necessary
minimal and also most cost-efficient standard, whereby the
respective screening panel should cover at least all those genes
that have already been implicated in lymphoma development
[88-90]. More extensive sequencing methods that will eventu-
ally also aid the discovery of novel variants of potential rele-
vance and interest, include whole exome sequencing (WES),
which sooner or later will in any case most likely replace tar-
get sequencing, as well as whole genome sequencing (WGS),
which has the advantage that it can also identify mutations in
the non-coding extragenic part of the genome [86]. Moreover,
a hitherto largely unexplored area in the field of lymphoma
predisposition research is the conceivable contribution of the
multitude of structural and copy number variations in the
genome, especially of those which affect lymphoma-relevant
gene regions. Although at present, these variants can be best
assessed with DNA arrays, it is foreseeable that also this tech-
nique will eventually be replaced by whole genome as well as
long-range sequencing procedures. With the appropriate bio-
informatic support, these tools are not only able to signifi-
cantly improve and refine these analyses, but at the same time,
they will eventually also allow the simultaneously evaluation
of associated epigenetic modifications, such as methylation.
Naturally, these remarkable technological advances and
foreseeable developments in the diagnosis and research of
lymphoma susceptibility also cause a large number of novel
legal, ethical, social, and counseling problems, which can
only be successfully resolved in a close interdisciplinary col-
laboration on a national but, even more so, on an international
level. The particular topics that eventually need to be regu-
lated comprise the informed consent and assent for minors
undergoing testing, the ensuing implications for healthy sib-

lings and parents of our patients, the timing of referral for
genetic testing as well as the provision of a continuous educa-
tional and counseling support. All these issues are currently
already addressed and discussed by a large number of experts
from many countries who work together in two large recently
established consortia, namely, the EU-funded COST Action
“LEukaemia GENe Discovery by data sharing, mining and
collaboration (LEGEND)” and the “IBFM Leukemia &
Lymphoma Genetic Predisposition Committee.”
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Response Assessment in Pediatric
Non-Hodgkin Lymphoma

Tony H. Truong and Veronique Minard-Colin

Introduction

Through national and international collaboration, the out-
come of children with non-Hodgkin lymphoma (NHL) has
greatly improved over the past half century [13]. Advances in
risk stratification and response assessment have facilitated
therapeutic decisions by maximizing therapy in those with
the most advanced and resistant diseases, while sparing tox-
icity and late effects in those with more favorable ones. An
ongoing challenge remains the accurate determination of
response and remission status, such that subsequent therapy
can be individually modified to the patient’s disease based on
their response to treatment.

Response assessment is the clinical, biopathological,
and radiological evaluation of a patient to determine if
active residual disease remains either at an interim time
point during treatment or at the end of the therapy. The
methods used for response assessment are closely linked to
those used to assess extent of disease during staging at the
time of initial diagnosis. Clinical examination of sites of
disease such as residual lymphadenopathy, hepatospleno-
megaly, and extra-nodal disease sites are useful at the bed-
side but lack sensitivity. Follow-up assessments often
include repeat staging evaluations, such as imaging and, if
applicable, bone marrow aspirates and biopsies and lumbar
punctures for cerebrospinal fluid (CSF) involvement.
Imaging modalities remain the primary method to assess
response status since these tumors are often not evident by
other means.
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If residual lesions are identified on follow-up imaging, a
major dilemma is whether these represent sites of active
residual disease or benign processes such as tumor necrosis
and/or inflammatory fibrosis. If there is sufficient concern,
the gold standard and often recommended approach is a
biopsy.

Different study groups have evaluated the importance of
response determination among the various NHL subtypes. In
B-NHL, both the Société Francaise d’Oncologie Pédiatrique
(SFOP) LMB and Berlin—Frankfurt—-Miinster (BFM) studies
have demonstrated that residual disease following three
cycles of therapy leads to an increased risk of relapse.
Intensification of chemotherapy or mega-dose chemotherapy
followed by hematopoietic stem cell rescue has resulted in
improved outcomes [17, 20]. Among patients with lympho-
blastic lymphoma (LBL), the COG A5971 study showed that
a radiologic response at two weeks significantly correlated
with event-free survival (EFS) and overall survival (OS)
[25]. In BEM 90-95 studies, patients with <70% reduction in
the size of their mediastinal mass by end of induction day 33
had therapy intensified [19]. In anaplastic large cell lym-
phoma (ALCL), early response assessment after one course
by PCR evaluation may identify patients with a very high
risk of treatment failure [10].

Based on a combination of radiographic and histological
findings, conventional definitions of response use the desig-
nations of complete response (CR), partial response (PR), no
response (NR), and progressive disease (PD). CR often
refers to the complete absence of any disease detected clini-
cally or radiographically by some pre-specified measure of
residual size of the baseline lesion. Partial response encom-
passes a wide range of definitions between CR and stable
disease (SD), also known as “no response.” Progressive dis-
ease often refers to increasing size of the baseline mass or
new sites of disease not present at diagnosis. These defini-
tions are quite varied and often specific to certain diseases or
collaborative groups, making comparison across diseases
and clinical trials a challenge.
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Response Assessment by Pathology
and Molecular Biology

Histological confirmation remains the gold standard to dif-
ferentiate active residual disease from tumor necrosis or
inflammatory scar tissue. In the SFOP LBM&9 study, 126 out
of 551 patients had radiologic evidence of residual masses.
Of these, 113 patients underwent either biopsy or excision of
the mass, but only 12 had viable tumor cells (10.6%) [17]. In
LMBO6, 23 of 657 patients (3.5%) had histologically proven
residual disease at remission assessment [4]. For those with
active residual disease after three courses of chemotherapy,
the success of intensification of therapy suggests that repeat
biopsy for these questionable masses may be justified [17].

Sometimes, the decision to resect or biopsy a residual
mass may be complicated by several factors, including the
patient’s underlying condition, the location of the mass, the
ease/difficulty of the procedure, and the risks involved. In
general, a resection or biopsy should only be attempted if it
will change the management approach. Resections are pre-
ferred to reduce tumor burden and improve diagnostic yield
from pathology, but sometimes may not be feasible or dan-
gerous (e.g., lesions in the gastrointestinal tract).
Oopherectomy should be avoided and lesions in the visceral
organs need only be sampled with a biopsy. If diagnostic tis-
sue is not obtained, serial biopsies may be attempted if the
benefit of knowing the result outweighs the risk involved.

Morphological assessment with the identification of
tumor cells is the mainstay for determining residual disease.
However, the evaluation of viability of residual cells may be
challenging since necrotic tumor cells may still stain positive
for B-cell markers such as CD20. The incorporation of
highly sensitive measures such as immunophenotyping by
flow cytometry, cytogenetics and FISH analysis, and molec-
ular PCR methods have led to further improvement in the
detection of minimal disseminated disease (MDD) at diag-
nosis or minimal residual disease (MRD) during response
assessment.

The ability to detect MRD in acute lymphoblastic leuke-
mia (ALL) has greatly informed the risk stratification, prog-
nostication, and treatment for this disease [3, 15]. In NHL,
MRD detection has been applied most commonly in lym-
phoblastic lymphoma using flow cytometry or molecular
techniques based on clonal rearrangements of the immuno-
globulin or T-cell receptor gene detected at the time of diag-
nosis [8]. Molecular methods have increased the sensitivity
of disease detection with the use of PCR for immunoglobulin
gene rearrangements for mature B-NHL (BL and DLBCL)
[1]. In the AIEOP LNH-97 study, the Italian group used
long-distance PCR for the t(8;14) for MDD detection in
patients with Burkitt lymphoma (BL) and diffuse large B-cell
lymphoma (DLBCL) [18].

In pediatric ALCL, over 90% of patients will have rear-
rangement of the NPM gene on 5q35 to the anaplastic lym-
phoma kinase gene ALK on 2p23, forming the translocation
t(2;5) and the resulting fusion protein NPM-ALK [9]. When
combined with the detection of antibodies to ALK protein,
the BFM and Italian study groups showed that detection of
NPM-ALK by PCR at diagnosis in blood and/or BM was
highly predictive of outcome. High-risk patients with posi-
tive MDD and low ALK antibody titer had the lowest
progression-free survival (PFS) of 28% compared to the low-
risk group (MDD negative and high ALK titer) who had a
PFS of 93% [14]. Moreover, detection of persistent NPM-
ALK by PCR at the end of the first course of chemotherapy
(MRD) was highly prognostic and associated with a high
risk of relapse [10].

Novel methods such as next-generation sequencing using
cell-free circulating tumor DNA are now being developed by
many groups with potential future applications to various tis-
sue types including the primary tumor mass, bone marrow,
CSF, and/or blood at the time of follow-up [22]. To date, the
role of MRD and MDD assessment in response evaluation
and risk stratification remains investigational. A thorough
review of minimal disseminated disease is presented in the
following chapter.

Response Assessment by Imaging

The use of imaging modalities to detect response to treat-
ment remains standard practice in pediatric NHL. The most
commonly used modalities are computerized tomography
(CT) and magnetic resonance imaging (MRI), each having
their unique advantages and applications. CT is the most
readily available modality at almost every center, is inex-
pensive, is fast to perform, and often does not require a gen-
eral anesthetic in young children. However, exposure to
radiation is major concern, especially in patients with pre-
dispositions that increase sensitivity to ionizing radiation.
For detection and follow-up of pulmonary lesions, CT
remains the best modality. For lymphoma patients, MRI is
best used for the evaluation of CNS disease in the case of
neurologic symptoms or parameningeal mass but is a
lengthier procedure which often requires a general anes-
thetic in young children.

The definitions of imaging-defined response categories,
CR, PR, PD, etc., were historically based on the measurement
of tumors on cross-sectional imaging. Many measurement
methods have been used to assess disease burden and calcu-
late response, leading to variability in practices and difficulty
in comparing responses across clinical trials. Currently, the
general practice is to identify the most representative lesion
and measure it using the longest diameter (LDi) and the
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PPD = LDix PD

Fig. 9.1 Drawing of cross-sectional image and calculation of the sum
of the product of the greatest perpendicular dimensions (SPD)

perpendicular diameter (PD). Multiplying these two diame-
ters generates a product of the perpendicular diameter (PPD)
(Fig. 9.1). If more than one lesion exists, as is often the case,
then up to six of the most representative (often the largest)
lesions are identified as “target” lesions and the sum of prod-
ucts of the largest diameter and the perpendicular diameter
for each lesion (SPD) is calculated. The SPD is used as a
measure to compare baseline disease burden to that at a later
point in time [23]. Other ways to assess response have
included measuring the change in transverse diameter or sum
of the largest diameters and/or change in three-dimensional
volume. Given the variability in response assessment, the
need to establish uniform measurement criteria and standard
definitions of response was well recognized.

A significant correlation has been observed between the
size of the residual lesion and tumor viability. A residual
mass measuring >5 cm in the largest diameter should be
assessed by pathology while a lesion <2 cm is usually reas-
suring. For intermediate-sized residual lesions (i.e., 2-5 cm),
pathological assessment is recommended either by biopsy or
complete resection, if possible (Patte, personal communica-
tion). In clinical practice, a major challenge is also the
assessment of extra-nodal residual disease, which is more
frequent in children/adolescents with NHL than in adults [4,
16]. These include more frequent mediastinal residual
masses, residual kidney lesions (very common), and residual
hepatic and ovarian lesions. Imaging should be considered
suspicious if the size of the organ is enlarged (as seen in
ovarian masses) or if “stick out masses” are seen (in medias-
tinal masses). Cases of residual lesions detected on CT/MRI
but not apparent on ultrasonography because of necrosis/
fibrosis are generally more reassuring (e.g., kidney/hepatic
lesions).

FDG-PET

Whole-body '®F-2-fluoro-2-deoxy-D-glucose ('*F-FDG)-PET
has become an invaluable tool in staging and response assess-
ment of non-Hodgkin lymphoma therapy in adults but its
value needs to be further evaluated in pediatric NHL. FDG is
a glucose analog that is taken up by cells via glucose trans-
porter proteins. It then undergoes phosphorylation by hexoki-
nase where it does not undergo any further metabolism and is
trapped within the cell. FDG uptake is increased in certain
malignancies including NHL and Hodgkin lymphoma, and its
use is being actively investigated in many other cancer types.

Functional imaging with FDG-PET is often used to assess
response evaluation in childhood NHL, but the data to guide
such practices are lacking. Limitations to PET include the
lack of standardized imaging protocols and variable report-
ing criteria. This creates uncertainty about the interpretation
of PET for use in interim assessment and end of therapy
assessment.

PET scans generally have high sensitivity and negative
predictive value (NPV) for ruling out disease when negative,
but more variable and modest positive predictive value when
the result is positive. In a single-center study, PET/CT was
compared to conventional imaging and biopsy findings in 18
children with NHL who had biopsy results for evaluation of
residual disease. Patients had mature B-NHL and ALCL. A
score of 4 or 5 using the London criteria defined PET-positive
status. The sensitivity and NPV for PET/CT was 100% but
specificity was 60% and PPV was 25%. However, conven-
tional imaging (mostly by CT and MRI) was no better than
PET/CT with a sensitivity and NPV of 100% but lower spec-
ificity of 20% and PPV of 14% [2].

In a study of 24 pediatric patients with abdominal Burkitt
lymphoma, 4 were found to have PET-positive scans at the
end of treatment, leading to the need for histological confir-
mation. Three of these patients had no evidence of malig-
nancy while one patient did, leading to 100% NPV and 25%
PPV [21]. Overall, these data indicate that false positive find-
ings by PET/CT are common in children with NHL. A nega-
tive scan is generally reassuring as a good indicator of
complete response.

The reproducibility of PET interpretation has also been
called into question. To address these concerns, standard
PET imaging classifications have been adopted, such as the
Deauville criteria, a S-point visual-based criteria, similar to
that used in the adult Lugano classification [5, 12]. The most
intense FDG site is graded, as per the following Table 9.1.

Use of PET for treatment monitoring during the course of
therapy is a common practice, but there is limited evidence to
support its use in clinical decision-making. Therefore, this
should only be used in a clinical trial or prospective registry
study.
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Table 9.1 Deauville score in assessing PET response

Score| Description Interpretation

1 No uptake above Complete metabolic response

background

2 Uptake < mediastinum

3 Uptake > mediastinum | 1. Probable complete response
but < liver (CR)

2. May be considered inadequate
response to avoid under-
treatment in a de-escalation trial

4 Uptake moderately 1. Reduced uptake compared to
higher than liver baseline: partial metabolic
5 Uptake markedly response

higher than liver and/or | 2. No significant change from

new lesions baseline: no response

3. Increase uptake from baseline:
progressive metabolic disease

Adapted from: Meignan et al. [12]

The presence of residual PET uptake on an end-of-
treatment PET scan, also known as minimal residual uptake
(MRU), is a troubling issue and often leads to further inves-
tigations to obtain histology or increased frequency of fol-
low-up scans. A single institution study of patients with BL
and DLBCL suggests that end of therapy surveillance imag-
ing has low yield for relapse detection but exposure to unnec-
essary radiation. Only 3 of 44 patients (6.8%) relapsed, none
of whom were identified from CT- or PET-based surveillance
imaging [11]. In addition to active residual disease, a posi-
tive PET may be due to many benign processes including
brown fat, rebound thymic hyperplasia, infection, or a benign
inflammatory process [24].

Standardization of Response Assessment

Given the need to standardize the measurement and assess-
ment of PET-avid malignancies, an international collabora-
tive effort was initiated by the adult group known as the
International Harmonization Project [6] which later pro-
duced updated recommendations [7]. The latter guidelines
made a formal inclusion of FDG-PET, such that patients with
a PET negative residual mass were now considered CR
instead of CRu (CR-unconfirmed) on the predecessor guide-
line. In addition, bone marrow immunohistochemistry and
flow cytometry were also incorporated in the response evalu-
ation. A further update known as the Lugano classification
emphasized the importance of PET as the gold standard for
routine imaging of all FDG-avid, nodal lymphomas and
obviated the need for a bone marrow biopsy (BMB) at least
in the case of Hodgkin lymphoma when PET-CT is used [5].
This recommendation did not directly translate to NHL as
the panel recognized the importance of a BMB in DLBCL
when the PET is negative and in cases where knowing BM
status would change patient management.

It is well recognized that pediatric NHL differs from adult
NHL in several ways: only a few subtypes form the majority
of pediatric NHL, most are high-grade lymphomas, and there
is a predominance of advanced disease presentations, gener-
ally involving the bone marrow and CNS. The need for sepa-
rate pediatric criteria led to a multidisciplinary collaboration
of experts at the third and fourth International Symposia on
Childhood, Adolescent, and Young Adult NHL in 2009 and
2012, respectively, resulting in the development of the
International Pediatric NHL Response Criteria [23]. The
new pediatric criteria incorporate the combination of imag-
ing, tumor histology, bone marrow, and CSF, into five major
categories of response (Table 9.2). In addition, the availabil-
ity of newer techniques based on immunophenotype, cytoge-
netics, and molecular techniques are used as supporting
criteria to more accurately describe the basis for response

Table 9.2 International pediatric NHL response criteria

Criterion| Definition

CR Disappearance of all disease (three designations)

CT or MRI reveals no residual disease or new lesions
Resected residual mass that is pathologically
(morphologically) negative for disease* BM and CSF
morphologically free of disease

Residual mass has no morphologic evidence of disease
from limited or core biopsy, with no new lesions by
imaging examination®

BM and CSF morphologically free of disease

No new and/or progressive disease elsewhere

Residual mass is negative by FDG-PET (Deauville score
1, 2, or 3); no new lesions by imaging examination

BM and CSF morphologically free of disease®

No new and/or progressive disease elsewhere

PR 50% decrease in SPD on CT or MRI; FDG-PET may be
positive (Deauville score or 4 or 5 with reduced lesional
uptake compared with baseline);

no new and/or PD; morphologic evidence of disease may
be present in BM or CSF if present at diagnosis®;
however, there should be 50% reduction in percentage of
lymphoma cells

Decrease in SPD > 25% but <50% on CT or MRI; no new
and/or PD; morphologic evidence of disease may be
present in BM or CSF if present at diagnosis®;

however, there should be 25-50% reduction in percentage
of lymphoma cells

NR For those who do not meet CR, PR, MR, or PD criteria
PD For those with >25% increase in SPD on CT or MRI,
Deauville score 4 or 5 on FDG-PET with increase in
lesional uptake from baseline, or development of new
morphologic evidence of disease in BM or CSF

Adapted from Sandlund et al. [23].

Abbreviations: BM bone marrow, CR complete response, CRb complete
response biopsy negative, CRu complete response unconfirmed, CT
computed tomography, FDG 18-F-fluorodeoxyglucose, MR minor
response, MRI magnetic resonance imaging, NHL non-Hodgkin lym-
phoma, NR no response, PD progressive disease, PET positron emis-
sion tomography, PR partial response; SPD sum of product of greatest
perpendicular diameters

“Detection of disease with more sensitive techniques described as sup-
porting data (Table 9.3)

CRb

Cru

MR
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Table 9.3 Supporting international pediatric NHL response criteria

data
Supporting
criterion Description
BM Currently defined by morphologic evidence of
involvement | lymphoma cells; this applies to any histologic
subtype; type and degree of BM involvement should
be specified®

BMm BM positive by morphology (specify percentage of
lymphoma cells)

BMi BM positive by immunophenotypic methods
(histochemical or flow cytometric analysis; specify
percentage of lymphoma cells)

BMc BM positive by cytogenetic or FISH analysis
(specify percentage of lymphoma cells)

BMmol BM positive by molecular techniques

CNS CSF positivity is based on morphologic evidence of

involvement | lymphoma cells; CSF should be considered positive
when any number of blasts is detected; CSF may be
unknown; as with BM, type of CSF involvement
should be described whenever possible

CSFm CSF positive by morphology
(specify No. of blasts/uL)

CSFi CSF positive by immunophenotype methods
(histochemical or flow cytometric analysis; specify
percentage of lymphoma cells)

CSFc CSF positive by cytogenetic or FISH analysis
(specify percentage of lymphoma cells)

CSFmol CSF positive by molecular techniques

Residual
mass (RM)

RMm Tumor detected by standard morphologic evaluation

RMi Tumor detected by immunophenotypic methods
(immunohistochemical or flow cytometric analysis)

RMc Tumor detected by cytogenetic or FISH analysis

RMmol Tumor detected by molecular techniques

Adapted from Sandlund et al. [23]

Abbreviations: BM bone marrow, FISH fluorescent in situ hybridiza-
tion, NHL non-Hodgkin lymphoma, PB peripheral blood, RM residual
mass

aSame approach should be used for PB involvement (i.e. PBm, PBi,
PBc, PBmol)

determination (Table 9.3). The inclusion of supporting
response data, though not directly incorporated into the
response evaluation, is forward thinking as these measures
will in no doubt be integrated in future criteria.

A standardized response evaluation schema has many
benefits but requires widespread acceptance and incorpora-
tion into clinical trials. It will allow for comparison of treat-
ment efficacy across multiple regimens while facilitating
clinical decision-making for the individual patient.
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