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2.1  Introduction

The earliest genetic maps of indolent lymphomas
appear quite rudimentary today and for the most
part relied almost exclusively on conventional
cytogenetics and array-based profiling to docu-
ment chromosomal translocations and copy num-
ber aberrations. These observations have served as
an important framework upon which next-
generation sequencing (NGS) tools are delivering
additional insights into the genomes of these
malignancies. Certainly, we have moved away
from thinking of a genetic lesion as simply the
presence or absence of mutation, and there is a
growing emphasis now on the longitudinal and
spatial profiling of these indolent lymphomas, the
early and late occurrences of mutations in lym-
phoma evolution, the complex reciprocal interac-
tions of lymphoma cells with components of the
tumor microenvironment, and the importance of
dynamic monitoring of diseases. The growing
body of knowledge is providing us with an unprec-
edented understanding of the biology of this group

J. Fitzgibbon

Centre for Haemato-Oncology, Barts Cancer Institute,
Queen Mary University of London, London, UK
e-mail: j.fitzgibbon @qmul.ac.uk

O. Weigert (D<)

Department of Medicine III, LMU Hospital, Munich,
Germany

e-mail: oliver.weigert @med.uni-muenchen.de

© Springer Nature Switzerland AG 2021

of lymphomas, and with each additional layer,
there remains the ever-present challenge to trans-
late these new insights into meaningful interven-
tions for the benefit of lymphoma patients.

2.2 The Molecular Biology
of Indolent Lymphomas:
Follicular Lymphoma
as a Prototypical Example
2.2.1 TheTranslocation t(14;18)

in FL

The primary genetic event in the classical model
of FL pathogenesis is the reciprocal transloca-
tion t (14;18) (q32;921) that is detected in
approximately 90% patients [1]. This rearrange-
ment relocates the immunoglobulin heavy chain
(IGH) enhancer region adjacent to the anti-
apoptotic BCL2 gene, resulting in aberrant con-
stitutive overexpression of BCL2. This critical
early step in the pathogenesis of FL occurs in
the bone marrow in response to faulty VDJ
recombination early during B-cell maturation,
though the occurrence of the rearrangement in
30-50% of normal, healthy individuals supports
the notion that upregulation of BCL2 alone is
not sufficient for FL development. These t
(14;18) B cells are long-lived IgD* or IgM*
CD27* memory B cells, which have experienced
the germinal center while bypassing the usual

M. Dreyling, M. Ladetto (eds.), Indolent Lymphomas, Hematologic Malignancies,

https://doi.org/10.1007/978-3-030-55989-2_2

2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-55989-2_2&domain=pdf
https://doi.org/10.1007/978-3-030-55989-2_2#DOI
mailto:j.fitzgibbon@qmul.ac.uk
mailto:oliver.weigert@med.uni-muenchen.de

J. Fitzgibbon and O. Weigert

physiological cell-death signaling that occurs in
non-antigen-stimulated B cells, enabling
repeated reentry into the GC reaction to acquire
the necessary secondary hits. In a landmark
study, [2]. demonstrated a clonal relationship
between paired pre-diagnostic blood samples
and their corresponding subsequent tumor sam-
ples, suggesting that circulating t (14;18) posi-
tive cells does indeed represent a low-risk
pre-malignant precursor cell [2, 3] that can pre-
date the disease by several years.

The reason why some individuals with t
(14;18) positive circulating cells go on to develop
FL while the majority do not is still debated, and
while predisposing (epi-)genetic factors may
offer one explanation [4, 5], it is plausible that
cell intrinsic (secondary genetic hits) and extrin-
sic (immune microenvironmental) factors may
also be of greater significance. These variables
may in part explain the diversity of FL-related
conditions, which include in situ follicular neo-
plasia [6], the highly curable pediatric-type fol-
licular lymphoma that is typically t (14;18)
negative [7], and duodenal-type FL, which bears
a similar mutational profile to classical FL, yet
possesses a distinctive tumor microenvironment
and follows a benign clinical course [8].

2.2.2 Recurrent Genetic Alterations
in FL

Molecular profiling has become synonymous
with the documentation of gene mutations. Rapid
advancements in the field of DNA sequencing
have led to the development of cost-effective
technologies capable of profiling a large series of
malignancies, fueling initiatives like the Cancer
Genome Atlas (TCGA) and the International
Cancer Genome Consortium [9], and databases
like COSMIC cataloguing somatic mutations in
cancer [10]. These programs, in conjunction with
stand-alone studies by single centers, have col-
lectively succeeded in creating an encyclopedic
knowledge around the coding landscape of can-
cers, including indolent lymphoma.

With >1000 FL tumors subjected to whole
exome (WES), genome (WGS), or targeted rese-

quencing, the coding genome and knowledge of
the mutations that work in concert with the t
(14;18) are nearing completion (Table 2.1). Prior
to NGS, cytogenetic studies demonstrated chro-
mosomal alterations in nearly all cases of FL
with changes including translocation of BCL2;
deletions of 1p36, 6q, and 17p; gains in chromo-
somes 2, 7, 8, 12, 18, and X; and copy neutral
loss of heterozygosity (cnLOH) of 16p, 1p36,
and 6p [45-52]. We can now point to many target
genes residing within these chromosomal regions
(CREBBP, TNFRSF14, TP53,) and throughout
the genome, informed both by NGS and by func-
tional studies confirming their role in lymphoma
pathogenesis [14-16, 18, 20-22, 25, 36, 53-56].

The landscape of recurrently mutated genes in
follicular lymphoma shows significant overlap
with those found in other lymphoid malignancies,
especially the Germinal Centre B cell (GCB) sub-
type of the aggressive diffuse large B-cell lym-
phoma (DLBCL). The FL mutational profile is
most notable for the occurrence of multiple gene
mutations encoding components of the epig-
enome, while other core processes recurrently
disrupted in cancer are also affected, including
B-cell receptor (BCR)-Nf-xB, (CARDII,
TNFAIP3), JAK-STAT (STAT6), and mTOR sig-
naling [13, 14, 17, 27, 34, 35, 57-60]. While
mTORCI signaling is usually restrained by a
scarcity of amino acids, this natural brake on cell
metabolism is abrogated in ~20% of FL, by muta-
tions in RRAGC and related lysosomal compo-
nents ATP6VIB2 and ATP6API, with these
mutations being conspicuously unique to FL [34].

2,2.3 Mutations in Epigenetic
Regulators

From the earliest NGS studies, it was apparent
that mutations in genes that regulate the epig-
enome, particularly histone modifiers, were a
hallmark of the genetic features of FL and to a
lesser extent many of the other indolent lympho-
mas. The term epigenetics refers to (heritable)
mechanisms involved in regulating gene expres-
sion that do not alter the underlying DNA
sequence. These typically involve the dynamic
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Table 2.1 Gene mutations affecting >10% of classical follicular lymphoma

Frequency
Gene Effect| (%) Mutation Function Lymphoma biology
KMT2D | 80-90 Pastore et al. (2015) [11], Histone K4me3 Zhang et al. (2015)
Karube et al. (2018) [12], methytransferase [15] and Ortega-
Morin et al. (2011) [13] and Molina et al. (2015)
Green et al. (2013) [14] [16]
CREBBP 1 33-70 Pastore et al. (2015) [11], Histone acetylation Zhang et al. (2017)
Pasqualucci et al. (2011) [17], [18], Hashwah et al.
Karube et al. (2018) [12], (2017) [19], Ennishi
Morin et al. (2011) [13] and et al. (2019) [20,
Green et al. (2013) [14] 21] and Mondello
et al. (2020) [22]
TNFRSF14 1 18-50 Launay et al. (2012) [23], Regulator Boice et al. (2016)
Cheung et al. (2010) [24], inflammatory and [25]
Karube et al. (2018) [12] and inhibitory T-cell
Green et al. (2013) [14] immune response
Histone l 40 Okosun et al. (2014) [26, 27] Chromatin -
linkers and Karube et al. (2018) [12] remodeling
EZH?2 T 25 Pastore et al. (2015) [11], Histone K27me3 Caganova et al.
Karube et al. (2018) [12] and metyltransferase (2013) [29],
Bodor et al. (2013) [28] Béguelin et al.
(2013, 2016) [30,
31] and Berg (2014)
[32]
EP300 1 10-20 Pastore et al. (2015) [11], Histone Meyer et al. (2019)
Okosun et al. (2014) [26, 27], acetyltransferase [33]
Pasqualucci et al. (2011) [17]
and Morin et al. (2011) [13]
ARIDIA | 15 Pastore et al. (2015) [11], SWI/SNF family, -
Karube et al. (2018) [12] and transcriptional
Morin et al. (2011) [13] regulator
RRAGC T 20 Okosun et al. (2016) [34] and mTORCI regulators | Ortega-Molina et al.
ATPOVIB2ATPGAPI Green et al. (2015) [35] (2019) [36]
MEF2B 1 10 Pastore et al. (2015) [11], Transcription factor Brescia et al. (2018)
Karube et al. (2018) [12] and [37]
Morin et al. (2011) [13]
GNAI3 1 10 Pastore et al. (2015) [11], B-cell growth and Muppidi et al.
Karube et al. (2018) [12], lymphoma cell (2014) [38]
Morin et al. (2011) [13] and dissemination
Green et al. (2013) [14]
FOX01 1 10 Karube et al. (2018) [12] Transcription factor Szydlowski et al.
(2016) [39] and
Kabrani et al.
(2018) [40]
CARDI11 T 10 Pastore et al. (2015) [11], NF-«B regulator Compagno et al.
Okosun et al. (2014) [26, 27], (2009) [41] and
Karube et al. (2018) [12] and Davis et al. (2010)
Morin et al. (2011) [13] [42]
STAT6 T 10 Pastore et al. (2015) [11], JAK-STAT signalling | Yildiz et al. (2015)

Yildiz et al. (2015) [43] and
Okosun et al. (2014) [26, 27]

[43]

1 Gain, | loss of function (Table modified from Carbone et al. [44])
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addition or removal of chemical groups to his-
tones or DNA by enzymes known as writers or
erasers, thereby altering the access of transcrip-
tion factors and the expression levels of affected
genes [61, 62]. In FL, the most prevalent muta-
tions affect histone methyltransferases (KMT2D,
EZH?2), acetyltransferases (CREBBP, EP300),
and chromatin structure (ARIDIA, histone link-
ers, e.g., HISTIHIE) [13, 17, 26, 57, 63, 64],
with these “epimutations” co-occurring in up to
80% cases [65, 66]. These somatic mutations are
predominantly inactivating, with the exception of
EZH?2, and alter chromatin state to condensed
transcriptionally — repressed heterochromatin.
These lesions are well established as early, dis-
ease-initiating events in low-grade FL [14, 26,
35, 57, 60], and their lymphoma-promoting func-
tional consequences have emerged, such as the
GC expansion and terminal differentiation block
induced by KMT2D loss [15, 16] and immune
evasion through MHC class I/Il downregulation
seen with CREBBP [35], and EZH2 mutations
[21]. Critically, we are lacking an understanding
of why FL (and other indolent lymphomas to a
lesser extent) are addicted to mutations affecting
components of the epi-machinery and how coex-
isting epi-mutations may cooperate over the
course of lymphomagenesis.

2.2.4 Molecular Genetics
and the Role of the Tumor
Microenvironment

The importance of the immune microenviron-
ment in FL is highlighted by the fact that in vitro
growth of tumors is challenging [67]. Molecular
studies employing gene expression profiling of
bulk tumor samples have played an important
role in characterizing the tumor microenviron-
ment, complementing efforts to enumerate
immune cell populations by immunohistochem-
istry or flow cytometry [68] seminal study
described two prognostic gene expression signa-
tures that were crucially defined not by tumor cell
characteristics but by the dominant cellular com-
position of the microenvironment. Although
these signatures appear to lose prognostic signifi-

cance in cohorts treated with rituximab-contain-
ing therapy (thus highlighting the changing
fortunes of such prognostic markers as therapy
evolves), the importance of the immune microen-
vironment composition to outcome constituted a
core principle for subsequent studies [69].

An important new area of study is an under-
standing of how specific genetic lesions enable
FL tumor cells to co-opt the microenvironment
for their benefit, with several individual examples
emerging. One early link was the observation that
unusually high numbers (~80%) of FL cases
carry novel sites for immunoglobulin
N-glycosylation, as a result of activation-induced
cytidine deaminase (AID)—driven somatic hyper-
mutation affecting heavy chain variable (Vy)
genes [70] and with functional studies showing
the ability of the resulting glycosylated immuno-
globulin to bind dendritic cell and macrophage-
expressed lectins, thus stimulating BCR signaling
[71, 72]. TNFRSF14, a cell surface receptor
involved in T-cell signaling and loss of TNFRSF 14
through mutations, deletions (1p36), and cnLOH
in approximately 20-40% FL cases, has been
linked to a tumor-supportive microenvironment
with an increase in stroma-activating cytokines
and T follicular helper (Tgy) cells. Intriguingly,
TNFRSF14 function could be restored after the
administration of soluble TNFRSF14 protein via
specifically engineered chimeric antigen receptor
T cells in a mouse xenograft model [25].

The impact of epimutations on the immune
microenvironment is likely to proceed by multiple
mechanisms. CREBBP and EZH2 mutation likely
contribute to immune evasion through class I/II
downregulation [21, 35], while recent functional
work showed that activating, EZH2 mutations
skewed GC B-cell dependence away from the
normal Ty cell signal support and toward lym-
photoxin B-mediated dendritic cell (DC) support,
with EZH?2-mutant FL pathology samples intrigu-
ingly showing increased follicular dendritic cell
networks [56]. It is likely that we are only scratch-
ing the surface of the microenvironmental effects
of the epimutations and that novel approaches
such as single-cell transcriptomics combined with
improved disease models will constitute fertile
ground for further discovery.
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2.2.,5 Histological Transformation
of Follicular Lymphoma

There is considerable interest in understanding the
biology of histological transformation (HT) of
indolent lymphoma to an aggressive subtype, usu-
ally DLBCL, with HT representing the leading
cause of follicular lymphoma-related mortality
[73]. While the examination of serial FL-HT biop-
sies has been invaluable, research programs have
been hampered by the paucity of available biop-
sies, leading to all cases of HT being combined
together to adequately power genetic observations.
It would be preferable to examine the genetics of
HT in discrete subgroups, whereby distinctions
may exist between transformations following che-
motherapy relative to treatment-naive HT [74, 75],
differing time to HT, number of preceding episodes
of FL, and prior therapies. We also need to be
mindful that most genetic studies predate the use of
anti-CD20 therapy rituximab, which has reduced
HT rate and undoubtably impacted tumor evolu-
tion and will need renewed validation.

Accepting these limitations, studies have
described an increased genomic complexity
and mutational burden accompanying HT [57,
60], while recurrent events associated with
transformation include disruption to DNA dam-
age response and cell cycle regulation through
CDKN2A/B loss and TP53 mutation/deletion,
and increased activity of key GC cell cycle reg-
ulator MYC through translocation, amplifica-
tion, and/or mutation [26, 57, 60, 76, 77]. The
molecular heterogeneity between HT cases is
considerable however, and indeed most
HT-associated events occur in pre-transforma-
tion samples at lower incidence. These obsta-
cles to curating a discrete genetic signature for
HT emphasizes the importance of pursuing par-
allel investigative approaches, including gene
expression profiling and immune microenviron-
ment characterization.

2.2.6 Classifying Mutations

The application of NGS tools has facilitated the
sequencing of each unique DNA position hun-

dreds and thousands of times, improving the sen-
sitivity for detecting low-variant allele frequency
(VAF) variants that may reflect either a low pro-
portion of tumor cells within a biopsy sample or
a “subclonal” variant that is present in only a
fraction of tumor cells. It is worth emphasizing
that several important variables, including depth
of sequencing, the biopsy tumor content, and the
occurrence of sequencing artifacts, impact the
confidence in detecting subclonal variants.
Mutations can also be defined by their computa-
tionally modeled or experimentally validated
pathogenic potential (Table 2.1), with driver
events viewed as mutations that confer a fitness
advantage to the tumor cell within the context of
a given microenvironment, while passenger
mutations seemingly play no pathogenic role [78,
79]. Thus, it is important to note that defining a
driver mutation is often inferred from surrogate
factors, such as its clonal prevalence and postu-
lated biologic effect, and not always confirmed
by experimental evidence, although many of the
landscape mutations in FL have indeed been
shown to drive lymphomagenesis (Table 2.1).
Driver mutations, somewhat surprisingly, may
occur both clonally and in rare subclones in
tumors with patterns varying according to the
tumor type; TP53 mutations, for example, are
predominantly clonal in follicular lymphoma
[80], but may be subclonal in chronic lympho-
cytic leukaemia (CLL), with a shift toward clon-
ality over time [81]. Strikingly, the impact of a
mutation may vary depending on when it arises
during development, with studies by [15] demon-
strating that conditional deletion of Kmt2d early
during B-cell development, but not after the ini-
tiation of the GC reaction, results in an increase
in GC B cells and enhances B-cell proliferation.

2.2,7 Temporal and Spatial
Evolution in FL and Evidence
for a Common Progenitor Cell
(CPC)

Concepts of tumour evolution stem from the sem-
inal work in the 1970s by Peter Nowell and John
Cairns [82, 83], with early theories focussed on
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the linear acquisition of mutations, each provid-
ing a growth and proliferation advantage driving
malignant transformation. In recent years, high-
throughput sequencing of sequential and spatial
biopsies and more recently cell-free DNA studies
have led to a much greater appreciation of the
clonal and subclonal structure of tumors, reveal-
ing a previously underappreciated degree of
genetic and evolutionary complexity [84, 85]. The
multiple relapsing indolent haematologic malig-
nancies, including CLL [81, 86], and FL [14, 26,
35, 57, 60] have provided some of the earliest
models for examining tumor heterogeneity and
clonal evolution, revealing both patterns of early
and late divergence at relapse and evidence of
intraclonal competition within the unique ecosys-
tem of the tumor microenvironment.

In GC lymphomas the most comprehensive
analysis of temporal clonal evolution has been
performed in FL. Initial studies in paired FL and
HT cases analyzed somatic hypermutation pat-
terns in the immunoglobulin heavy-chain variable
region (/GH-VH), which uniquely tag each clone
[87-89]. Although both linear (evolved directly
from the diagnostic sample) and branching
(evolved separately from an earlier CPC) evolu-
tionary patterns were described, the predominant
mechanism was one of early branching evolution.
Moreover, the molecular analysis of donor-
derived examples of FL offers further support for
this notion of a progenitor cell population occur-
ring many years prior to clinically detectable dis-
ease, reminiscent of work on comparisons of
paired pre-diagnostic peripheral blood and subse-
quent FL. tumor discussed previously [2]. In both
published donor-derived cases, the patients under-
went a bone marrow transplant for another hema-
tological malignancy, after which both the donor
and the recipient developed a clonally related FL,
between 3 and 11 years posttransplant [87, 90].

In more recent studies, NGS has been leveraged
to better characterize the CPC and the genetic
changes driving transformation and progression
[14, 26, 35, 57, 58, 60]. Described phylogenetic
trees comprising a predominant branched evolu-
tionary pattern, where truncal mutations shared
between separate disease episodes were enriched
for the epigenetic regulators CREBBP and KMT2D

and allowed inference that these genetic events are
likely to characterize this CPC population of cells.
These findings have been built on by other groups,
most notably by [57], who performed a similar
temporal study in a larger cohort of FL-HT and
FL-FL cases and undertook a detailed analysis of
clonal dynamics. Using ultra-deep sequencing,
they demonstrated that HT events were predomi-
nantly composed of clones that were not detectable
even at low levels at diagnosis, suggesting later
acquisition and selection, while cases with relapsed
or progressive FL. were characterized by the expan-
sion of preexisting subclones, pointing to markedly
different evolutionary mechanisms underpinning
both these processes. Indeed, it is now apparent
that virtually all tumor types, including FL, com-
prise a mixture of subclones, each with a distinct
mutation profile, driven by their inherent genetic
instability and providing a rich substrate for
Darwinian natural selection. Tumor progression
and treatment resistance are reliant on this genetic
plasticity, with evidence to suggest that increased
intratumor heterogeneity at diagnosis predicts a
more aggressive disease course and poorer progno-
sis. Meanwhile, spatial profiling of FL biopsies has
demonstrated the marked genetic heterogeneity
that may coexist within the same patient at the
same timepoint [91].

Together, these models may have significant
implications for treatment, raising pertinent ques-
tions regarding the appropriateness of tailoring
therapy to the molecular profile of a single biopsy,
the need to target subclonal mutations, the possible
role of chemotherapy in driving the selection of
more aggressive subclones, and critically the nature
of the CPC B cells that potentially serve as a reser-
voir for subsequent disease episodes. These chal-
lenges are not unique to FL but indeed all forms of
indolent lymphomas, discussed in this book.

Molecular Genetics
in Indolent Lymphomas:
A Clinical Perspective

2.3

Despite our increasing understanding of the
molecular biology of these lymphomas, transla-
tion into clinical practice is still lagging.
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Ultimately, the biggest challenge for any genetic
test is to demonstrate clinical utility. The revised
WHO classification acknowledges the evolving
role of genetics in the classification of lymphoid
malignancies, complementing clinical, morpho-
logic, and immunophenotypic features [92, 93].
The field is rapidly evolving, and genetics holds
great promise to improve diagnostic accuracy, to
serve as robust prognostic and predictive bio-
markers, and ultimately to guide and personalize
treatment.

Methods used in clinical practice include
karyotyping (conventional and metaphase cytoge-
netics), fluorescent in situ hybridization (FISH),
polymerase chain reaction (genomic and reverse
transcriptase (RT) PCR), array technology (com-
parative genomic hybridization, single-nucleotide
polymorphism, and gene expression arrays), mas-
sive-parallel sequencing of DNA and RNA (often
referred to as next-generation sequencing, NGS),
and analysis of circulating tumor cells and cell-
free DNA (often referred to as liquid biopsies).
Appropriate molecular workup is best performed
in specialized centers and laboratories, with
expertise in deciding if, when, and what assay to
perform for which patient and sample; by under-
standing the benefits but also limitations of each
test; and through interpretation of the data. As of
today, only few tests are mandatory, but an
increasing number is optional or recommended,
and numerous promising assays are in develop-
ment and clinical evaluation. The following sec-
tion will briefly describe current and evolving
standards for genetic testing in patients with dif-
ferent subtypes of indolent lymphoma.

2.3.1 Follicular Lymphoma

Clonality tests (immunoglobulin rearrangements)
are usually not required to make the diagnosis
and should be restricted to samples with diagnos-
tic difficulties, such as inconclusive morphology
or suspected lymphoma despite reactive mor-
phology. The EuroClonality (BIOMED-2) con-
sortium has developed a standardized multiplex
PCR assay, which detects most but not all clonal
IGH rearrangements. False negative results may

result from rare rearrangements, which are not
covered, and from sequence variants interfering
with primer binding in regions affected by
somatic hypermutation.

Molecular genetics can help confirm the pres-
ence of clonal BCL2 rearrangements, a hallmark
of FL (see the previous section). Karyotype analy-
sis is capable of detecting the prototypical t (14;18)
(q32;q21) [IGH/BCL2] translocations as well as
other less-common translocations. More com-
monly, the FISH technology with BCL2 break-
apartor fusion probes is used to detect 18q21/BCL2
rearrangements irrespective of their translocation
partners [94]. However, this is rarely needed to
make the diagnosis of FL in routine practice. Of
note, most FL. negative for the BCL2 rearrange-
ments still aberrantly express BCL2 protein by
immunohistochemistry  (IHC).  Furthermore,
despite distinct differences in their molecular pro-
files, the absence of the BCL2 translocation has
not yet been shown to impact outcome of patients
with grade 1, 2, and 3A FL who received standard
treatment [95]. Rare variants, such as pediatric-
type FL—a clinically highly indolent subtype—
typically lack BCL2 rearrangements [7].

The clinical impact of gene mutations in FL is
a rapidly evolving research field [96]. Mutations
in few individual genes have been associated
with outcome in patients with FL. Most notably,
TP53 mutations (present in <5% of newly diag-
nosed FL) predicted inferior outcome both in
pre-rituximab and rituximab eras [11, 80]. Gain-
of-function mutations in EZH2 (seen in up to
25% of newly diagnosed FL; also see the previ-
ous section) have been consistently associated
with favorable treatment outcome in studies of
homogenously treated patients who received
frontline cyclophosphamide, hydroxydaunorubi-
cin (doxorubicin), oncovin (vincristine), and
prednisone- and cyclophosphamide, vincristine,
and prednisone-based immunochemotherapy for
advanced, symptomatic FL [97, 98]. Accordingly,
EZH?2 mutations hold promise to serve both as a
biomarker and as a therapeutic target.

Prognostic risk models integrating gene muta-
tions [11, 99], copy number alterations [100], and
gene expression data have shown promising
results, but further optimization, standardization,
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validation, and exploration in additional cohorts
is needed before they can be recommended for
routine clinical use.

Finally, minimal residual disease (MRD)
assessments hold promise to increasingly per-
sonalize patient management in FL, but also in
other lymphomas. Clonal markers, such as chro-
mosomal rearrangements and/or somatic muta-
tions, can be identified in many (but not all)
lymphomas and quantified in circulating tumor
cells and/or cell-free DNA from peripheral
blood and bone marrow samples (or other
patient materials) by various techniques, includ-
ing polymerase chain reaction—based methods
and NGS [101]. MRD results can provide real-
time information about tumor burden and
response to therapy, noninvasive genomic pro-
filing, and monitoring of clonal dynamics.
However, MRD assessment is not (yet) a clini-
cal standard and should be further validated in
clinical trials to determine how to best incorpo-
rate. MRD testing into routine practice and
whether MRD-directed therapies improve treat-
ment outcome.

2.3.2 Marginal Zone Lymphoma
(MZL)

The detection of IgH gene rearrangements (e.g.,
by PCR) can be helpful in distinguishing extrano-
dal MZL of mucosa-associated lymphoid tissue
(MALT lymphoma) from reactive proliferations.
Although not diagnostic, the detection of recur-
rent chromosomal translocations involving
MALTI (t (11;18) (q21;921)), BCLIO (t (1;14)
(p22;932)), or FOXPI (t (3;14) (pl3:;932))
strongly supports the diagnosis of MALT lym-
phoma. Furthermore, approximately half of the
cases show trisomies of 3/3q or 18/18q or dele-
tions of 623 [102]. All these alterations can be
detected by karyotyping or FISH testing.
Chromosomal studies may be useful to identify
patients with gastric MALT lymphoma who are
less likely to benefit from H. pylori eradication,
including presence of a t (11;18) translocation or
trisomy 3/3q [103, 104]. Furthermore, MALT
lymphomas harboring a t (3;14) translocation

seem to have a higher risk of histologic transfor-
mation to high-grade tumors.

Nodal marginal zone lymphomas (NMZL)
typically lack recurrent chromosomal transloca-
tions, but often harbor numerical abnormalities
similar to those seen in MALT lymphomas, such
as trisomies 3/3q, 18/18q, as well as deletions of
6q23. Likewise, splenic marginal zone lympho-
mas (SMZL) also usually do not carry chromo-
somal translocations, but often have abnormal
karyotype, including deletion of 7q31 or 8p, or
complex chromosomal alterations [105].
Molecular studies have identified recurrent muta-
tions in NOTCH2 and KLF2 (in up to 40% of
cases of SMZL) and in genes of the NF-KB path-
way (including MALT1, CARDI11, TNFAIP3, and
MYDSS); however, the data on their clinical
impact is still controversial and an area of active
research [106-108].

2.3.3 Waldenstrom’s
Macroglobulinemia

Waldenstrom’s macroglobulinemia (WM) or lym-
phoplasmocytic lymphoma (LPL) with IgM para-
protein carries highly recurrent somatic mutations,
including activating mutations in MYD88 (>90%
of cases [109]) and in CXCR4 (approximately
30% of cases [110]). As these mutations virtually
all cluster in hotspots (M YD88 L265P point muta-
tions and nonsense (NS) or frameshift (FS) muta-
tions within the C-terminus of CXCR4 (so-called
“warts, hypogammaglobulinemia, infections,
myelokathexis (WHIM) syndrome-like” muta-
tions), they can easily be detected by PCR-based
assays [111]. Determining the MYD88 and
CXCR4 mutation status is not only helpful in dis-
tinguishing WM from other B-cell lymphomas
with indolent morphology, but also provides
important prognostic and predictive information.
Patients with MYD88265F/CXCR4VHMNS  often
present with more aggressive disease and high
tumor burden. CXCR4VHMFS mutation status has
been associated with high IgM levels, including
hyperviscosity crisis [112]. Importantly, response
to the BTK inhibition is adversely impacted by
MYDS88"vre and CXCR4WH™M; hence, determining
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the mutation status of these genes before the initia-
tion of ibrutinib treatment should now be consid-
ered the standard of care [111]. Whether mutations
in other genes like BTK or downstream CARDI]
or PLCG2 are also involved in mediating treat-
ment resistance is an area of active research. In
that regard, WM can serve as a prime example,
illustrating that response to molecular targeting
treatments may be particularly predictable by gene
mutation status. As the field is increasingly shift-
ing toward cytotoxic-free therapies, a broader
mutational analysis will probably be required to
personalize treatment approaches in the very near
future. Other aberrations have also been shown to
be associated with poor outcome in patients with
WM, including deletions of 6q and 11q, as well as
17p/TP53, but validation of these results with
modern therapies is pending [113].

2.3.4 Mantle Cell Lymphoma (MCL)

Almost all cases of MCL harbor the t (11;14)
[IGH/CCNDI1] translocation, which can easily be
detected by FISH or, with a lower sensitivity, by
PCR. However, similar to FL, the detection of
this hallmark translocation is required to make
the diagnosis only if routine morphological
workup (including THC for CCND1 (cyclin D1))
yields inconclusive results. In cyclin D1-negative
MCL, CCND2 and, rarely, CCND3 transloca-
tions have been described [114]. Most MCLs
have a pre-germinal center phenotype with
unmuted /GVH regions and aggressive clinical
course. However, a subset of MCLs have mutated
IGVH genes and a more indolent clinical course,
including non-nodal/leukemic presentation and
splenomegaly. Chromosomal abnormalities, such
as tetraploidy or complex karyotype, and dele-
tions/losses of 17p13/TP53 and 9p21/CDKN2A
have been associated with inferior treatment out-
come, even in the context of dose-intensified
regimens [115]. Similarly, mutations in 7P53 as
well as NOTCHI and NOTCH?2 have been shown
to be associated with blastoid morphology, highly
aggressive clinical course, and dismal treatment
outcome [116, 117]. Similar to FL, prognostic
and predictive models integrating gene mutations

[118], gene expression data [119, 120], or miRNA
profiles [121] have been proposed but require
further validation in additional cohorts.

2.3.5 Hairy Cell Leukemia (HCL)

More than 95% of cases of hairy cell leukemia
(HCL) carry the somatic, activating BRAF muta-
tion V60OE [122]. As the HCL clone can be
small, sensitive molecular assays, such as allele-
specific oligonucleotide (ASO)-PCR, digital
droplet PCR (ddPCR), or NGS, are required to
detect the mutation in peripheral blood and/or
bone marrow samples. Although not specific, the
presence of the mutation can be helpful in distin-
guishing HCL from other B-cell lymphoprolifer-
ative disorders [123]. Rare variants of HCL lack
the BRAF V600E mutation (HZL-v), many of
which haboring mutations in MAP2K?2 instead
[124], particularly cases with IGHV4-34 immu-
noglobulin rearrangements. With the availability
of BRAF inhibitors and other molecular-target-
ing therapeutics, testing for these mutations is
expected to be increasingly relevant in the clini-
cal setting. Numerous other genetic and karyo-
typic abnormalities (e.g., chromosome 5
abnormalities in approximately 40% cases) have
been described [125]; however, none of these
have been incorporated into the diagnostic crite-
ria for HCL yet.

2.3.6 ChronicLymphocytic
Leukemia

Understanding the prognostic and predictive
value of specific cytogenetic and molecular find-
ings in CLL is increasingly guiding treatment
decisions in clinical practice (see Chap. 13).
Briefly, interphase FISH (e.g., for del (17p), del
(11q), and del (13q)) and determining the muta-
tion status of /[GVH and TP53 are widely consid-
ered standard clinical tests [126, 127]. Unmutated
IGVH regions are found in approximately half of
CLL and have invariably been linked with infe-
rior treatment outcome, including higher risk of
relapse and shorter overall survival [128, 129].
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Cytogenetic abnormalities are present in >80%
of CLL. The single most common alteration is
deletion of 13q (present in up to 50% of CLL),
which has historically been associated with a
favorable clinical course [130]. Deletions of
11g22-23 occur in up to 20% CLL, typically
involve ATM and sometimes BIRC3, and are
often linked to refractoriness to chemotherapy
[131]. Patients with deletions of 17p and/or inac-
tivating mutations in 7P53 often have complex
karyotype, aggressive clinical course, and poor
response to standard chemotherapy and should
be prioritized for TP53-independent therapies,
such as ibrutinib, idelalisib, and venetoclax [132]
(and ESMO guidelines eUpdate from June 27,
2017:  Chronic  Lymphocytic  Leukaemia
Treatment Recommendations). Interestingly, the
mutation frequency of TP53 increases over time,
from approximately 5% at initial diagnosis to
about 40% at the time of refractory disease [133].
Hence, testing for 7P53 mutations is recom-
mended for all patients before the start of any
new therapy. Also, deep sequencing rather than
Sanger sequencing is recommended (capturing at
least exons 4-9), as subclonal 7P53 mutations
(i.e., <1%) seem to have the same unfavorable
clinical impact as 7P53 mutations present in the
major clone. Emerging data indicates that other
recurrent gene mutations, such as SF3B/ and
NOTCHI mutations, are associated with more
aggressive disease [131], but further validation in
additional cohorts is needed, especially in the
context of novel therapies. Furthermore, screen-
ing for genetic treatment resistance is a rapidly
developing field, as exemplified by ibrutinib
resistance mediated by the C481S point mutation
in BTK or activating mutations in downstream
PLCG2 [134].

2.3.7 IndolentT-Cell Lymphomas

T-cell lymphomas (TCL) are much less common
and—with the exception of cutaneous TCL (see
Chap. 14) and large granular lymphocytic (LGL)
lymphoma (see Chap. 15)—mostly have an aggres-
sive clinical course. Rearrangements of T-cell
receptor (TCR) genes are frequently seen and can be

diagnostically helpful [135]. The aforementioned
BIOMED-2 multiplex PCR assay captures the most
common 7CR rearrangements (mostly 7CRy and
TCRp, less commonly TCRa). However, clinicians
should be aware of false positive results, as clonal
T-cell clones can be detected with increasing fre-
quency in elderly subjects [136]. Translocations
affecting the TCR genes are much less common
compared to B-cell lymphomas. Other genetic tests
are not routinely performed in indolent TCL, but
defining the molecular landscapes of these diseases
is an area of highly active research.

24 Perspective

At the time of writing, genetics has become syn-
onymous with coding mutations, and we have an
unparalleled understanding of the coding genome
and genes that are subject to recurring gene muta-
tion in indolent lymphomas. This is in contrast
with the relatively scant information gleaned thus
far on how individual gene mutations work
together, if all mutations in the same genes
behave the same, and if the impact of specific
mutation is maintained throughout the course of
the disease. The portrait of these indolent lym-
phomas will change significantly as we incorpo-
rate knowledge on genetic susceptibility, the
non-coding (epi) genome, and decide whether
collectively these can unlock insights into the
personalities of these lymphoma that will pave
the way to improvements in the overall
management of our patients, for their life both
with and after lymphoma.
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