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SUMMARY

SUMMARY

Diffuse large B-cell lymphoma (DLBCL) is the most frequent tumor of the lymphoid system.
Standard first line therapy is successful in the majority of cases, however about 30% of DLBCL
are either refractory to it or relapse after a period of remission. Therapy options for such patients
are very limited and disease outcomes are often unfavorable. Recent years of research have
considerably advanced our understanding of molecular processes that drive lymphomagenesis of
primary DLBCL. However, due to lack of focused studies, knowledge on the genetic basis of
DLBCL relapse remains scarce. It is largely unknown how tumors evolve under treatment, which
genetic events lead to recurrence, how resistance emerges and whether relapses can be reliably
predicted at the timepoint of initial diagnosis.

We sought to address these questions by comprehensive genetic analysis of two retrospective
DLBCL cohorts. One consisted of paired primary and relapse samples from 20 relapsing
DLBCL cases, another of 11 non-relapsing primary DLBCL samples. We performed histological
characterization, investigated genome-wide DNA copy number aberrations and most common
nucleotide-level alterations, and tested clonal relationships between paired tumors of the same
patient. Our study provided important novel findings and strengthened some previous
observations.

Clonally-unrelated DLBCL relapses were previously equivocally documented by demonstration
of distinct immunoglobuln gene (1G) rearrangements between the first and the second lymphoma
occurrence. We support this observation and provide high quality evidence showing not only
distinct 1G rearrangements, but also lack of unifying genetic alterations throughout the whole
tumors’ genomes of clonally-unrelated relapses. Therefore we propose to call such
manifestations second de novo DLBCL occurring in the same individual.

Genetic evolution of DLBCL at relapse is largely unexplored except of a single study, but much
is assumed from results and conclusions in other lymphoid neoplasms. Analysis of the dynamics
of shared and private alterations in paired tumors suggested existence of at least two distinct
patterns of genome evolution at relapse. About one third of investigated clonally-related cases
followed an early-divergent/branching pattern of a relapse, characterized by a small number of
shared mutations between the two occurrences and a large number of primary tumor-specific
alterations. The rest of the cases relapsed via a late-divergent/linear pattern. They were
characterized by sharing most mutations between the respective primaries and relapses and very

small numbers, if any, of primary tumor-specific genetic alterations.
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The identification of precise genetic drivers and prognostic factors of relapse is challenged by an
extreme heterogeneity of DLBCL. Together with the small sample sizes of analyzed collectives,
this is probably the main reason why there is only a limited overlap in findings between studies,
addressing this issue up to date. Our analysis identified two genes, KMT2D and MEF2B, which
recurrently gained additional mutations at relapse. Further, we identified recurrently shared
alterations of CD79B, KMT2D, MYD88, PIM1, which represented early drivers of
lymphomagenesis. Finally, comparing genetic data between relapsing and non-relapsing DLBCL
cohorts we identified group-specific DNA lesions (recurrent gains of 10p15.3-13 containing
GATA3 and PRKCQ in primary relapsing DLBCL and mutations of SOCS1 and RELN in non-
relapsing DLBCL). The prognostic power of them could be further investigated in dedicated
large-scale studies.

We are committed in further analyzing paired lymphoma samples, also in difficult settings, as
demonstrated by two small-scale studies included in this dissertation. We developed and applied
a technique to enrich rare lymphoma cells from formalin-fixed paraffin-embedded tissues. It
enables meaningful genetic analysis of relapses in lymphoid neoplasms, such as classical
Hodgkin lymphoma, which are important but understudied, due to their research-limiting
morphological properties.



INTRODUCTION

1. INTRODUCTION

1.1 B-cell development

1.1.1 Early stages of B-cell development

B-lymphocytes (B-cells) are a population of cells expressing clonally diverse cell surface
immunoglobulin (1g) receptors, which recognize specific antigens. B-cells develop from the
hematopoietic precursor cells that reside in the bone marrow. Their development involves
multiple stages beginning with the emergence of lineage in the primary lymphoid tissue (e.g.
fetal liver, adult bone marrow) and continuing with functional maturation in secondary
lymphoid organs (the spleen, lymph nodes, Peyer’s patches, mucosal tissues etc.). B-cells
terminally differentiate into either memory cells, which can initiate a secondary immune
response or into non-proliferating plasma cells The functional endpoint of B-cell development
is the production of antigen-specific antibodies® (Figure 1).

During embryogenesis, bone marrow is seeded by the hematopoietic stem cells from the
developing fetal liver. It provides complex and dynamic microenvironment, or niche, required
for the development of hematopoietic cells. A crucial role hereby play different types of bone
marrow stromal cells that support B-cell differentiation in two major ways: first, by
expressing specific types of adhesion molecules they assure physical localization of
developing B-cells to the appropriate bone marrow compartments; second, they secrete
cytokines that transfer key signals for B-cell differentiation?.

Early bone marrow-dependent stages of B-cell development are structured around the
rearrangements of immunoglobulin genes (IG). These early B-cell precursors also have a
characteristic pattern of expressed surface markers and activated transcription factors. The
expression of the B-lineage marker CD45D and increased amount of the transcription factor
EBF1 marks the entrance of the developing lymphoid cell into the pre-pro B-cell stage®. At
this stage EBF1 binds to the immunoglobulin heavy chain (IGH) gene and prepare it for D to
Jy recombination. Also, its expression is required for the later initiation of CD79A and
CD79B production. Both of these molecules are essential components of the B-cell receptor
(BCR)".

D to Jy recombination is completed in the early pro-B cell stage. At this stage, activated by
the binding of EBF1 to its promoter, the expression of PAX5 starts. PAX5 is a key B-cell
transcription factor that is present in all B-cells throughout all subsequent developmental

3
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Figure 1. Development of B-cells is a step-wise process that occurs in multiple distinct organism sites.
Early stages take place in bone marrow where progenitor cells commit to a B-cell lineage, rearrange their
immunoglobulin genes and start expressing a B-cell receptor. Immature B-cells migrate to the spleen to
become transitional cells, which give raise to either naive follicular B-cells or marginal zone B-cells.
Follicular B-cells can form germinal centers and differentiate into memory B-cells or plasma cells
Adapted from ref™.

stages until differentiation into plasma cells®. It is experimentally proven, that PAX5 is
essential for the V to DJy recombination since mice lacking PAXS5 are unable to complete the
second stage of IG heavy chain rearrangement®. Also, during the pro-B cell stage CD79A/B
are produced and PAXS5 initiates the expression of the surface marker CD19, which itself is
another essential component of the BCR and a widely used diagnostic marker for the B-cell
lineage®. Furthermore, PAXS5 is of paramount importance to the B-cells and is required for the
full commitment of the hematopoietic progenitor cells to the B-cell fate, probably due to its
ability to suppress expression of NOTCH1'®,

VDJy rearrangement is completed at the end of the pro-B cell stage and the expression of the
pre-B cell receptor (pre-BCR) marks the entry to the early pre-B-cell developmental stage.
Pre-BCR is composed of freshly rearranged IGH and surrogate light chain components VpreB
and A5. Pre-BCR signaling downregulates RAG1/2 enzymes and prevent further IGH
rearrangements. The second IGH allele is suppressed due to allelic exclusion. Cells that fail to

display a pre-BCR at this stage undergo controlled cell death by apoptosis, representing the
4
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first checkpoint in the B-cell development. Cells that successfully pass the first checkpoint
undergo several rounds of proliferation before continuing with the rearrangement of the 1G
light chain genes. This leads to a possibility of several B-cell clones with identical IGH
rearrangements but distinctly rearranged light chains.

After successful proliferation the pre-BCR receptor is lost and this marks the entry to the late
pre-B-cell stage. At this stage the expression of RAG1/2 is reactivated and the cells prepare
for light-chain gene rearrangement. First k light chain genes are rearranged. If rearrangements
are non-productive, A light chain alleles are rearranged®. After successful rearrangement the
IgM receptor is displayed on the surface of B-cell. IgM expression is characteristic to the
immature B-cells.

Immature B-cells are tested for their reactivity against self-antigens in the bone marrow.
Cells, which show self-reactivity, either undergo apoptosis (a process called clonal depletion)
or editing of the I1G. Non-reactive immature B cells leave the bone marrow and circulate to the
spleen where they emerge as transitional 1 (T1) cells. Here T1 cells are once more tested for
their reactivity against self-antigens present in the spleen. Again, self-reactive cells undergo
apoptosis or edit their rearranged heavy- or light-chain genes. After this stage non-reactive
cells enter spleen follicles where mRNA splicing is activated. Due to splicing B-cells start
expressing IgD as a part of BCR, thus decreasing the amount of surface IgM receptors™.
Besides the BCR signaling, the survival of B-cells in the periphery is dependent on signaling
by the B-cell activator of the TNF-a family (BAFF). The BAFF receptor (BAFF-R) is first
expressed at the end of the immature B-cell stage**. BAFF signaling promotes the expression
of anti-apoptotic molecules such as BCL-2 and BCL-xI, providing survival signals to T1, T2
and mature B-cells. Also BAFF is involved in non-canonical NF-kB activation'?*3. In mice,
knockout of Baff-r or Baff results in decreased mature B-cell counts and weakened immune
response — a phenotype, which can be reversed by overexpression of Bcl-2*.

Fully mature B cells that leave the spleen and recirculate between blood and lymphoid
follicles in the lymphoid organs are called follicular B-2 cells. They express high levels of
IgD and moderate levels of IgM and are ready to be activated if encountering foreign antigens
fitting to their BCR. T2 cells also give rise to marginal zone B cells that are located in the
outer regions of the white pulp of the spleen’. Recirculating follicular B-cells constitute the
majority of mature B-cells and are the relevant type in the context of the majority of B-cell
lymphomas, therefore further description of the B-cell maturation will be focused on them.
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1.1.2 Structural organization and rearrangement of 1G genes.

Immunoglobulins (Ig) are formed by four separate polypeptides: two identical heavy chains
and two identical light chains. Those polypeptides are coded by separate loci within the
human genome. Heavy chain gene locus is located on chromosome (chr) 14, while the A and «
light chain genes loci are located on chr 22 and chr 2, respectively. Germline 1G have a
unique multigene structure, which needs to be rearranged before production of functional 1g is
possible. Such rearrangement process is restricted to B-cells in humans. Similar processes
take place to rearrange receptor genes in T cells. The multigene structure is the source of
profound variation that gives a potential for large numbers of combinations and therefore
diverse specificity of the 1g™.

The organization of light and heavy chain genes is very similar. The light chain locus consists
of variable (V) genes, joining (J) genes and constant (C) genes. Heavy chain genes
additionally have a diversity (D) region between V and J segments. The number of genes in
each cluster differs (Figure 2). V genes are separated into families based on their sequence
similarity. If similarity of two genes is lower than 80%, those genes belong to different V
gene family™®. V genes are always located at the 5> end of each 1G locus. While a typical V

gene is about 300 bp long, they are interspersed by non-coding DNA sequences.
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Figure 2. Schematic representation of human IG loci. The scale of the boxes is approximate. Only
functional genes are shown. Non-coding sequences are displayed in gray. Note that joining (J) regions in
lambda light chain are located between the constant regions. enh — enhancer; L — leader exon; Adapted
from ref'®.
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Consequently, one V cluster can be as long as 200 kb in a germline genome. Upstream of
each V cluster there is a leader exon, which encodes a leader peptide required for Ig
translation and its import into the endoplasmic reticulum. 5’ to each leader peptide lies a V
gene promoter, which is required for transcription®.

3’ to the V genes are several J segments. They are typically 30 to 50 bp long, separated from
each other by non-coding sequences. D segments are located in between V and J segments.
Constant (C) genes lie 3’ to the J segments. In the IGL locus, the C gene consists of only one
exon, while in the IGH, C genes typically have five or six exons.

Non-coding sequences neighboring and within the 1G loci play an important role in regulation
of recombination and gene expression. These sequences contain repressors, enhancers, switch
regions and recognition motifs that are essential for successful recombination and later
transcription of the gene™.

During B-cell development, IG can potentially undergo two types of rearrangements: V(D)J
recombination and class switch recombination (CSR)'. Only the former is essential for 1G
transcription and expression of functional 1g. CSR is shortly addressed later in the chapter
concerning germinal center reaction.

During the V(D)J recombination the 3’ end of one D gene is brought to the 5° end of one J
gene. This stage is called DJ joining. Then in a similar manner the 3’ end of one of the V
genes is ligated to the 5> end of the DJ cluster, resulting in complete VDJ construct'’. The
light chain is rearranged in the same way, except there is only one stage i.e. VJ joining.
Mechanistically, rearrangement is made possible by an availability of specific non-coding
DNA sequences called recombination signal sequences (RSS). RSS are very conserved blocks
of 7 (heptamers) and 9 (nonamers) nucleotides that occur upstream and downstream of V, D
and J genes. They also include less conserved spacers of either 12 or 23 bp. The specific
distribution pattern of these elements allows precise excision and joining of the target
sequences™®. The best understood enzymes that are involved in the recombination process are
called recombination-activating genes 1 and 2 (RAG1 and RAG2)*. They recognize the RSS
sequences and induce DNA strand breaks at specific sites. End processing and joining is
performed with the help of additional protein complex including Artemis, DNA ligase 1V,
Terminal deoxynucleotidyl transferase (TdT) and other components of non-homologous end
joining machinery. Of these, the expression of RAG1/2 and TdT is restricted only to

lymphoid cells™.
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1.1.3 The germinal center reaction and parafollicular activation of B-blasts

Germinal centers (GC) were first discovered in 1884 by Dr. Walter Flemming. He described
them as transient and distinct micro-anatomical structures in secondary lymphoid organs that
contain dividing cells'®. GC form after antigen- and T-cell-dependent B-cell activation and
their main function is the affinity maturation of the BCR. This involves dynamic processes of
dedicated structure formation, intra- and intercellular signaling, positive and negative
selection, cell death, migration and differentiation (Figure 3).

Circulating naive B-cells express chemokine receptor CXCR5 and are attracted to the
lymphoid follicles by follicular dendritic cells (FDC) that express the ligand chemokine
CXCL13%. There B-cells encounter, by means of their BCR, foreign peptide antigens either
in a soluble form (antigens under 70kDa) or bound on the membranes of antigen-presenting

cells (macrophages, T-cells, dendritic cells)**. Then BCR-antigen complexes are internalized,
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Figure 3. Germinal centers consist of two functional compartments: the dark zone and the light zone. In
the dark zone B-cells (centroblasts) undergo intense proliferation and somatic hypermutation. Then they
migrate as centrocytes to the light zone, where affinity of the B-cell receptor is tested and class switch
recombination occurs. B-cells can recycle multiple times between dark and light zones until enough
receptor specificity is achieved. Besides B-cells, follicular dendritic cells and follicular helper T-cells are
essential for the germinal center reaction. Adapted from ref?®.
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processed and displayed on a major histocompatibility complex (MHC) class Il (MHC-II)
molecule on the surface of the B-cell. Following antigen recognition by BCR, a specific
chemokine receptor CCR7 is upregulated, which guides B-cells outside the follicle to a T
zone where T cells express the CCR7 ligands CCL19 and CCL21. There the MHC-bound
antigen is recognized by a specific T-cell receptor (TCR) and bidirectional activation between
the respective B- and T-cells takes place?*?. Crucial for B-cell activation is the contact
between the CD40 receptor on the B-cell with its ligand CD154, which is membrane-bound
on the surface of the T-cell**
for the B-cell. Mice with disabled interaction between CD40 and CD154 do not develop

. This contact provides strong activation and proliferation signals

GC?. This effect is also manifested in humans because mutations in CD154 lead to abolished
CD40 signaling and X chromosome-linked immunodeficiency with so called hyper-IgM
syndrome®®?”. Additional stimulation for B-cells is achieved via secretion of 1L-2, IL-4 and
IL-5 by activated T-cells. T-cell-dependent activation, according to the favored hypothesis®,
Is competitive: only limited numbers of CD4+ T-cells are available in the parafollicular space
and only those B-cells that display relatively strong affinity towards the antigen, and
consequently display more MHC-II-antigen complexes, are allowed to enter follicles and
form GC. Other B-cells, whose BCR binds the respective antigen with low affinity undergo
alternative destinies, e.g. apoptosis due to low BCR signal and lack of T-cell stimulation® or
differentiation into GC independent long-lived (extrafollicularly/parafollicularly activated and
maturated) plasma cells secreting low-specificity 1gM antibodies®.

Following activation, B-cell transform into centroblasts, migrate to the center of the follicle,
and start fast proliferation. The duration of centroblasts’ cell cycle range between 6 and 12

223132 Centroblasts

hours and they are therefore the fastest proliferating human cells
uniformly have a low cytoplasm-to-nucleus ratio, therefore the area where they are located
appears darker under a light microscope and was termed the dark zone (DZ) of GC™.
Centroblasts are maintained in the DZ due to their relatively high levels of CXCR4. This
chemokine receptor is activated by its ligand CXCL12 expressed by locally present stromal
cells®®. Prior to the formation of GC, the centers of follicles are mostly occupied by
recirculating naive B-cells. Intensely proliferating centroblasts push them out to the periphery
of the follicle where they form a compartment called B-cell mantle?.

Additionally to intense proliferation, GC is the site of a process called somatic hypermutation
(SHM). During SHM the Ig variable region (IgV) of the rearranged 1G genes is modified®*.
This process is heavily dependent on the activity of an enzyme called activation-induced

deaminase (AID), which performs targeted deamination of deoxycytidine®. Deamination

9
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leads to a formation of a U:G mispair. The type of lesion introduced to the DNA strand
following deamination largely depends on the way in which the mispair is identified,
processed and resolved®®. One major pathway is the mutation recognition by the DNA base
excision repair machinery. Then the uracil base is excised by uracil-DNA-glycosylase (UNG)
and the abasic site is filled randomly with one of the four possible DNA bases leading to a
potential transition or transversion®’. Alternatively, U:G mismatch can be processed by DNA
mismatch repair mechanism involving the mismatch repair enzymes MutS protein homolog 2
(MSH2) and MSHS. As a result of this pathway A:T pairs in place of C:G are formed®. SHM
introduce DNA lesions at approximate rate of 10 mutations per base per generation. SHM is
related to DNA strand breaks and the majority of alterations produced are point mutations®.
However, duplications and deletions were also reported*’. Most mutations are concentrated to
the complementarity-determining regions (CDR) of IgV as well as on coding and regulatory
regions 2kb downstream of the transcription initiation site (Figure 4)%.

Class switch
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Figure 4. Localization of somatic hypermutation in the immunoglobulin gene (IG). DNA lesions are
concentrated to complementarity determining regions within the variable sequences as well as in the
switch regions of the heavy chains. C — constant region; CDR — complementarity determining region; S —
switch sequences; Adapted from ref®.

Following several rounds of proliferation and SHM, centroblasts leave the DZ of the GC and
migrate to the light zone (LZ) composed of B-cells called centrocytes in a dense mesh of
FDC?. This migration is enabled by the increased expression of a chemokine receptor
CXCR5 by DZ B-cells, which then guides them towards LZ where the concentration of
CXCL13 is higher.®®. Transition of centroblast to centrocytes is marked by upregulation of

10
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CD83 and CD86 levels. These two markers are used to distinguish these two cell types in
FACS experiments*. Centrocytes test the effects of recent mutagenesis in the DZ by binding
the antigen presented on the immune complexes of the FDC. This interaction is not
competitive, meaning that potentially every B-cell that make its way to the LZ interacts with
FDC*. If the BCR of that cell has lost its affinity due to SHM, the cell undergoes apoptosis,
due to lack of survival signals from the BCR. If BCR recognizes the respective antigen, it is
again internalized into the B-cell, processed and displayed on the plasma membrane with a
MHCII molecule. Similar to the initial activation, B-cells then competitively seek contact
with T-cells for signals determining their further fate. T-cells are able to discriminate B-cells
according to the amount of MHCII-antigen complexes presented, favoring those, which
display more****. This, combined with the limited counts of T-cells in the LZ, proves that B-
cells have to compete for T-cell interaction.

It has been shown that affinity maturation in GC in not a one-way process. The fraction of
centrocytes that show strong but insufficient affinity for antigen migrate back to the DZ to
undergo additional rounds of SHM and proliferation. This migratory pattern is termed cyclic
re-entry®.

Additionally, the LZ is thought to be the main site of class (isotype) switch recombination
(CSR). The mechanism of CSR s relatively well known. Here as in SHM, an important role
is played by AID, which helps to induce double stranded DNA breaks within donor and
acceptor switch domains*®. The DNA between these breaks is removed and the resulting ends
are ligated by non-homologous end joining*>*’. Naive B-cells have potential to switch to any
isotype and to change their antibody-coding heavy chain form p to either €, a or y. Induction
of CSR can be T-cell-dependent and independent. Besides the major role of CD40 in
induction®®, signaling by BAFF-R, cyclophylin-ligand interactor (TACI) and inducible T-cell
co-stimulator (ICOS) has also been demonstrated*®*®. The combination of cytokines and
costimulatory signals determine the class of the resulting Ig after switching. For example
stimulation by interferon gamma (INF-y) results in production of IgG, while IL-4 induces
switching to IgE. Anatomical sites also matter: B-cells located in mucosal tissues switch
predominantly to IgA, which is most effective against microbes attempting to penetrate
through epithelia. Different classes of antibodies have distinct effector functions and are
involved in defense against different types of infectious agents. Therefore, CSR is an
important step in diversification of B-cell antibody repertoire.

After centrocytes complete BCR affinity maturation and class switching, they migrate outside

the LZ and differentiate either into plasma cells or into memory B-cells. As will be explained

11
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later, processes in the GC are prone to errors and can generate significant numbers of DNA
lesions affecting tumor suppressors and oncogenes. These GC reaction-specific lesions

contribute significantly to pathogenesis of B-cell lymphomas.

Regulatory networks of germinal center reaction.

Initiation of the GC, transit between functional zones, exit and differentiation are regulated by
a complex intracellular and humoral signaling systems. Major players in these processes have
been identified and include PAX5, BCL-6, NF-kB, C-MYC and BLIMP1 (Figure 5). The
knowledge about the precise mechanism of action is lacking for some of these molecules, but

their role has been proven by functional experiments in vivo and in vitro®*2.

CD40-CD154

l transcriptional regulators of the GC reaction. Its

BCL-6 is acknowledged as one of the most important

expression is initiated by successful B-cell activation,
as well as by the activity of interferon-regulatory
P factor 8 (IRF8) and MEF2B. Upon activation, BCL-6

IRF4) —> | Plasma-cell
differentiation

can bind its own promoter to negatively regulate its

1 transcriptional levels®®. Primarily BCL-6 acts as

P 4] @LVPD

(BCR)

transcriptional repressor. It binds specific DNA motifs

and recruits histone deacetylases (HDAC) directly or

Figure 5. Inhibition of BCL-6 and

through interactions with other co-factors. HDAC

plasma cell differentiation. BCL-6 is
downregulated in centrocytes following
activating contact with helper T-cells,
which is transduced via NF-xB and
BCR signaling as well as protein
acetylation. Repression of BCL-6 lifts
the inhibition of BLIMP1 and leads to
plasma cell differentiation. Adapted

deacetylate histones in target loci to render them
inaccessible for DNA transcription. BCL-6 is strongly
expressed in centroblasts and, to a lesser extent, in
centrocytes. It has multiple roles in the GC reaction.
First, it provides tolerance to the high level of DNA

damage occurring in centroblasts and centrocytes

from®
during SHM and CSR, respectively. It has been shown

that BCL-6 represses transcription of TP53 and CDKNZ1A and rescues cells from apoptosis
and cell cycle arrest®**®. Second, BCL-6 prevents premature B-cell activation by T-cells by
downregulating STAT1, CD69 and CD80°*°’. This mechanism ensures that B-cells do not
leave GC too early when sufficient BCR affinity is not yet achieved. Third, BCL-6 inhibits
premature differentiation of GC B-cells into plasma cells, by repressing PRDM1, encoding a
master regulator of plasma cell differentiation BLIMP1, and IRF4°®°°. Fourth, it induces the

expression of AID by inhibiting expression of two microRNAs, miR-155 and miR-361, which
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negatively regulate AID®. BCL-6 is downregulated following strong and definitive T-cell-
dependent B-cell activation in the LZ. This permits differentiation of centrocytes into
plasmablasts or memory-B cells®’. Adding to its importance, BCL-6 also acts as regulator of
transcriptional program in GC T-cells®.

IRF8 is expressed in centroblasts but not in centrocytes during the GC reaction. It positively
regulates BCL-6 and AID®. Furthermore, it binds PU.1 to maintain the expression of PAX5.
Knock-out of both IRF8 and PU.1 leads to premature plasma cell differentiation in the GC®.
C-MYC is upregulated for a short period during GC initiation. Later its expression is
transcriptionally suppressed in the DZ by BCL-6 but reactivated again in the small subset of
centrocytes in the light zone that eventually re-enter the DZ®®. The exact effects of MYC
activation in the GC are not clear but it is believed that it stimulates metabolism, DNA
replication and telomerase function®®.

NF-kB signaling is absent in centroblasts but it is indirectly activated in centrocytes following
strong stimulation by BCR, CD40, BAFF and cytokines and signaling by MAPK, PI3K and
toll-like receptors™. Besides other important effects, NF-xB activates IRF4 (MUML1p) to
promote plasma cell differentiation®’.

PAXS5 is a crucial transcription factor for B-cell identity maintenance. Its expression starts
early in B-cell development upon the definite commitment of precursors to the lymphoid
lineage at the pro-B stage, and continues throughout the mature B-cell phase as well as during
the GC reaction. It binds a plethora of DNA sites and acts as both initiator and repressor of
transcription. It regulates the expression of BCR components (IGH, CD79A), and other
molecules that define B-cell identity (CD19, CD21, BLK, IRF4, IRF8)°. It also represses
lineage-inappropriate markers such as FLT3, CD28, NOTCH1 and others®. Downregulation
of PAX5 is essential for centrocyte differentiation into Ig-secreting plasma cell. On the other
hand, its expression is maintained in memory B-cells**.

IRF4 is expressed at low levels during GC initiation where it induces the expression of BCL-6
and AID. During the late stages of GC reaction IRF4 is strongly upregulated in centrocytes
following elevated BCR signaling and activation of NF-xB. Then it represses BCL-6 and
stimulates the expression of BLIMP1°%%.

BLIMP1, coded by PRDM1, is essential for differentiation of B-cell into a plasma cell and its
expression is restricted to the latter cell type. It is activated by IRF4 in late GC. During
commitment to plasma cell, BLIMP1 represses PAX5, BCL-6 and C-MYC, which are
responsible for B-cell and especially for B-cell GC phenotype. It also activates XPB1, which
is important, but not essential regulator of plasma cell differentiation®. XPB1 induces the
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development of the endoplasmic reticulum and accommodates cells for secretion of large

quantities of proteins®®.
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1.2 Diffuse large B-cell lymphoma, not otherwise specified (NOS)

Diffuse large B cell lymphoma (DLBCL) is an aggressive form of B-cell lymphoma, which
accounts for 30% of all newly diagnosed lymphomas worldwide™. The median age of
occurrence is between 60 and 70 years, but it can also arise in young adults and children.

L2 It can affect nodal and

DLBCL is slightly more frequent in males than in females
extranodal sites. The most frequent extranodal locations are the gastrointestinal tract, the
bones, testes, spleen and Waldeyer’s ring. Predominantly DLBCL is a de novo disease, but it
can also manifest as transformations from other more indolent lymphoid neoplasms such as
follicular lymphomas, marginal zone lymphomas and chronic lymphocytic leukemias (the
latter is called Richter’s transformation). DLBCL is a very heterogeneous disease, which has
distinct morphological, phenotypic, molecular and clinical characteristics. Some of those
characteristics have been used as a basis for a numerous different classifications (see Table

1),

Diffuse large B-cell lymphoma, not otherwise specified (NOS)
Common morphologic variants
Centroblastic
Immunoblastic
Anaplastic
Rare morphologic variants
Molecular subgroups
Germinal centre B-cell-like (GCB)
Activated B-cell-like (ABC)
Immunohistochemical subgroups
CD5-positive DLBCL
Germinal centre B-cell-like (GCB)
Non-germinal centre B-cell-like (non-GCB)

Diffuse large B-cell lymphoma subtypes

T-cell/histiocyte-rich large B-cell lymphoma
Primary DLBCL of the CNS

Primary cutaneous DLBCL, leg type

EBV positive DLBCL of the elderly

Other lymphomas of large B cells

Primary mediastinal (thymic) large B-cell lymphoma

Intravascular large B-cell lymphoma

DLBCL associated with chronic inflammation

Lymphomatoid granulomatosis

ALK-positive LBCL

Plasmablastic lymphoma

Large B-cell lymphoma arising in HHV8-associated multicentric Castleman disease
Primary effusion lymphoma

Borderline cases

B-cell lymphoma, unclassifiable, with features intermediate between diffuse large B-cell lymphoma and
Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermediate between diffuse large B-cell lymphoma and
classical Hodgkin lymphoma

Table 1. Categorization of DLBC in the 4™ edition of WHO classification of hematopoietic and lymphoid
tissues’?. ALK, anaplastic lymphoma receptor kinase; CNS, central nervous system; EBV, Epstein-Barr
virus; HHV8 human herpes virus 8.
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Gene expression and genetic studies revealed several molecular subtypes of DLBCL.: the
germinal-center B-cell (GCB) subtype, the activated B-cell (ABC) subtype and the primary
mediastinal large B-cell lymphoma (PMBCL) subtype™ . However, 10-15% of DLBCL
cases cannot be classified into any of these categories. The three DLBCL subtypes are thought
to derive from distinct B-cell developmental phases as their gene expression profiles match
closely with the gene expression profiles of their healthy counterparts. Thus, the cell of origin
(COO) concept has emerged. It has been shown that gene expression profile of GCB-DLBCL
closely matches with a profile of healthy GC B-cells. Moreover, GCB-DLBCL frequently
express BCL-6, CD10, GCET1, HGAL and LMO2 and have highly mutated IG genes, which
are all properties of GC B-cells. In contrast, the transcriptional signature of ABC-DLBCL
matches best with the one of post-GC B-cells or plasmablasts; they more frequently express
IRF4, FoxP1, CD44 and lack CD10 as well as GCET1. PMBCL originates from a rare thymic
B-cell and is morphologically (clear cells, compartmentalizing fibrosis), phenotypically
(CD23+, CD30+, p63+), molecularly (JAK2 and PDL1 locus gains, C-REL locus gains,
PTPN1, STAT6 and SOCS1 mutations) and clinically clearly distinguishable from the other
two subtypes.

Some authors argue that the COO concept can be misleading, because it gives an impression
that lymphomagenesis start at a defined stated phase of B-cell development. In reality,
however, the actual initiating events could potentially occur at an earlier stage of B-cell
development, but allow further development up until the stage where additional genetic
aberrations impose a differentiation block. Thus, COO would represent not the actual normal
counterpart, but the stage at which differentiation block occurred’®. Several findings support
this line of reasoning. For example, the t(14;18) translocation involving the BCL2 oncogene
and the IGH gene is clearly a pathogenic event and is frequently found in GCB type of
DLBCL. However, it is known that this translocation occurs due to aberrant V(D)J
rearrangement during the pre-B phase of B-cell development - a far earlier stage than a GC
centroblast, which is the hypothesized normal counterpart of GCB-DLBCL’’. Additionally, it
is known that malignant cells of ABC type of DLBCL most frequently express IgM’®. Again,
this is contradictory to a suggested understanding that ABC-DLBCL develop from post-GC
plasmablast, since isotype switch occurs in the light zone centrocytes prior to plasmacytic
differentiation”.

Although COO classification was produced by genome-wide gene expression profiling,
numerous additional techniques were shown to closely reproduce the initial findings. These
include immunohistochemical and transcriptional profiling algorithms of a selected subset of

markers, classification according to Ig expression and others®*®*. These approaches not only
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replicated the results of COO classification by assigning DLBCL cases to the same subtype,
but also showed that the distinguished categories differ in many additional aspects and thus

proved the relevance of the initial findings. These endeavors were mainly pursued due to

74,84

notion that COO classification has not only biological but also prognostic and

85,86

therapeutic™™ significance. There was and still is a need of a quick, robust but simple method

to reliably classify new DLBCL cases.

1.2.1 Molecular pathogenesis of DLBCL

As all cancers, DLBCL is an uncontrolled accumulation of cells due to numerous genetic

lesions — amplifications, deletions, translocations and point mutations — that change cell’s
regulatory circuits either by activating pro-oncogenic pathways or by inactivating
mechanisms that keep cell’s growth in check. In addition to common oncogenic processes,
DLBCL employ B-cell-specific physiological mechanisms to generate additional lesions. It
has been proven that aberrant somatic hypermutation (ASHM), defects in RAG1/2-mediated
IG rearrangement and error-prone CSR can cause additional lymphoma-specific lesions®’ .
These lesions are even more likely because cells have an increased tolerance to DNA damage
and higher threshold for apoptosis throughout a GC reaction®”.

During the last five years revolutionary DNA sequencing technologies allowed sequencing of

several hundred full DLBCL genomes or exomes*® *3

. These sequencing studies have
confirmed some previously known mutations in established drivers of lymphomagenesis, but,
more importantly, identified new recurrent mutations in genes, whose role in DLBCL was not
yet recognized. Coupled with functional studies on many of these newly identified genes, a
more comprehensive picture of the genetic landscape of DLBCL has emerged. Despite rather
complex genomes and relatively high mutational rate (on average 50-100 DNA lesions per
genome), most of mutations converge on several cellular pathways indicating their key role in
lymphomagenesis’®. Some of these pathways are common for all subtypes of DLBCL
showing their common origin from a developing B-cell. Others are characteristic only to one
particular subtype in accordance to differences in molecular classification and clinical

characteristics (Figure 6).

Alterations common for all subtypes
At least three different cellular processes were found to be consistently affected in all

subtypes of DLBCL. These include epigenetic maintenance of normal chromatin state,
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regulation of BCL-6 transcription and cell control by the immune system. Mechanisms of
deregulation are ambiguous as multiple components of the same pathway can be deregulated

resulting in same or similar outcome.

Genetic lesions in chromatin modifiers

CREBBP, EP300 and KMT2D are the most frequently mutated genes in all subtypes of
DLBCL that affect chromatin remodeling®. CREBBP and EP300 are two acetyltransferases
that acetylate both histone and non-histone protein residues and in this way alter the activity
of numerous DNA-binding transcription factors. They are mutated in approximately 40% of
DLBCL*. Predominantly, all these mutations are inactivating, but occur only in one of the
two alleles, suggesting that the function of these proteins is dose-dependent. It has been
shown, that lack of function of both CREBBP and EP300 impairs acetylation of BCL-6 and
TP53 and disrupts their normal functions.

Memory B cell
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Figure 6. Genetic lesions in DLBCL. Germinal center reaction and its relation to different subtypes of
DLBCL pathogenesis is schematically represented. Below, the most frequent genetic alterations are
shown with nearby squares color-coded according to the affected cellular process. Blue - loss of
function; red - gain of function. FDC — follicular dendritic cell. Adapted from %

KMT2D codes for a methyltransferase that methylates lysine at the 4™ position of histone 3
(H3K4). 1t is mutated in at least 30% of DLBCL. Most of mutations are inactivating, and

present in both alleles, suggesting the importance of total KMT2D loss for lymphomagenesis.
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Despite high mutational frequency, the precise effects of KMT2D abrogation are currently
unknown. Animal experiments showed diminished global H3K4 methylation in GC cells and
increase of GC B-cell count. Moreover, ablation of Kmt2d in mice that overexpress Bcl-2 led
to increased incidence of GC-derived lymphoma. It is therefore suggested that KMT2D acts
as a tumor suppressor. Its early loss might promote lymphomagenesis by modification of the

broad epigenetic landscape of the cancer precursor B-cells®.

Deregulation of BCL-6

The lymphomagenic potential of BCL-6 deregulation has been demonstrated in mouse
models®. Constantly active BCL-6 renders cells resistant to apoptosis, tolerant to a genetic
stress and blocks further differentiation by stable inhibition of PRDM1°:. Approximately 50%
of DLBCL, more frequently ABC-DLBCL, have direct or indirect deregulation of this
oncogene. One of the best described mechanism of direct deregulation are translocations
(observable in 30% of DLBCL, 25% GCB-DLBCL, 40% ABC-DLBCL), which put the intact
coding part of BCL-6 under the control of differentially regulated promoters. In such case
BCL-6 looses its normal transcriptional regulation and is not silenced at the end of the GC
reaction®. Additionally, the 5° end of BCL-6 is recurrently affected by point mutations,
which, most likely, are the result of an ASHM. These lesions can have a double effect: first,
they might disrupt auto-regulatory mechanisms of BCL-6 by which it can downregulate its
own expression>; second, they can impair binding of IRF4, which normally repress BCL-6
following activation by CD40 . Indirectly, BCL-6 is deregulated by decreased activity of
EP300 and CREBBP. Furthermore, 10-15% of DLBCL harbor activating mutations in the
MEF2B transcription factor - a positive regulator of BCL-6. Finally, 4% of DLBCL cases
have loss-of-function mutations/deletions of FBXO11 that impair proteosomal degradation of
the BCL-6 protein®".

Immune escape

More than 60% of DLBCL lack expression of MHC class | (MHCI) molecules on the cell
surface. Lacking MHCI, lymphoma cells are “invisible” for both cytotoxic T-lymphocyte- and
natural killer cell-mediated immune surveillance. In about 30% of cases this defect is
attributed to disruptive mutations of the B2M gene, which codes for beta-2-microglobulin - a
key subunit of MHCI complexes®. Additionally, MHCI expression can be lost due to either
frequent deletions of the HLA-A, HLA-B and HLA-C loci, which are especially frequent in
DLBCL of the central nervous system, or by defect transport of the B2M protein to the cell
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surface. In 21% of cases loss-of-function mutations affect the CD58 gene, which encodes a
protein necessary for natural killer- and T-cell-mediated cell responses™®.

Other genes that are frequently affected in all types of DLBCL are TP53 and FOXO1. FOXO1
IS a transcription factor that act as a tumor suppressor downstream of PI3K/AKT signaling
pathway. About 9% of DLBCL bear mutations in the 5’ end of the FOXO1 gene. They
deregulate its translocation to the nucleus and binding to its transcriptional targets'®%. These
mutations are likely to occur due to ASHM. The TP53 gene is directly inactivated by
damaging point mutations/deletions in about 25% of DLBCL, abolishing its anti-tumor

activities®1%,

Lesions associated with GCB-DLBCL

Best characterized GCB-DLBCL-specific genetic aberrations are chromosomal translocations
involving C-MYC (most frequently t(8;14)) and BCL-2 (most frequently t(14;18)). They are
detected in ~10 and ~30% of GCB-DLBCL, respectively and result in elevated expression of
the involved proteins. These lesions are thought to at least partially override the BCL-6-
mediated suppression of C-MYC and BCL-2, to promote cellular growth and grant resistance
to apoptosis™®*'%.

Recently, the histone methyltransferase EZH2 was associated with GCB-DLBCL
pathogenesis. A gain-of-function EZH2 mutation targeting the Y641(N) hotspot was detected

in ~20% of cases'®. Normally, EZH2 effectively converts unmethylated lysine 27 of histone

Genetic alterations
CTL ¥¢ Activating

X Inactivating
% 00800008800 0000

€z HHJ

S1PR2 P2RY8

xxxxxxxxxxxxxxx

xxxxxxxxxxxxxxx

* 1
ia L@
@ ——— @D _
o o —
. o
PI3K ) [Cell Chromatin remodelling Chromatin remodelling
migration (repression) (activation)

Figure 7. Schematic representation of events involved in GCB-DLBCL pathogenesis. Adapted from®.
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3 (H3K27) to a mono-methylated state. Mutations in EZH2 change this efficiency and
increase the conversion of K27 to a tri-methylated state'®’. Tri-methylated lysine residue
represses transcription of targeted DNA regions. Among targets of aberrant EZH2-mediated
transcriptional repression are PRDM1, IRF4 and CDKNZ1A. In mouse model hypermethylation
of H3K27 results in B-cell differentiation blockade, GC hyperplasia and lymphomagenesis*®.
Around 30% of GCB-DLBCL have a disrupted Gal3 pathway that is responsible for growth
and localization of GC B-cells. This disruption is associated with mutations in sphingosine-1-
phosphate receptor-2 (S1PR2), guanine nucleotide binding protein alpha 13 (GNA13), RHO
guanine nucleotide exchange factor 1 (ARHGEF1) and purinergic receptor P2Y (P2RY8)'®.
Normally GC B-cells remain strictly within the lymphoid organs and do not recirculate.
Mutations in GNA13 and ARHGEF1 cause dissemination of GC B-cells to lymph fluid and
blood. This effect was not achieved by S1IPR2 mutations. However, SIPR2 alterations led to
GC-type lymphoma formation in mice''°. Taken together, these findings reveal a mechanism
by which lymphoma cells can leave their tissue of origin and spread to distant sites.

Amplification and overexpression of miR-17-92 occurs in 12.5% of GCB-DLBCL™!. The
expression of this microRNA is controlled by a complex transcriptional network containing
oncogenes and tumor suppressors. Its upregulation is caused by a coordinated activity of
transcription factors C-MYC and E2F™2. On the other hand it is downregulated by p53 under
hypoxic conditions™. The active transcription of miR-17-92 is thought to downregulate
PTEN, CDKN1A and BIM, which allows tumor cells to escape senescence and to grow more

114,115

rapidly Mice with transgenic overexpression of miR-17-92 cluster develop
lymphoproliferative disease''®. In addition to silencing by miR-17-92, PTEN is lost due to

deletions in 6 to 55% of GCB-DLBCL cases'*’,

Genetic lesions associated with ABC-DLBCL

Mutations detected in ABC-DLBCL are thought to promote lymphomagenesis by two main
mechanisms: activation of NF-kB transcription factor signaling and preventing of terminal
differentiation. Additionally, specific types of BCR displayed on the surface of ABC-DLBCL
cells contribute to their phenotype and behavior. IgM expression is atypical for post GC B-
cells, since class switch happens during the GC reaction. However, the majority of ABC-
DLBCL have a native IG heavy chain genes and therefore produce BCR that contains IgM.
The heavy chain of IgM has a shorter intracellular domain compared to other class-switched
Ig, such as 1gG. Because of that it delivers qualitatively different signals to the cell: IgM

provides signals associated with cellular proliferation and survival, whereas 1gG produces
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strong ERK, MAPK and calcium responses that promote B-cell differentiation into plasma
Ce”118,119-

Chronic signaling of NF-xB

NF-kB transcriptional family consists of five family members: p65, c-Rel, RelB, p105/p50
and p100/p52. In the resting state they are bound by their specific inhibitors and sequestered
in the cytoplasm. Activation by an upstream signaling removes this inhibition, NF-xB
transcription factors form heterodimers and translocate to the nucleus where they elicit their
functions by binding multiple DNA targets’®. The activation can be achieved either via
classical (canonical) or alternative (non-canonical) pathways. Canonical activation pathway is
by far the most important one in the context of ABC-DLBCL’. NF-kB signaling is
transiently active during B-cell activation and differentiation. It controls a broad range of
cellular processes such as immune and stress responses, apoptosis, proliferation,
differentiation and development'®®. However, in ABC-DLBCL NF-kB signaling is
chronically active and drives lymphomagenesis by aberrant expression of cyclin D1, cyclin
D2, BCL-2, C-MYC, IL-2, IL-6 and others®'?. Mice with chronic NF-kB activation
develop B-cell and plasma cell hyperplasia and additional inactivation of BLIMP1 leads to
formation of lymphomas reminiscent of ABC-DLBCL?*. Inhibition of NF-xB signaling kills
ABC-DLBCL cells*®. Constitutive activation is achieved by multiple mechanisms such as
chronic BCR signaling, MYD88 mutations (see later) and disruption of negative regulation

circuits (Figure 8).

Chronic BCR signaling

Survival and development of B-cells is dependent on their ability to display functional BCR.
Upon antigen encounter, BCR forms clusters in the plasma membrane bringing multiple BCR
in a close physical proximity. This facilitates Src-family kinase-mediated phosphorylation of
tyrosine residues on the immunoreceptor signaling motif (ITAM) domains of CD79A and
CD79B. These phosphorylated residues provide binding sites for SH2 domains of the spleen
tyrosine kinase (SYK). It induces a broad signaling cascade that engages the NF-kB, PI3K,
MAPK, RAS and other signaling pathways"2°.

It is known that even in the absence of cognate antigens naive B-cells depend on signals from
BCR. These signals are termed tonic BCR signaling™’. In contrast, ABC-DLBCL cells often
have BCR clustered on the membrane surface indicative of chronic active signaling. This
chronic signaling can potentially be attributed to BCR activation by self antigens'?.
Additionally, more than 20% of ABC-DLBCL cases bear mutations in the ITAM domains of
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CD79A and CD79B. These mutations are thought to circumvent negative feedback regulation
loops (prevention of receptor endocytosis and/or suppression of LYN kinase activity), thus
maintaining chronically active BCR signaling. Knock-down of CD79 adaptors leads to
apoptosis of specifically ABC-DLBCL cell lines'?.

In around 9% of ABC-DLBCL activation of BCR-like signaling and consequent NF-xB
activation is caused by mutations in the caspase recruitment domain-containing protein 11
(CARD11) gene®***®. CARD11 is a multi-domain signaling adapter, which translocates to the
inner side of plasma membrane upon phosphorylation by the upstream components of the
BCR signaling pathway. It then interacts with BCL10 and MALT1 and forms a so-called
CBM complex*®. The active CBM complex eventually facilitates degradation of the NF-xB
inhibitor complex (IxB) and allows transcription factors to enter the nucleus. Mutations in the
coiled-coil domain render permanent activation of CARD11 and abrogate the need of
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Figure 8. Schematic representation of pathways deregulated in ABC-DLBCL. Adapted from®,

Mutations of MYD88
Approximately 30% of ABC-DLBCL patients harbor mutations in the gene encoding myeloid
differentiation primary response protein 88 (MYD88). Although several different mutations
have been described, the most frequent mutation cause a L265P amino acid change in the
intracellular Toll/IL-1 receptor domain (TIR) of this adaptor molecule. This mutation allows
MY D88 to spontaneously assemble a complex containing of IRAK4 and IRAK1, which leads
to activation of NF-kB. Mutations in MYD88 can also cause JAK/STATS3 transcriptional
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responses™>>*3*. Genetic and functional data shows, that MYD88 mutations cooperate with
chronic active BCR signaling to induce NF-kB and promote lymphomagenesis. These lesions
are overlapping in a significant share of ABC-DLBCL cases. Moreover, simultaneous
inactivation of MYD88 and CD79A results in higher toxicity for lymphoma cells than

abrogation of any of these molecules alone’®,

Disruption of negative regulation of NF-xB

In addition to a wide range of activators, NF-xB has also several repressors, which
downregulate its transcriptional response after the physiologic goals of signaling are
completed. These negative regulators act as tumor suppressors and are recurrently targeted by
inactivating mutations in ABC-DLBCL. One of such regulators is a deubiquitinating enzyme
A20 encoded by TNFAIP3 gene. It is involved in termination of toll-like receptor induced
NF-kB signaling. A20 exerts its activity by post-transcriptional modification of several
members of NF-kB pathway, targeting them for proteosomal degradation. Both alleles of
TNFAIP3 are inactivated by truncating mutations/deletions in 30% of ABC-DLBCL cases™.
These mutations cause prolonged NF-kB responses leading to active proliferation and
resistance to apoptosis. In mice, knock-down of TNFAIP3 leads to spontaneous inflammation

and inability to terminate toll-like receptor -dependent activation of NF-kB*.

Blocking of plasma cell differentiation

Blocking of differentiation in ABC-DLBCL occurs via multiple mechanisms, all of which
eventually converge to the master regulator of plasma cell development BLIMPL. First,
PRDM1 gene encoding BLIMP1 is lost due to bi-allelic truncating mutations/deletions in
~25% of cases. Second, PRDML1 can be constitutively suppressed by aberrantly active BCL-6.
Finally, it is recently discovered that ~25% of ABC-DLBCL have gain-of-function mutations
in SPIB™. This gene encodes a transcription factor, which directly binds IRF4 and disrupts
an IRF4-mediated induction of PRDM1 expression**"**. The profound impact of BLIMP1 to
lymphomagenesis is demonstrated by experiments showing that mice lacking PRDM1

develop NF-kB-dependent lymphomas, reminiscent of ABC-DLBCL'****

1.2.3 Treatment of DLBCL

DLBCL is an aggressive disease but it can be successfully treated and cured in >50% of all

cases, even in advanced stages. Currently the treatment of choice is a multi-agent
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chemotherapy regimen consisting of cyclophosphamide, hydroxydaunorubicin, oncovin and
prednisone combined with a chimeric monoclonal antibody against the CD20 receptor,
Rituximab (R-CHOP)*. Prior to introduction of Rituximab, CHOP alone was used for
treatment. The first large clinical study comparing treatment outcomes of CHOP vs R-CHOP
came out in 2002. It reported approximately 15% improvement in complete remission, 2-year
event free survival (EFS) and 10-year overall survival (OS)**!. These results were confirmed
by additional studies on various different patient cohorts******. There have been attempts to
develop and test additional chemotherapy regimens for treatment of DLBCL and they had
some success. For example, a dose-adjusted treatment with etoposide, doxorubicin,
cyclophosphamide, vincristine, prednisone and rituximab (DA-EPOCH-R) showed high
efficiency against PMBCL®® and is probably more efficient in ABC-DLBCL.

The standard salvage treatment for patients who fail to respond to the initial therapy or recur
after a period of complete remission is high-dose chemotherapy supported with autologous
stem cell transplantation (ASCT). However success rates are poor**.

Molecular subgroups of DLBCL respond differently to standard therapy. Nearly 100% of
PMBCL can be cured with R-CHOP or DA-EPOCH-R. In a clinical study of 69 patients with
previously untreated DLBCL, for the group of GCB-DLBCL a 100% 5-year progression free
survival (PFS) was reported, but for ABC-DLBCL the PFS was only 69%**. This shows, that
the majority of patients who relapse, have the latter type of lymphoma.

The recent directions of improving outcomes for DLBCL patients has been undoubtedly
related to the plethora of new genetic information that has been acquired about this group of
tumors during the last decade. The presumption is that if one can find out what the drivers of
lymphomagenesis are in each individual tumor and understand the principles by which they
promote cancer formation, selective interference with their signaling circuits can be exercised
and the benefits that tumor cells are gaining from them can be abolished. This is the idea of
precision medicine. To that direction, a lot of different compounds have been developed
which interfere with nearly every driver molecule and signaling circuit described in the

previous section (Figure 9)'%°

. Many of them showed efficacy in killing DLBCL cells in vitro,
some entered clinical trials and some have already been successfully used for treating patients
with relapsed or refractory DLBCL.

Arguably, the most successful of them was PCI-32765 termed ibrutinib. Ibrutinib acts upon
and irreversibly inhibits Bruton’s tyrosine kinase (BTK) - a signaling kinase, which
transduces signals coming from BCR to activate the NF-xB pathway. It acts downstream of

BCR, but upstream of CARD11. Consequently, ibrutinib is effective against tumors with
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chronic BCR activation e.g. due to self-antigens or CD79A and CD79B mutations. It is
completely inefficient against tumors with mutations in coiled-coil domain of CARD11, or
tumors with altered MYD88*#!®_Interestingly, ibrutinib is effective against tumors with both
CD79B and MYD88 mutations, probably because of cooperation of these two alterations in
lymphomagenesis*®. In recent phase I/ll clinical trial 37% of relapsed/refractory ABC-
DLBCL patients responded positively to treatment with ibrutinib showing benefits in PFS and
OS™. In the same study only one patient with GCB-DLBCL responded. Ibrutinib showed a
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Figure 9. Signaling pathways in DLCBL and compounds that are used for their inhibition. Note that one
signaling pathway can be inhibited by multiple agents at different levels, potentially precluding the
development of resistance. Adapted from®®.

good tolerance and manageable side effects, so further the efficacy of this targeted treatment
will be tested in a phase 111 clinical trial only on ABC-DLBCL patients**'.

In addition to targeted single molecule inhibitors, lenalidomide has shown some good
potential in managing relapsed/refractory DLBCL, especially ABC-DLBCL. It is an
immunomodulatory drug, which has a direct anti-neoplastic activity. By targeting tumor
microenvironment it induces blocking of tumor cell proliferation and angiogenesis as well as

stimulation of T-cell- and natural killer cell-mediated immune responses*****°. Lenalidomide
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also downregulates the expression of IRF4 leading to increased IFN-B production*°. Different
regimens are being tested, ranging from lenalidomide monotherapy to its combination with
Rituximab or even complex combinations with multiple chemotherapy agents™®!. A recent
clinical trial reported a 30% response rate to lenalidomide treatment in refractory/resistant
DLBCL™2. Another study showed the predominant effect of single lenalidomide therapy
against relapsed/refractory ABC-DLBCL. The overall response rate in this subtype was
52.9% as compared to only 8.7% in GCB-DLBCL (p=0.006). Despite this, there was no
difference in OS between the two subtypes™®.

To conclude, currently satisfactory treatment results of DLBCL are expected to improve
following the entrance of variety of single molecule inhibitors to clinical use. In particular,
management of relapsed/refractory DLBCL has to be improved. This can be achieved by
identification and efficient simultaneous targeting of multiple cellular pathways (or even
several components of the same pathway, to increase efficiency) on which the survival and
growth of tumor cells depend.

1.2.4 Prognostic and predictive markers in DLBCL

A key requirement for a successful individualized DLBCL therapy is the availability of
prognostic and particularly predictive biomarkers. Such biomarkers should provide reliable
information on the likely clinical course of newly diagnosed tumors (prognostic value) as well
as identify patients, who would profit the most from available treatments (predictive value).

The international prognostic factor (IPI) is a prognostic factor based on biological and clinical
parameters, such as age, stage of disease, level of serum lactate dehydrogenase, performance
status and sites of involvement. It was introduced in 1993 and separated DLBCL patients into

1% The IPI was revised after

4 distinct groups, which had a 5-year OS ranging from 26 to 73%
introduction of Rituximab to therapy regimens. Although it maintained its prognostic value,
the range of outcomes narrowed substantially, and the high-risk patients cannot be identified
reliably™>>*®. Besides IPI other clinical prognostic factors have been proposed. They include
tumor size, gender, presence of tumor involvement of the bone marrow, serum level of free
chains and others®>" ¢,

The molecular classification of DLBCL by gene expression profiling also has a prognostic
value. The 3-year PFS is lower in ABC-DLBCL compared to GCB-DLBCL (40% vs 75%,
p<0.001)**. However, gene expression profiling of fresh or fresh-frozen tumors by
microarrays is not practical in diagnostic setting because it requires fresh or fresh-frozen

tumor material, lengthy and time consuming laboratory procedures. Therefore,
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immunohistochemical algorithms as well as alternative methods for transcriptional profiling
of subset of genes were developed, which allow satisfactory allocation of DLBCL cases to
either of molecular subtypes®®, In addition to its prognostic value, molecular subtyping also
provides information about likely genetic alterations that drive tumor formation. This
information can be used to target aberrant cellular circuits in a personalized manner.

The presence of concurrent translocations of C-MYC and BCL-2 is one of the strongest
negative prognostic markers in DLBCL. Such tumors are termed “double-hit” lymphomas and
have an extremely poor outcome with median survival of approximately 8 months when
treated with standard R-CHOP therapy™®’. This suggests that all new patients who are
diagnosed with DLBCL containing both of these genetic lesions should be treated with more
aggressive alternative regimens'®’. Although translocations of BCL-2 and C-MYC often lead
to protein overexpression, detection by genetic rather than immunohistochemical methods is
preffered®?,

Similarly to clinical markers, evaluation of prognostic and predictive biomarkers by
immunohistochemistry (IHC) is technologically and economically feasible. Additionally,
inherent to this technology is that it measures the amount of protein, which is an end product
and a potential determinant of oncogenic effects. This is not the case in, for example,
transcriptional profiling. Therefore the use of many IHC-based biomarkers was proposed.
Most important ones include such molecules as MUM1p, BCL-2, BCL-6, FOXP1, C-MYC,
CD10 and CD5. They can be used either as single markers or in combinations attempting to
create a functional prognostic model*®**%, However, IHC suffers from relatively poor
reproducibility, which is dependent on the use of different procedures, inconsistent cut-offs
and subjective scoring. There has been efforts to reduce these drawbacks and to standardize
IHC marker evaluation®®"'®,

The positron emission tomography with computed tomography imaging (PET/CT) is
routinely used to locate sites of lymphoma involvement at DLBCL diagnosis. It has also been
shown that the presence of identifiable tumor masses at the end of the standard treatment is
associated with worse PFS and OS. A consolidation radiotherapy is suggested for such
patients to increase chances of sustainable remissions'®*",

Most DLBCL relapses occur within two years after initial diagnosis. Event-free status of
minimum 24 months after the initial diagnosis is regarded as one of the strongest predictors of
a long term survival. Patients, who do not have a relapse during the next two years following
diagnosis have and excellent prognosis with OS similar to that of age- and sex- matched
general population'™.

Currently no effective predictive markers in DLBCL are available. One potential candidate is
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the presence of MYD88 gene mutations, which predict a poor response to ibrutinib in
relapsed/refractory DLBCL. However, it is not yet a standard treatment. Additionally,
molecular subtype seems to predict treatment efficacy of bortezomib and ibrutinib as both are
more potent against ABC-DLBCL®®.

1.2.5 Clinical importance and biological background of DLBCL relapses

Current treatment options provide favorable outcomes to large part of DLBCL patients who
either enter a long-time clinical remission or are cured. However, ~30% of patients who fail
the initial therapy either because of resistance to the treatment (~10%) or due to especially
early relapse (~20%) have a dismal prognosis and often succumb to disease'***"2. Moreover,
the addition of Rituximab to a first-line regimen, yet bringing a high advantage to the long
term outcome of all DLBCL patients, resulted in significantly inferior outcomes after

secondary treatment'’®

As mentioned earlier, the treatment of choice for such patients are
more aggressive chemotherapy regimens and ASCT"*. However, this treatment is associated
with risks of lethal infections and severe toxicity. Only ~50% of patients can sustain such an
intense approach; others are not eligible due to advanced age or comorbidities.

Besides double rearrangements of BCL-2 and MYC there are no reliable prognostic markers to
identify patients with unfavorable outcome'’*. Even the high-risk category identified by IPI
has ~50% chance of cure and provides no rationale for deviating from the standard first line
R-CHOP treatment. Therefore, refractory/relapsed DLBCL present a yet unmet challenge in
terms of understanding the underlying biological mechanisms, identifying prognostic markers
that would identify these patients before starting treatment and, most importantly, developing
effective treatments capable of curing more patients.

The majority of recurrences happen during the first 3 years after initial therapy. However,
~10% of patients relapse >5 years after the first diagnosis. It is hypothesized, that
resistance/relapse occurs either due to intrinsic tumor heterogeneity or as a consequence of
ongoing genomic tumor evolution under the selective pressure of therapy, or both. Initial
genetic heterogeneity of the tumor can confer propensity to relapse due to present subclonal
population(s), which have a pre-developed resistance to treatment and which can outgrow
following extermination of the dominant clone'™. On the other hand, genomic tumor
evolution can occur after treatment if the initial clone was not completely eradicated. This
evolution can potentially be driven by genetic instability caused by DNA alkylating and

intercalating agents present in the chemotherapy regimen (cyclophosphamide and
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hydroxydaunorubicine in CHOP) and consolidated by selective pressures exerted by the
treatment like immunosuppression/immune escape®".

The genetic and biological mechanisms of therapy resistance and relapses are just started to
be uncovered. Up to date as little as 3 dedicated studies have addressed the genetic

TSI Al three studies combined, 66 exomes of

background of DLBCL relapses
relapsed/refractory DLBCL were analyzed, among them there were 7 matched primary-
relapse pairs. The remaining samples were either single refractory/relapse cases or matched
relapse/normal pairs. Each study reported somewhat different results concerning potential
drivers of DLBCL relapse. This can be attributed to relatively small study cohorts, which are
far from saturating and comprehensively representing the full spectrum of such a
heterogeneous disease like DLBCL. Direct comparison of matched diagnostic and relapse
samples provides several advantages: first, it allows studying only genetic alterations that
occurred specifically at relapse; second, it allows identification of patient-specific shared
somatic mutations, which represent early drivers in tumorigenesis; third, it allows
investigating tumor evolution at a genome scale.

Deep-sequencing of IGH rearrangements in 14 primary-relapse pairs identified two patterns
of tumor evolution: 1) in an early-divergent pattern, IGH locus of primary and relapse tumors
had the same V(D)J rearrangement but significant differences in the SHM profiles; they
clustered into two distinct groups indicating that populations bearing those rearrangements
separated early and evolved independently; 2) in a late-divergent pattern, IGH sequences
clustered to the same group as there were minimal differences in the SHM profiles; this
suggests that these tumors separated late and didn’t acquire many tumor-specific alterations.
Similar evolution patterns were also discovered in DLBCL that arose as transformation from a
follicular lymphoma'’®*%°,

In search of possible genetic drivers of relapse, several commonly mutated genes and
pathways were identified. Jiang et al. suggested that DLBCL relapses might be driven by
mutations in immune surveillance genes. Exome-sequencing revealed relapse-specific
alterations in either CD58 or B2M or both in 5 out of 7 investigated pairs'"
reported B2M and CD58 mutations enriched in relapses of PMBCL-DLBCL and ABC-
DLBCL, respectively'’.

Alterations in the JAK-STAT pathway components were also reported. STAT6 bore mutations

. Another study

of D419 residue in ~40% of relapsed/refractory DLBCL. Mutational status correlated well

with the expression of phosphorylated STATG6 levels in affected tumors, indicating, that these

178

lesions were activating™"". Additionally, inactivating mutations in SOCS1, a negative regulator
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of JAK-STAT pathway, were also frequently detected, predominantly in PMBCL subtype of
DLBCL'".

Alterations in NFKBIE and NFKBIZ have not previously been reported in the context of de
novo DLBCL pathogenesis. These two genes encode IkBe and IkB(, respectively - two
inhibitors of NF-kB pathway. They were mutated at a combined frequency of 18% within the

178

studied relapsed/refractory DLBCL cohort™ ™. Given the important role of NF-xB pathway in

lymphomagenesis, it is likely that these mutations could provide an alternative NF-xB
activation mechanism for tumor cells*®.

In some cases relapse-specific alterations could be detected at a very low frequency in
diagnostic DLBCL biopsies, suggesting the presence of minor therapy-resistant clone in the
primary tumor. Selection at relapse was observed by increased allelic frequency of the
mutation. However, these findings were not confirmed by all reports so remains controversial.
Other frequently reported genes in these studies included TP53, KMT2D, PIM, MLL3, EZH2,
FOXO1, MYD88, CCND3, FAS, FOXP1, GNA13, CARD11 and others. However, due to
inherent limitations (lack of paired primary-relapse samples), the relapse-specific nature of
theses mutations is uncertain, especially given the fact that many of them are known to be

related with the molecular pathogenesis of de novo DLBCL.

1.2.6 Clonal relationship in relapsing lymphomas

Second and subsequent occurrences of lymphoid neoplasms in the same patient after a period
of complete remission are traditionally regarded as clonally-related outgrowths of the primary
tumor. Since an acquired tumor resistance is expected, more aggressive second line treatment
strategies are applied in such instances. However, the concept of clonally-related relapses has
been challenged by multiple studies, showing that a significant percentage of secondary
occurrences represent a second clonally unrelated neoplasm.

In the biggest published study on DLBCL clonality so far, 13 pairs of DLBCL relapsing 4
years or later after initial diagnosis were investigated. Authors reported 3 cases (23%) in
which clonal relationship could not be confirmed. However, the methodology employed did
not allow unambiguous demonstration of lack of clonal relationship either’®. In a smaller
study all 5 (100%) DLBCL relapses, which localized to the central nervous system, were
found to be unrelated to the initial tumors (4 DLBCL, 1 mantle cell lymphoma)®®. The most
recent report found 2(20%) clonally-unrelated relapses within the paired cohort of 10 DLBCL

cases'®,
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Lack of clonal relationship has also been associated with morphological transformations of
more indolent lymphoid neoplasms. For example ~22% of DLBCL relapses emerging as
Richter’s transformations had distinct IGH rearrangements'®>*%. Also, approximately 20% of
classical Hodgkin lymphoma relapses represent de novo lymphoid neoplasms*®’.

The occurrence of a second clonally-unrelated lymphoid neoplasm suggests the existence of
risk factors, which can predispose patients to acquire a second tumor the same diagnostic
category. These can include inborn genetic properties, viral infections, immune suppression

188 Additionally, it has recently been discovered that

and exogenous exposure to mutagens
somatic mutations of tumor suppressors and oncogenes with high allelic frequencies and even
with high clonal load are present in the hematopoietic systems of otherwise healthy mid-aged

and elderly patients'®®

. While implications of this phenomenon are not yet clear, it is possible
that such mutations can predispose multiple and recurrent but clonally independent tumor
formation in individuals who carry them.

Clonally-unrelated relapses also have clinical implications: as they effectively are de novo
neoplasms, high-dose second line therapies might not be the most suitable option for such
patients. Instead, the use of a conventional first line therapies could be justified but this has to

be evaluated by specifically designed prospective clinical trials®.

Techniques for clonality testing

Since B-cell lymphomas originate from different stages of developing B-cells, as clonal
outgrowths of lymphocytes, they have a physiologically occurring clonality marker in the
form of uniquely rearranged IG genes. Indeed, this feature has been exploited in research as
well as in clinical setting, where confirmation of clonal lymphoid proliferation is sometimes
an important component of a conclusive clinical diagnosis™. Thus, many different strategies
were detected to assay genetic rearrangements between primary and subsequent occurrences.
They include early analysis by Southern blotting, PCR-based techniques of locus
amplification and fragment length comparison as well as recently introduced scanning of
rearrangement spectrum by high-throughput sequence analysis*®.

The multiplex PCR approach that was introduced almost two decades ago remains the golden
standard for clonality testing. By this technique standardized sets of consensus PCR primers
are used to amplify different regions of the IGH and IGL loci. Then lengths of the generated
amplicons are investigated by a preferred method (usually based on capillary electrophoresis).
The assumption is that that clonally-related cases will have the same V(D)J rearrangements

and thus identical fragment lengths, while in clonally-unrelated cases these lengths will be

32



INTRODUCTION

different. In ambiguous cases, generated amplicons can be analyzed by sequencing the
amplicons directly or after cloning and selection of individual plasmids. The multiplex PCR
method is still preferred because of its high sensitivity, specificity, ability to analyze DNA
from fresh- as well as formalin-fixed tissue DNA samples and relatively low price.

Next generation sequencing (NGS) techniques have recently been successfully applied also

for clonality testing'® '

. Additional to advantages offered by the massive parallel
sequencing approach and depending on the target enrichment techniques used, NGS can
provide sequence information not only of a major clone, but also many secondary clones,
including those, which represent healthy B-cell populations. This allows observing frequency
dynamics of distinct subpopulations between multiple, particularly timely-separated samples.
The NGS approach is also more sensitive, making it useful for minimal residual disease

monitoring™*

. Although it is currently not yet widespread, it is likely that within next 5 years
its use will dramatically increase.

Clonal relationship between two different tumors can also be determined by studying other
tumor-specific somatic events. For example, the presence of the same translocation with
identical breakpoints can be used as an evidence for clonal relationship. However, tumors
often acquire recurrent genetic alterations that affect same targets therefore the reliability of
clonal relationship estimation depends on the number of different genetic loci interrogated.
Genome-wide techniques such as array comparative genomic hybridization (aCGH) and
whole exome or genome sequencing are suitable for this purpose'*>*®. Due to lack of other
clonality markers the latter two techniques are most frequently used in demonstrating clonal
relationships between two distinct solid tumors or a primary solid tumor and its (probable)
metastasis. In lymphomas, aCGH and NGS was mostly used to determine clonal relationships
between synchronous composite tumors and connection between primary indolent and

aggressive transformed disease™**?%.
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2. AIMS

2.1 To test the existence of clonally-unrelated recurrences and to

investigate the genetic evolution of relapses in DLBCL

Despite multiple demonstrations of clonally-unrelated relapses in lymphoid neoplasms, second
DLBCL occurrence in the same patient is still generally regarded as a direct outgrowth of the
primary tumor. As shown in other entities, clonal relationship or lack of it might have a
prognostic value as well as a clinical importance. Therefore we aimed to test the existence of
clonally-unrelated DLBCL relapses by investigating chromosomal copy number aberrations and
nucleotide-level somatic alterations in paired primary and relapse DLBCL samples.

The availability of paired samples also allowed tracking of tumor genetic progression. Recent
findings in carcinomas as well as in other lymphoid neoplasms, such as follicular and mantle cell
lymphoma, suggested branching mode of evolution in some cases. We wanted to extend these
findings to DLBCL and test whether similar relapse patterns are characteristic to this

heterogeneous lymphoid neoplasm.

2.2 To identify recurrently occurring genetic alterations associated with

relapsing as well as non-relapsing DLBCL

Despite relatively successful first line R-CHOP treatment, 30-40% of DLBCL patients relapse or
are refractory to initial therapy. Such patients have limited treatment options and generally
unfavorable outcomes. Currently, the understanding of the molecular basis of DLBCL relapse is
scarce. Only a few studies on paired primary-relapse/refractory DLBCL samples attempted to
pinpoint the potential molecular drivers of the process. We therefore aimed to identify recurrent
genetic lesions that happen at the transition between primary and relapse hoping to identify
genetic culprits of recurrences. Furthermore, we included a cohort of primary non-relapsing
DLBCL and contrasted their genetic profiles to these of relapsing DLBCL in order to identify
potential markers, which would be useful in predicting at diagnosis whether tumor has or hasn’t

the propensity to relapse.
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2.3 To develop and to apply a technique for rare cell nuclei enrichment
from archival formalin-fixed paraffin-embedded (FFPE) tissues by flow
sorting and to enable comprehensive genetic analysis on the enriched

sorted populations

Prerequisite for the precise use of most of the genome-assaying techniques is that cells-of-
interest would constitute a significant part of the investigated sample. However, the biology of
certain human malignancies, such as classical Hodgkin lymphoma, T-cell/histiocyte rich B-cell
lymphoma and others does not fulfill this criterion. Additionally, such diseases are often rare.
This means that samples are very limited and are often present only in a form of FFPE tissue
blocks left-over after a diagnostic histological processing.

Throughout the duration of my PhD studies | have been developing protocols that would allow
efficient marker-based enrichment of FFPE tissue-derived nuclei by fluorescence-associated cell
sorting (FACS) technique. In this work | present two papers where this technique was practically
applied. The first study investigated copy number aberrations in LANA1-of-HHV8-enriched
nuclei from two cases of primary effusion lymphoma. In the second study, MUMZ1-positive
plasma cells were sorted to investigate genomic complexity of early post-transplant

lymphoproliferative disorders.
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3. RESULTS

3.1 Distinct genetic evolution patterns of relapsing diffuse large B-cell
lymphoma revealed by genome wide copy number aberration and

targeted sequencing analysis.
Juskevicius D., Lorber T., Gsponer J., Perrina V., Ruiz C., Dirnhofer S., Tzankov A.

-Research article-
Currently under revision in Leukemia, 2016

Contribution: | performed the experiments, analyzed the data and wrote the manuscript
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Abstract

Recurrences of diffuse large B-cell lymphomas (DLBCL) result in significant morbidity and
mortality, but their underlying genetic and biological mechanisms are unclear. Clonal
relationship so far is mostly addressed by the investigation of immunoglobulin (I1G)
rearrangements, therefore lacking deeper insights into genome-wide lymphoma evolution. We
studied mutations and copy number aberrations in 20 paired relapsing and 11 non-relapsing
DLBCL samples to test the clonal relationship between primaries and relapses, to track tumors’
genetic evolution and to investigate the genetic background of DLBCL relapses. Three clonally-
unrelated DLBCL recurrences were identified (15%), in which tumors showed no shared genetic
characteristics. Also, two different patterns of genetic evolution were detected: (1) early-
divergent/branching evolution from a common progenitor in 6 patients (30%), and (2) late-
divergent/linear progression of relapses in 11 patients (65%). Analysis of recurrent genetic
events identified early drivers of lymphomagenesis (KMT2D, MYD88, CD78B and PIM1). The
most frequent relapse-specific events were additional mutations in KMT2D and MEF2B.
Comparison of alterations between non-relapsing and relapsing DLBCL identified recurrent
group-specific genetic events. Non-relapsing DLBCL had recurrent deletions of CYP7B1 and
mutations of SOCS1 and RELN. Recurrent gains of 10p15.3-p13 in relapsing lymphomas
containing PRKCQ and GATAS3 were associated with a potential to relapse.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoid neoplasm worldwide.
While the majority of patients can be cured by existing therapeutic regimens, still about 30-40%
relapse or are refractory to standard treatment. A DLBCL relapse is defined as appearance of
new lesions after achieving complete remission for at least three months, and is linked to
significantly increased morbidity and mortality’. Standard treatment of such patients consists of
high-dose chemotherapy with autologous stem cell transplantation (HDT-ASCT)?, and the 3-year
overall survival is only about 50%”.

Relapses of lymphoid neoplasms, even after long-lasting clinical remission, are generally
regarded as direct outgrowths of the primary tumor*®, although rare clonally-unrelated relapses
have been documented’*°. Such unrelated recurrences point to an increased general risk for
patients developing a second de novo neoplasm of the same diagnostic category, and raises the
question of potential predisposition factors in these types of relapses. Clinically, the choice of the
most effective treatment is complicated in such instances, i.e. HDT-ASCT or a standard primary
regimen®’.,

The gold standard for determination of a clonal relationship is analysis of immunoglobulin (IG)
V(D)J gene rearrangement, which is unique for mature B-cells and is stably transferred to
daughter cells during the process of clonal expansion'!. Clonal relationship can also be
determined at the genomic level by genome-wide approaches such as array-comparative genomic
hybridization (aCGH) and deep sequencing®*™**.

Despite being a major cause of morbidity and mortality in DLBCL, genetic mechanisms of
DLBCL relapse remain poorly characterized due to the paucity of sequential paired primary-
relapse samples. The potential of paired sample analyses to identify key genetic events in tumor
evolution are evident from a study of DLBCL pairs by deep exome and IGH sequencing as well
as studies addressing transformation of follicular lymphoma (FL) to DLBCL. These studies have
shown recurrent alterations of REL, MYC, PIM1, CDKN2A and B2M, suggesting a functional
importance'*>8,

In this study, we performed comprehensive characterization of 20 paired relapsing- and 11 non-
relapsing DLBCL samples and demonstrated clonally-unrelated relapses at the genomic level as
well as two distinct genetic evolution patterns in clonally-related DLBCL relapses. Finally, we
observed recurrent shared mutations suggesting early drivers of lymphomagenesis and recurrent
group-specific genetic aberrations in non-relapsing and relapsing primary DLBCL, which might
be linked to recurrences and treatment susceptibility, respectively.
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Materials and Methods

See supplementary information for the description of additional materials and methods.
Samples

Lymphoma samples were from the archive of the Institute of Pathology at the University
Hospital Basel, Switzerland. In the relapsing cohort primary and relapse materials of patients
diagnosed with DLBCL recurrences (n=20 pairs) after periods of complete remission were
included. The non-relapsing cohort (n=11) consisted of well-preserved diagnostic biopsies of
patients who had a single occurrence of DLBCL and were relapse-free for at least 7 years.
Formalin-fixed, paraffin-embedded (FFPE) and fresh frozen (FF) (if available) tissues were used
(see Table S1). A previously reported historic DLBCL cohort of over 250 cases brought into
tissue microarrays was used to evaluate GATA3 overexpression'®. Retrieval of tissue and data
were performed according to regulations of the local institutional review boards and data safety
laws. The study was approved by the Ethics Committee of North-Western and Central
Switzerland (EKNZ 2014-252).

aCGH data analysis

aCGH data were assessed with a series of QC metrics and subsequently analyzed using Agilent
Genomic Workbench v.7.0 software with the aberration detection algorithm ADM2%. Using
derivative log2 spread ratio as the primary quality assessment criterion and manual inspection,
microarrays were separated into multiple subgroups for which different ADM2 threshold values
were applied. Subsequently, cumulative probe-based aberration frequency data was exported for
each sample set (primaries of relapsing DLBCL, relapses, primaries of non-relapsing DLBCL)
and further processed by a custom workflow programmed in R (http://www.r-project.org/).

Variant calling and filtering

Library construction and sequencing was successful in 19 of 20 (95%) relapsing DLBCL pairs
and 11 (100%) non-relapsing DLBCL samples. Mutation identification was performed by the
Variant caller plug-in lonTorrent software suite v4.4 using low stringency parameters, listed in
Table S2. Variants were annotated with lonReporter software using Variant annotation workflow
v4.4. Depth of coverage, coverage uniformity and number of variants called are summarized in
Table S1. At the initial quality filtering, variants with Phred-based quality score <50, strand bias
>0.75, and number of variant-supporting reads <10 were discarded from the analysis. Depending
on the analysis application, different filtering workflows were used at the final variant filtering
stage as depicted in Figure S1. Only exonic non-synonymous mutations were considered for the
identification of recurrent mutations, while synonymous and non-exonic variants were
additionally included for tumor evolution analysis. Pairs in which sequencing quality was low in
one or both samples due to poor coverage uniformity (<70%) or exceptionally large mutation
numbers (more than two standard deviations) were excluded from the evolutionary analysis and
used only for identification of shared recurrent mutations.
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Evolutionary analysis

Lack of relationship was established when paired samples contained distinct IG chain
rearrangements and/or no common chromosomal aberrations with identical breakpoints in all 22
autosomes and the X chromosome. Clonal relationship was established when paired samples
contained the same IG rearrangement and at least one chromosomal aberration with an identical
breakpoint. The presence of shared mutations was not considered evidence of clonal relationship
due to the lack of appropriate germline controls, but mutations were used for evolutionary
distance estimation. Tumor evolution via a common progenitor was assumed in clonally-related
cases when at least one homozygous or heterozygous deletion with a unique breakpoint was
detected in the primary tumor, but was not present in the paired relapse sample. Evolutionary
distance from a common progenitor was calculated using the adapted Jaccard’s formula for

distance calculation between asymmetric binary attributes: d = quq; here, q is the count of

unique genetic alterations in primary or relapse tumor, and p is the count of shared genetic
alterations®. The distance (d) can result in values between 0 and 1. In this application, d = 0
implies that there are no private alterations (no progression from the common progenitor), while
d =1 implies the lack of shared genetic events between tumors, and thus maximal distance.

Statistical analysis

Descriptive statistics were used to characterize samples in both cohorts. Two-tailed Fisher’s
exact test, Chi-square and Mann-Whitney U tests were utilized where appropriate to determine
distribution differences between groups and to calculate the statistical significance of the
differential recurrent aberrations between groups of samples. The Kaplan-Meier method was
used to evaluate overall survival of DLBCL patients grouped by GATAS3 expression. All
statistical calculations were performed with MS Excel 2013, SPSS 22 or R statistical package.
Statistical significance threshold of p<0.05 was assumed in all analyses.
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Results

Relapsing DLBCL show more advanced tumor stages and stronger BCL2 expression

Available clinical and pathological characteristics of the patient cohorts are summarized in Table
1, Figure 1 and Figure S2. Therapy information was retrieved for 27 of 31 patients. First line
therapy with curative intent was administered in all but one patient and consisted of CHOP (n=1)
or R-CHOP (n=25) with (n=4) or without irradiation (n=23). Depending on the risk factors,
intrathecal chemotherapy was administered in 9 patients (4 who relapsed and 5 who did not).
Median age at initial diagnosis was 66.5 years for the relapsing DLBCL cohort and 74 years for
the non-relapsing cohort (p>0.05); the former cohort presented with more advanced disease
stages (p=0.029).

Of the classifiable samples (n=18) in the relapsing DLBCL cohort, 12 primary tumors were of
non-germinal center B cell-like (non-GCB) and 6 of GCB origin (Figure 1 and Table S3). In the
non-relapsing DLBCL cohort, 10 of 11 cases could be classified, 5 of GCB origin and 5 non-
GCB (see supplementary results for information on cell of origin changes at relapse and Figure
S2).

Primaries of relapsing DLBCL expressed higher levels of BCL2 than non-relapsing (median
positivity 80%+29 vs 35%+29, p=0.027). When positivity was evaluated by applying the cut-off
value of 70%%, this difference remained significant (positive 14/19 vs 2/10, p=0.008). No
significant differences in expression of C-MYC, BCL6 or MIB1 were observed between the
cohorts (Table S3).

Clonally-unrelated DLBCL relapses

Analysis of genetic data within the individual pairs of primary and relapsed DLBCL identified
clonally-unrelated recurrences and two different evolution patterns among clonally-related
DLBCL relapses (Figure 1). Interestingly, intra-tumoral heterogeneity was evident in multiple
instances both at the primary and relapse stages (Figure S3).

Clonally-unrelated relapses were detected in 3 patients (cases 1, 15 and 17). Primary and relapse
tumors in these pairs showed no shared chromosomal aberrations. Even when certain
chromosomal loci were aberrant in both samples, breakpoint regions never matched (Figure 2A).
Targeted sequencing revealed no shared single nucleotide mutations in cases 1 and 17, but 2
shared single nucleotide variants in EP300 and CD79A in sample 15. As expected, from the
evolutionary point of view, clonally-unrelated tumors showed maximal dissimilarity as there
were no or very few genetic events in common between primary lymphoma and relapse (Figure
3A). Lack of clonal relationship in cases 1 and 15 was additionally confirmed by fragment size
and sequence analysis of the rearranged IG genes (Figure 2B and Figure S4). However, attempts
to amplify 1G rearrangement regions in sample 17 were unsuccessful, likely due to heterozygous
deletions of the IGH locus in both primary and relapse tumors and the deletion of the IGK locus
in the primary tumor. Compared to other relapses (see later), clonally-unrelated relapses tend to
occur latest after initial lymphoma presentation. Times to relapse were 103, 32 and 81 months
(median 81 months) in cases 1, 15 and 17, respectively.
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Two patterns of clonally-related DLBCL relapse

The first genetic pattern within the group of clonally-related relapses, early-divergent/branching
evolution from a common progenitor, was detected in 6 cases. In addition to shared aberrations
with identical breakpoints between primary and relapse, primary tumors had CNA, most
importantly homozygous and heterozygous deletions, which were not present in the subsequent
relapse samples (Figure 2C). Taking into account mutations detected by targeted NGS, most
(5/6) of the primary tumors characterized by this pattern showed larger genetic distances from
the putative common progenitor than that seen in the relapses (Figure 3B and Figure S5A),
suggesting that the divergence of primary and relapse tumor clones occurred early. This is also
supported by the longer median time to relapse, in this cohort 54 months (range 18-141 months),
compared to relapses with late-divergent evolution (see later). Clonal relationships in all 6 cases
were confirmed by detection of identical IGH rearrangements and presence of shared single
nucleotide mutations (median 5, range 1-23).

The second and the most frequent relapse pattern (detected in 11 cases), late-divergent/linear
evolution with or without progression, most closely reflects the current concept of DLBCL
recurrence. In cases characterized by this pattern, primary tumors had no private CNA compared
to relapses (Figure 2D), yet a limited degree of divergence was evidenced by small numbers of
private single nucleotide mutations in primary tumors. Nevertheless, these private mutations
yielded only a minimal genetic distance from the putative common progenitor population, which
was, in all cases, smaller than the genetic distance from the common progenitor to relapse
(Figure 3C and Figure S5B). At relapse, the majority of cases (9/11) showed increased numbers
of genetic alterations despite the fact that the median time to relapse was shortest in this group
(17 months, range 8-53 months).

Recurrent genetic alterations in relapsing and non-relapsing DLBCL

The most frequent CNA in primaries of both relapsing and non-relapsing DLBCL were
heterozygous deletions of chromosome 6q (affecting PRDM1) in 16 of 31 (52%) cases as well as
gains of large parts of chromosome 7 and 18, 10/31 (32%) and 12/31 (39%) cases, respectively.
The most frequently mutated gene overall was KMT2D, which harbored mutations in 10/16
(63%) of clonally-related relapsing DLBCL and 5/11 (46%) of non-relapsing DLBCL cases.
Mutations were scattered across many exons of this gene without hotspot. Other frequently-
mutated genes included CD79B, BTG1 and PIM1 (Figure 4 and Table S4).

Losses of 6022.31-922.33 and gains of chromosome 7 were the most frequent CNA occurring
early in the progenitor cell population before divergence. Mutations of KMT2D (7/16), CD79B
(5/16), MYDB88 (4/16) and PIM1 (4/16) were shared in clonally-related tumor pairs, suggesting
that they occurred early and were drivers of lymphomagenesis. Of note, mutations in the latter
three genes were restricted to DLBCL of non-GCB cell of origin and were concurrent in 3
tumors.

Most of the tumors acquired multiple chromosomal gains and losses at relapse, but no recurrent
CNA could be identified. Mutations in KMT2D were the most frequent relapse-specific sequence
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alteration, occurring in 7 of 16 (44%) evaluated relapses. The second most frequently mutated
gene at relapse was MEF2B, affecting 3 of 16 cases (19%).

Comparison of CNA between primaries of relapsing DLBCL and non-relapsing DLBCL
identified several differentially aberrant regions (Figure 5 and Table 2). Predominantly, DNA
copy gains emerged that were more frequently observed in non-relapsing DLBCL, the most
significant of which were amplifications in the short arm of chromosome 2, spanning and
continuing downstream of the lymphoma oncogene C-REL. Other gains affected parts of
chromosomes 6, 9, 13, 14, 19 and 22, and were also more prevalent in the non-relapsing DLBCL
cohort. These alterations affected a total of 553 protein-coding genes, 14 of which were included
in the COSMIC cancer gene census list.

The only recurrent CNA characteristic to primaries of relapsing DLBCL was a gain in 10p15.3-
pl3, which contained more than 70 protein-coding genes including GATA binding protein 3
(GATA3) and protein kinase C-theta (PRKCQ). To test the prognostic significance of GATA3
overexpression in DLBCL 23 of the study cases with sufficient material and a well-characterized
historic DLBCL microarray of 250 evaluable cases was immunohistochemically examined (see
Supplementary results and Figure S6 and S7). A reliable anti-PRKCQ antibody for
immunohistochemistry is currently not available.

The only recurrent differential copy number loss between relapsing and non-relapsing DLBCL
primaries was a heterozygous deletion of 8q12.3, affecting cytochrome 7 beta polypeptide 1 gene
(CYP7B1), which was found exclusively in the non-relapsing group. At the nucleotide level, two
genes, RELN and SOCS1, were found to be mutated in 3 of 11 non-relapsing DLBCL cases, but
were not affected in any of the relapsing DLBCL (p= 0.052).

Discussion

First presentations and subsequent recurrences of lymphomas are generally regarded as direct
outgrowths of the primary tumor clone®®. However, cases of clonally-unrelated relapses have
been documented in indolent and aggressive lymphoma transformations>?, as well as in
Hodgkin and composite lymphomas®**?°. Reports on unrelated relapses of DLBCL are scarce.
One study found two equivocally unrelated recurrences within a group of 13 late-relapsing
DLBCL?, and another reported five late central nervous system relapses of DLBCL unrelated to
the respective primaries®. These studies relied on multiplex PCR-based determination of clonal
relationship, a technique that, while robust in addressing clonal relationship, is based on the
analysis of a single or a few genetic loci, providing no insight into the underlying genetic
composition of the respective diseases. Array-CGH microarrays have been previously used to
establish relationship between multiple lesions or primaries and metastases in solid tumors**?"%,
Here, we demonstrate that this approach can also be successfully applied to analysis of paired
lymphoma samples. PCR-based clonality analysis combined with genome-wide copy number
arrays and targeted massive parallel sequencing unequivocally proved the existence of clonally-
unrelated DLBCL recurrences and exposed the profound genetic composition differences
between primary and relapse tumors. Moreover, our approach advantageously clarified clonal
relationship in instances where V(D)J rearrangements could not be amplified or interpreted, as in

our case 17.
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In agreement with other reports, clonally unrelated relapses in our study occurred after relatively
long intervals from the initial DLBCL diagnosis, thus being considered late (32 months) or very
late (81, 103 months). The reasons for a second “de novo” appearance of DLBCL in the same
patient are unclear, but could be related to continuous exogenous hazards, genetic predisposition,
treatment-induced DNA damage, acquired mutations in the (hemato-)lymphopoietic stem cell
pool or prolonged immunosuppression. The presence of clonal somatic mutations at low
frequency in non-malignant hematopoietic cells is a recently described phenomenon®. One of
the clonally-unrelated cases in our cohort (case 15) showed the presence of two mutations, an
inactivating nonsense mutation in EP300 and a missense mutation in CD79A, in both primary
and relapse tumors, which were otherwise genetically distinct with different IGH rearrangement
and EBV status (EBV+ primary, EBV- relapse). Thus, it is possible that these two mutations
were inherent to a putative B-lymphopoietic progenitor cell pool and increased the chance of this
patient developing a second lymphoid malignancy. Additionally, the patient’s clinical history of
immunosuppression due to solid organ transplantation suggests a second risk factor, i.e.
immunosuppression. Lack of clonal relationship (i.e. second de novo DLBCL and not a progress
of the initial DLBCL) may have played a role in the remarkably successful treatment of the
relapse tumor with lenalidomide monotherapy, after which the patient achieved lasting clinical
remission®’. Also notable in this context is the clinical history of patient 17, diagnosed with
primary testicular DLBCL followed 81 months later by an unrelated DLBCL of the central
nervous system. Interestingly, both lymphomas occurred at immuno-privileged sites, supporting
possible underlying immune deregulatory mechanisms or immunogenetic defects as unifying
risk factors. Importantly, clonally-unrelated DLBCL recurrences in the same patient and
demonstration of their different genetic constitutions raise a question of immediate clinical
impact, i.e. whether adjusted treatment regimens could be applied. Theoretically, standard first-
line treatments might be efficient for such patients, thus abrogating the adverse side effects of
high-dose myeloablative chemotherapy with the need of ASCT. However, given the rarity of
unrelated relapses and the significant therapeutic consequences therefrom, this subject requires
assessment on a selected, large-scale cohort of clinical samples.

The existence of two different patterns of clonally-related DLBCL relapses in our study
resonates well with other findings from genomic studies on paired transformed FL and relapsing
DLBCL cohorts. Pasqualucci et al. reported divergent evolution from a common progenitor as
the more frequent mode, occurring in 10 cases, while linear progression was detected in only 2
instances*’. Okosun et al. found that all transformed FL evolved from either rich (n=8) or sparse
(n=2) ancestral common progenitor clones™. Likewise, by sequencing rearranged V(D)J
junctions of paired primary and relapse DLBCL samples, Jiang et al. identified early- and late-
divergent patterns of clonal evolution*?. All three studies observed shared mutations between
clonal populations of primaries and recurrences, indicating a common clonal origin, whereas
other mutations were unique for each manifestation. This is analogous to our identification of
shared chromosomal aberrations with identical breakpoints and unique CNA in primary tumors
that were not detectable in the subsequent relapse samples in the 6 divergent/branching evolution
pairs. The 11 pairs that appeared to follow a more linear evolution path by CNA analysis, but
had low number of single nucleotide mutations, are reminiscent of the “rich common progenitor”
or “late-divergent categories” described in the latter two studies. These relapse patterns are
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characterized by evolutionary late separation of subclones from a common progenitor and,
therefore, bear minor genetic distances between the respective manifestations.

We hypothesized that genetic factors are present in the primary DLBCL tumors that determine
whether the tumor will or will not recur. To test this hypothesis, we compared CNA and
mutational data between primary relapsing and primary non-relapsing DLBCL cohorts and
identified genetic events that occurred more frequently in one or the other group. Surprisingly,
the majority of recurrent genomic aberrations were detected in the non-relapsing cohort.
Differentially amplified regions in this group contained oncogenes (FLT3, PDGFB, MKL1) as
well as tumor suppressors (RB1, BRCA2, STK11, EP300). The precise significance of these
genes in the context of successful treatment response needs additional investigation. The only
recurrent differentially-deleted region was 8¢q12.3 in non-relapsing lymphomas; it contained a
single gene, CYP7B1, which encodes a multi-functional protein of cytochrome P450 family that
primarily acts as steroid hydroxylase and is directly implicated in bile acid synthesis® and
steroid metabolism®2. Its genetic defects are linked to severe liver insufficiency in newborns and
adult neuropathies®. Interestingly, prednisone, a steroid drug and a component of the CHOP
regimen, has been suggested as a metabolic substrate of CYP7B13*%®. Moreover, vincristine and
doxorubicin, two other components of CHOP, are known to be catabolized and thus inactivated
by the P450 complex. Taken together, loss of CYP7B1 might increase sensitivity to CHOP and
partially explain why this recurrent chromosomal deletion is present in the non-relapsing
DLBCL group.

In our study, SOCS1 mutations were exclusive to the non-relapsing cases. It has been shown that
truncating mutations in tumor-suppressor SOCS1 are prognostic for a favorable DLBCL
outcome®. Indeed, 2 of 3 affected cases had nonsense mutations truncating the SOCS1 protein,
and the third case had missense mutation in the kinase inhibitory domain (KIR), which is
required for binding Janus kinases and suppressing their activity. We did not find any known
associations between RELN mutations and decreased propensity to relapse.

Paired DLBCL exome sequencing study reported that mutations within histone modifiers are
potential driver mutations in DLBCL™, a finding we partially confirm by identification of
KMT2D as the most commonly mutated gene in both primary and relapse tumors in our cohort.
Additionally, our data indicate that the MYD88 L265P mutation, the CD79B Y197C mutation
and PIM1 mutations are early events in DLBCL genetic evolution that are shared in clonally-
related tumor pairs, suggesting they played a driver role in lymphomagenesis.

Numerous studies already addressed the negative prognostic value of BCL2 expression in
DLBCL?® [and references therein]. The significant differences in BCL2 expression between
primaries of relapsing and non-relapsing DLBCL observed in our cohort corroborate these
observations, reappraising the negative prognostic importance of BCL2 in DLBCL.

In conclusion, genome-wide CNA profiling and targeted sequence analysis of paired primary and
relapse DLBCL samples reliably demonstrates, for the first time, the existence of clonally-
unrelated DLBCL recurrences at the genomic level. Further, our results show that genetic
evolution of DLBCL at relapse occurs through early or late divergence from a common
progenitor clone. Finally, we demonstrate differentially aberrant regions between primary
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relapsing and non-relapsing DLBCL containing genes that are potentially involved in sensitivity
to treatment as well as propensity to relapse potential.

Acknowledgements

The study was supported by Krebsliga beider Basel and Stiftung zur Krebsbekampfung Zrich.

Authorship contributions

D.J. performed the research, analyzed and interpreted data and wrote the manuscript; J.G., C.R.
and T.L. analyzed data and revised the manuscript; V.P. contributed to sequencing analysis; S.D.
performed histological and immunohistochemical analysis, revised the manuscript; A.T.
conceived and designed the study, performed histological and immunohistochemical analysis,
analyzed and interpreted data, revised the manuscript.

Disclosure of Conflicts of Interest
There are no relevant conflicts of interest to disclose.

Data depositing

The chromosomal copy number aberration data reported in this paper has been deposited at the
National Center for Biotechnology Information Gene Expression Omnibus (accession no.
GSE65720). The targeted sequencing data has been deposited to Sequence Read Archive (SRA)
accession no. (pending).

46



RESULTS

References

1

2

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Friedberg JW. Relapsed/Refractory Diffuse Large B-Cell Lymphoma. ASH Educ Progr B 2011; 2011: 498—
505.

Philip T, Guglielmi C, Hagenbeek A, Somers R, Van der Lelie H, Bron D, et al. Autologous bone marrow
transplantation as compared with salvage chemotherapy in relapses of chemotherapy-sensitive non-
Hodgkin’s lymphoma. N Engl J Med 1995; 333: 1540-5.

Gisselbrecht C, Glass B, Mounier N, Singh Gill D, Linch DC, Trneny M, et al. Salvage regimens with
autologous transplantation for relapsed large B-cell lymphoma in the rituximab era. J Clin Oncol 2010; 28:
4184-90.

de Jong D, Glas AM, Boerrigter L, Hermus M-C, Dalesio O, Willemse E, et al. Very late relapse in diffuse
large B-cell lymphoma represents clonally related disease and is marked by germinal center cell features.
Blood 2003; 102: 324-7.

Geurts-Giele WRR, Wolvers-Tettero ILM, Dinjens WNM, Lam KH, Langerak AW. Successive B-Cell
Lymphomas Mostly Reflect Recurrences Rather Than Unrelated Primary Lymphomas. Am J Clin Pathol
2013; 140: 114-26.

Shioyama Y, Nakamura K, Kunitake N, Kimura M, Terashima H, Masuda K. Relapsed non-Hodgkin’s
lymphoma: detection and treatment. Radiat Med 2000; 18: 369-75.

Libra M, De Re V, Gloghini A, Navolanic PM, Carbone A, Boiocchi M. Second primary lymphoma or
recurrence: a dilemma solved by VDJ rearrangement analysis. Leuk Lymphoma 2004; 45: 1539-43.
Nishiuchi R, Yoshino T, Teramoto N, Sakuma I, Hayashi K, Nakamura S, et al. Clonal analysis by
polymerase chain reaction of B-cell lymphoma with late relapse: a report of five cases. Cancer 1996; 77:
757-62.

Obermann EC, Mueller N, Rufle A, Menter T, Mueller-Garamvoelgyi E, Cathomas G, et al. Clonal
relationship of classical hodgkin lymphoma and its recurrences. Clin Cancer Res 2011; 17: 5268-74.
Siddigi IN, Ailawadhi S, Huang Q, Shibata RK, Kang H, Shibata D. Deep sequencing reveals lack of a
clonal relationship between a metachronous classical hodgkin and diffuse large B-cell lymphoma. Clin
Lymphoma Myeloma Leuk 2014; 14: e87-93.

Cobb RM, Oestreich KJ, Osipovich OA, Oltz EM. Accessibility control of V(D)J recombination. Adv
Immunol 2006; 91: 45-109.

Jiang Y, Redmond D, Nie K, Eng KW, Clozel T, Martin P, et al. Deep-sequencing reveals clonal evolution
patterns and mutation events associated with relapse in B-cell lymphomas. Genome Biol 2014; 15: 432.
Torres L, Ribeiro FR, Pandis N, Andersen JA, Heim S, Teixeira MR. Intratumor genomic heterogeneity in
breast cancer with clonal divergence between primary carcinomas and lymph node metastases. Breast
Cancer Res Treat 2007; 102: 143-55.

Ostrovnaya I, Olshen AB, Seshan VE, Orlow I, Albertson DG, Begg CB. A metastasis or a second
independent cancer? Evaluating the clonal origin of tumors using array copy number data. Stat Med 2010;
29: 1608-21.

Davies AJ, Rosenwald A, Wright G, Lee A, Last KW, Weisenburger DD, et al. Transformation of follicular
lymphoma to diffuse large B-cell lymphoma proceeds by distinct oncogenic mechanisms. Br J Haematol
2007; 136: 286-93.

Kwiecinska A, Ichimura K, Berglund M, Dinets A, Sulaiman L, Collins VP, et al. Amplification of 2p as a
genomic marker for transformation in lymphoma. Genes Chromosomes Cancer 2014; 53: 750-68.
Pasqualucci L, Khiabanian H, Fangazio M, Vasishtha M, Messina M, Holmes AB, et al. Genetics of
follicular lymphoma transformation. Cell Rep 2014; 6: 130-40.

Okosun J, Bodor C, Wang J, Araf S, Yang C-Y, Pan C, et al. Integrated genomic analysis identifies
recurrent mutations and evolution patterns driving the initiation and progression of follicular lymphoma. Nat
Genet 2014; 46: 176-81.

Nagel S, Hirschmann P, Dirnhofer S, Gunthert U, Tzankov A. Coexpression of CD44 variant isoforms and
receptor for hyaluronic acid-mediated motility (RHAMM, CD168) is an International Prognostic Index and
C-MYC gene status-independent predictor of poor outcome in diffuse large B-cell lymphomas. Exp Hematol
2010; 38: 38-45.

Lipson D, Aumann Y, Ben-Dor A, Linial N, Yakhini Z. Efficient calculation of interval scores for DNA
copy number data analysis. J Comput Biol 2006; 13: 215-28.

Finch H. Comparison of Distance Measures in Cluster Analysis with Dichotomous Data. J Data Sci 2005; 3:
85-100.

Visco C, Tzankov A, Xu-Monette ZY, Miranda RN, Tai YC, Li Y, et al. Patients with diffuse large B-cell
lymphoma of germinal center origin with BCL2 translocations have poor outcome, irrespective of MYC
status: a report from an International DLBCL rituximab-CHOP Consortium Program Study. Haematologica
2013; 98: 255-63.

Mao Z, Quintanilla-Martinez L, Raffeld M, Richter M, Krugmann J, Burek C, et al. IgVH mutational status

47



Dissertation Darius Juskevicius

24

25

26

27

28
29

30

31

32

33

34
35

36

48

and clonality analysis of Richter’s transformation: diffuse large B-cell lymphoma and Hodgkin lymphoma
in association with B-cell chronic lymphocytic leukemia (B-CLL) represent 2 different pathways of disease
evolution. Am J Surg Pathol 2007; 31: 1605-14.

Ganzel C, Pogrebijsky G, Krichevsky S, Neuman T, Yehuda D Ben. Separate diagnoses of Hodgkin
lymphoma and non-Hodgkin lymphoma in an individual patient might not signify a common clonal origin.
Exp Hematol 2012; 40. doi:10.1016/j.exphem.2012.05.009.

Libra M, De Re V, Gasparotto D, Gloghini A, Marzotto A, Milan I, et al. Differentiation between non-
Hodgkin’s lymphoma recurrence and second primary lymphoma by VDI rearrangement analysis. Br J
Haematol 2002; 118: 809-12.

Lossos A, Ashhab Y, Sverdlin E, Amir G, Ben-Yehuda D, Siegal T. Late-delayed cerebral involvement in
systemic non-hodgkin lymphoma: A second primary tumor or a tardy recurrence? Cancer 2004; 101: 1843—
9.

Wa C V, DeVries S, Chen YY, Waldman FM, Hwang ES. Clinical application of array-based comparative
genomic hybridization to define the relationship between multiple synchronous tumors. Mod Pathol 2005;
18: 591-7.

Waldman FM, DeVries S, Chew KL, Moore DH, Kerlikowske K, Ljung BM. Chromosomal alterations in
ductal carcinomas in situ and their in situ recurrences. J Natl Cancer Inst 2000; 92: 313-20.

Steensma DP, Bejar R, Jaiswal S, Lindsley RC, Sekeres MA, Hasserjian RP, et al. Clonal hematopoiesis of
indeterminate potential and its distinction from myelodysplastic syndromes. Blood 2015; 126: 9-16.

L&aubli H, Tzankov A, Juskevicius D, Degen L, Rochlitz C, Stenner-Liewen F. Lenalidomide monotherapy
leads to a complete remission in refractory B-cell post-transplant lymphoproliferative disorder. Leuk
Lymphoma 2015; : 1-11.

Rose KA, Stapleton G, Dott K, Kieny MP, Best R, Schwarz M, et al. Cyp7b, a novel brain cytochrome
P450, catalyzes the synthesis of neurosteroids 7alpha-hydroxy dehydroepiandrosterone and 7alpha-hydroxy
pregnenolone. Proc Natl Acad Sci U S A 1997; 94: 4925-30.

Kim S-B, Chalbot S, Pompon D, Jo D-H, Morfin R. The human cytochrome P4507B1: catalytic activity
studies. J Steroid Biochem Mol Biol 2004; 92: 383-9.

Tsaousidou MK, Ouahchi K, Warner TT, Yang Y, Simpson MA, Laing NG, et al. Sequence alterations
within CYP7B1 implicate defective cholesterol homeostasis in motor-neuron degeneration. Am J Hum
Genet 2008; 82: 510-5.

Nation RL, Evans AM, Milne RW. Pharmacokinetic drug interactions with phenytoin (Part ). Clin
Pharmacokinet 1990; 18: 37-60.

Jeng S, Chanchairujira T, Jusko W, Steiner R. Prednisone metabolism in recipients of kidney or liver
transplants and in lung recipients receiving ketoconazole. Transplantation 2003; 75: 792-5.

Schif B, Lennerz JK, Kohler CW, Kreuz M, Bentink S, Melzner I, et al. SOCS1 Mutation Subtypes Predict
Divergent Outcomes in Diffuse Large B-Cell Lymphoma (DLBCL) Patients. Oncotarget. 2012; 4: 35-47.



RESULTS

o Q 92->117bp
IGHV4-39*012>IGHV1-2*02

QH

© ©OW 00 N O O Ah W N =

Case number
- - ol —
HOW -
lN .r-

-
(5]

258->268bp
IGHV4-39*01 ?IGHV3-33*01

na

O = G -
© 0 N O N
- HOHEOOBEBRRRRCRO

N
(=]

=
N
w
»
wn

6 7 8 9 10 11 12
Time to relapse, years

Form legend Color legend
O GCB ‘ Late-divergent/linear evolution
D Non-GCB Early-divergent/branching evolution
[:] Unknown ‘ Clonally-unrelated

Figure 1

Figure 1. Disease history overview of the relapsing DLBCL cohort. Cell of origin is represented by
symbol shape and clonal relationship by color. Numbers centering the symbols represent respective C-MYC
and BCL2 co-expression double-hit scores. Stacked symbols (cases 1 and 5) represent two parts of the same
tumor profiled by aCGH where intratumoral heterogeneity was detected (see Figure S3). At the right side,
sizes of the amplified IGH rearrangement products are indicated for clonally unrelated cases. Abbreviations:
na — not accessed; np — not processed.
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Figure 2. Different modes of DLBCL relapse. A. A genome-overview plot of a clonally unrelated pair
(case 1) is shown. Genome position is represented on the abscissa and the log2 ratio on the ordinate.
Moving average of the primary (red) and the relapse (blue) is plotted. Regions above and below the log2
ratio value of 0 represent gain or loss of DNA, respectively. None of the aberrations match between primary
and relapse tumors. For example, chromosome 3 is highly aberrant (magnified, color tint represent the start
and end of the aberrant region) in both cases, but breakpoints of gains and losses do not match. B.
Amplified FR3 and FR2 region of IGH V(D)J rearrangements show distinct sizes between both DLBCL
occurrences and FR2 sequences align to different families of 1G variable genes. C. An example of a
clonally-related DLBCL pair (case 8), in which primary and relapse tumors emerged through early-
divergent/branching evolution from a common progenitor cell clone. Both tumors share some chromosomal
aberrations (chromosomes 6, 13, 21) confirming their shared origin, but aberrations unique to the primary
tumor (green arrows) suggest separation and independent evolution of the tumor-initiating clones. D. An
example of a clonally-related DLBCL pair (case 4) in which the relapse emerged through late-
divergent/linear evolution from the common progenitor population tumor but gained some additional
chromosomal aberrations. * -not called by the CNA detection algorithm.
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Figure 3. Genetic evolution patterns in relapsing DLBCL. A. Schematic representation of clonally-
unrelated DNA relapses showing few or lack of unifying genetic alterations and a maximal genetic distance
from one another. B. Primary tumors belonging to the early-divergent/branching pattern of DLBCL
recurrence have high numbers of private genetic alterations and, therefore, large genetic distance from the
putative common progenitor. In these cases relapses are genetically less distant to the common progenitor
than primaries. C. In the late-divergent evolutionary pattern, primary tumors are genetically very close to
the putative common progenitor, while relapses show higher divergence.

Numbers inside circles represent a combined count of mutations and copy number aberrations in the
respective population. Circle sizes are scaled according to the number of genetic alterations. Dashed purple
area symbolizes the time from putative divergence of populations to occurrence of primary lymphoma,
which is unknown. Red — genetic alterations unique to primary tumor. Blue — genetic alterations unique to
relapse. Grey circle — putative common progenitor. The genetic distance from the common progenitor is
plotted on the y axis; at the top of the x axis for the primary tumor, at the bottom for the relapse.
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Figure 4. Non-synonymous variants in studied DLBCL cases

A heatmap plot of all non-synonymous variants that were detected by targeted NGS. Genes are ordered left-
to-right according to the decreasing number of mutations observed. * — samples in relapsing DLBCL
cohort, which were evaluated only for shared mutations due to sub-optimal sequencing quality.
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Figure 5. Differential comparison of chromosomal copy number aberrations between primary
relapsing (n=20) and non-relapsing (n=11) DLBCL. The upper part of each graph plots the frequency of
aberrations (%, amplification in positive, deletion in negative scale) against the chromosomal position (base
pairs). In the bottom panel, p-values are plotted. Dark colors represent aberrations more frequently detected
in the non-relapsing set of DLBCL, while light colors represent aberrations characteristic of the relapsing
set of DLBCL. Genes affected in regions with p-value <0.1 are listed in Table S5.
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Table 1. Clinical characteristics of the study cohorts

Nr Gender |Age,y |Stage |Primary location Follow-up, m | Therapy Time to relapse, m E)ilztﬁ)cs)ﬁ Dead
Relapsing cohort
1 F 71 NA Bronchus 104 NA 103 Softtissue |1
2 M 62 NA Lymph node 27 6x R-CHOP 11 Lymph node |1
3 M 72 1A Lymph node 12 6x R-CHOP 9 Stomach 1
4 M 80 IVA Lymph node 19 6x R-CHOP 8 Lymph node |1
5 M 61 IVA Lymph node 27 6x R-CHOP+2x R-mono, ITH, irradiation |26 Duodenum |1
6 F 81 1A Lymph node 6 6x R-CHOP, irradiation 10 Lymph node | NA
7 F 74 1B Upper abdomen 41 Palliative 5x R+gemcitabine 17 Muscle 1
8 M 37 1A Soft tissue upper arm | 32 6x CHOP, irradiation 19 Bone NA
9 M 49 A Lymph node 51 6x R-CHOP 33 Brain 1
10 F 77 IVB Lymph node 25 6x R-CHOP, ITH 25 Lymph node | NA
11 |M 75 VB Lymph node 124 8x CHOP, ITH 53 Chestwall |1
12 F 29 1B Lymph node 116 8x R-CHOP 18 Lymph node |0
13 F 56 [\ Lymph node 74 6x R-CHOP, ITH 19 Lymph node | NA
14 M 71 1A Lymph node 84 6x R-CHOP 74 Lymph node |0
15 |F 42 NA | Lymph node 39 6x R-CHOP+2x R-mono 32 small 0
intestine
16 M 50 NA Lymph node 126 NA 123 Softtissue |0
17 |M 42 IA Testicle 147 8x R-CHOP, ITH 81 Brain 0
18 |M 71 NA Eye ball 141 NA 141 Lymph node |0
19 F 90 NA Lymph node 11 NA 11 Omentum 0
20 F 31 1A Lymph node 19 6x R-CHOP 18 Lymph node |0
Non-relapsing cohort
21 |F 64 VB Colon 119 8x R-CHOP, ITH NA NA 0
22 |F 83 VB Lymph node 67 6x R-CHOP NA NA 0
23 |[M 74 A Lymph node 116 6x R-CHOP NA NA 0
24 |M 84 A Intranasal 51 6x 80% R-CHOP, ITH NA NA 0
25 |M 83 1A Tounge 78 6x R-CHOP NA NA 0
26 |M 65 v Lymph node 115 8x R-CHOP, ITH NA NA 0
27 |M 36 IA Maxillary sinus 118 6x R-CHOP, ITH NA NA 0
28 F 57 1A Vaginal mucosa 99 6x R-CHOP NA NA 0
29 |M 53 1A Lymph node 107 6x R-CHOP NA NA 0
30 M 84 1A Lymph node 71 3x R-CHOP, irradiation NA NA 0
31 |M 84 1A Lymph node 78 6x 80% R-CHOP NA NA 0
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Abbreviations: 1-dead; 0-alive; CHOP-cyclophosphamide, hydroxydaunorubicin, oncovin, prednisone; F-female; ITH-intrathecal chemotherapy; M-
male; m-months; NA-not available; R-Rituximab; y-years.

Table 2. Differentially aberrant chromosomal regions between relapsing and non-relapsing DLBCL

CNAin |[CNAinnon-
Chromosome Start Stop Cytoband | p-value | Cancer census gene* | relapsing | relapsing
DLBCL DLBCL
Non-relapsing DLBCL
Amplifications 0/20 5/11
chr2 64050753 | 65340372 pl4-15 0.0027 0/20 4/11
chr2 64119395 | 66009092 pl4 0.0105 0/20 4/11
chrl3 57093042 |71055517 | g21.1-21.33 | 0.0105 0/20 4/11
chrl4 19376761 |20397731 pll.2 0.0105 0/20 4/11
chr2 62790398 |64031168 pl5 0.0132 1/20 5/11
chré 5793643 11076650 | p25.1-24.2 | 0.0132 1/20 5/11
chr2 65994717 | 75189618 pl4-12 0.0367 DCTN1 0/20 3/11
BRCAZ2, LHFP, CDX2,
chrl3 19752698 |57073684| ql11.2-21.1 | 0.0367 LCP1, RB1, FLT3 0/20 3/11
chr22 35653033 |[43386781| ql12.3-13.2 | 0.0367 MKLL, PI?PG:%':)% MYHS, 0/20 3/11
chrl9 578539 1272710 p13.3 0.0377 STK11 3/20 6/11
chr2 59987586 | 63605603 p15 0.0416 1/20 4/11
chr9 30321407 |39058117 | p21.1-13.1 | 0.0416 FANCG 1/20 4/11
chrl3 71081217 |71324117 q21.33 0.0416 1/20 4/11
chrl9 275924 335170 p13.3 0.0416 1/20 4/11
Deletions
chrg | 65579491 [66023718| q12.3 | 0.03671 | 0/20 3/11
Relapsing DLBCL
Amplifications
chr10 | 269756 | 838046 | pi15.3-13 | 0.0116 | GATA3 9/20 0/11

*http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/ accessed in September, 2015
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Supplementary information

Supplementary methods

Immunohistochemistry

Immunohistochemistry (IHC) was performed on serial tissue sections using an automated immunostainer
Benchmark XT (Ventana/Roche, Tucson, AZ, USA) with a biotin-streptavidin-peroxidase detection
system according to manufacturer’s protocols. All primary antibody clones, incubation- and antigen
retrieval conditions as well as cut-off values used to determine tissue positivity are summarized in Table
S6. Cell of origin (COO) classification was done according to the so-called Tally algorithm®.

Assessment of IGH rearrangements

A PCR-based assay for IG V(D)J rearrangements was performed with consensus FR2 and FR3 as well as
J primers, as previously published®. Examination of the PCR products was carried out with the high
resolution fragment length analyzer ABI 310 (Applied Biosystems, Foster City, CA, USA).
Rearrangements were evaluated primarily by interpretation of the fragment lengths of products amplified
with the FR3 primers. If this result was inconclusive, Biomed-2 primers targeting the FR2 region and/or
kappa light chain-gene rearrangements were used (Invivoscribe Technologies, San Diego, CA, USA).
Clonal rearrangements were defined as prominent, single-sized amplification products within the
expected size range. Fragments suggesting clonally-unrelated recurrences were cloned into pGEM-T
(Promega, Madinson, WI, USA) plasmids and Sanger-sequenced to unequivocally confirm different
clonal origin. Sequences were analyzed with the IgBLAST tool®.

DNA extraction

H&E- and CD20-stained sections of FFPE blocks or FF tissues were reviewed by A.T. to evaluate tumor
content. Only tissues with >70% tumor content were used. Depending on the distribution of tumor cells,
25um-thick sections were cut or punches were taken from the tumor-rich tissue areas. Prior to overnight
Proteinase K digestion, paraffin sections were deparaffinized and rehydrated by serial xylene and ethanol
washes, respectively. Genomic DNA (gDNA) was extracted by automation using Maxwell® 16 FFPE
plus LEV DNA Purification Kit (Promega, Madison, WI, USA). gDNA from samples with extremely
scarce tumor material was isolated by the phenol-chloroform extraction as described previously®. Yields
were quantified by the Qubit assay (Life Technologies, Eugene, OR, USA).

Array-CGH

At least 100ng of gDNA from each sample and 500ng of commercial 46 XX reference gDNA (Promega,
Southampton, UK) were used. Reference gDNA was heat-fragmented at 95°C for 35 minutes. FFPE
tissue-derived gDNA needed no additional digestion. Sample DNA extracted from FF tissues was heat-
fragmented to 400-600 bp in average. DNA fragmentation was evaluated by gel electrophoresis and
subsequent image analysis with the ImageJ software (http://imagej.nih.gov/ij/index.html, version 1.48).
Samples and references were labeled with Cy-5 dUTP and Cy-3 dUTP, respectively, using the BioPrime
aCGH genomic labeling system (Invitrogen, Carlsbad, CA, USA). Success of labelling was evaluated by
the Nanodrop assay (Thermo Fischer Scientific, Waltham, MA, USA) before mixing and hybridization to
180k CGH arrays (Agilent Technologies, Santa Clara, CA, USA) for 24 hours in a rotating oven at 65°C.
All microarray slides were scanned with an Agilent 2565C DNA scanner and the images were processed
with Agilent Feature Extraction 10.7 using default settings.

56


http://imagej.nih.gov/ij/index.html

RESULTS

Targeted NGS

Target enrichment panel was designed to include genes and their hotspots that are most frequently
mutated B-cell lymphoid neoplasms according to the COSMIC database (release v70) and manual
overview of the literature. 68 genes were included (Table S7). The designed panel comprised of 933
amplicons in 4 primer pools (234 amplicons/pool in average). Mean primer length was 110bp (range 64-
137bp) making it suitable to amplify targets in the fragmented archival FFPE tissue-derived gDNA.
Target amplification, library construction and sequencing were carried out according to recommendations
of the manufacturer (Thermo Fisher Scientific, Carlsbad, CA, USA). Shortly, 10ng of FF or 15ng of
FFPE DNA quantified by Qubit was used for target amplification in each primer pool. 17 and 20 PCR
cycles were used for FF and FFPE DNA, respectively. Then amplicons from pools 1-3 and pools 2-4
were combined, primer sequences were digested and barcoded adaptors were ligated. Bead enrichment
and chip loading was performed with an automated lonChef instrument. Libraries of 4 samples were
combined and sequenced in one lonTorrent 318v2 chip with lonPGM sequencer.
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Supplementary results
Retention and change of cell of origin (COO) in DLBCL relapses

Within 15 pairs, to which the Tally algorithm* could be reliably applied in both primary and relapse, COO
change was documented in 2 cases (case 5 and case 15). In both cases, transition occurred from GCB-like
to non-GCB-like phenotype.

Case 15 was a clonally unrelated DLBCL relapse in which this “switch” is likely explainable by the
independent cellular origin of the respective tumor occurrences.

None of the cases with early-divergent/branching pattern of relapses showed a COO change at relapse;
all but one primary tumor belonging to this category had a non-GCB COO.

In the group with late-divergent/linear pattern of relapses 3/11 cases were of GCB COO, one of them
(case 5) relapsed as a non-GCB DLBCL 27 months later. The changed COO in this case might be on the
one hand related to micro-environmentally induced or progression-related gene expression pattern
changes respecting LMO2 (80% positive tumor cells in the primary vs 20% in the relapse) and FOXP1
(90% positive tumor cells in the relapse vs 25% in the primary) since the primary was diagnosed on an
affected lymph node, while the relapse affected the duodenum 26 months later. On the other hand, and
more probably, it might simply reflect the genuine insufficiency of immunohistochemical algorithms for
error-free COO determination®.

Expression frequency and prognostic significance of GATA3 in DLBCL

Altogether 23 of the study cases could be analyzed. Of the 16 relapsing DLBCL, 3 (19%) expressed
GATAS3 compared to 1 of the 7 non-relapsing DLBCL (14%). The expression pattern was nuclear,
weaker compared to tumor-infiltrating small T-cells, and present in 10 to 90% of tumor cells. There was
no clear correlation between GATAS3 expression and amplifications 10p14-15.

Figure S6. GATA3-positive DLBCL. A. DLBCL expressing GATA3 in 90% of the tumor cells. B.
DLBCL showing weak expression (weaker than the small tumor-infiltrating T-cells) of GATA3 in 15%
of the large tumor cell nuclei.
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Figure S7. Survival of GATA3-positive and GATA3-negative DLBCL patients. Among 250 eligible arrayed cases®,
only 12 DLBCL (5%) expressed GATA3. There were 128 adverse events in the 238 GATA3-negative patients
(54%) compared to 9 of 12 (75%) in the GATA3-positive subgroup. Although the survival curves drifted apart, no
significant outcome difference was suggested (p=0.091).

The observed rare expression of GATAS3 and lack of correlation to 10p14-15 amplifications as well as
lack of significant prognostic impact in DLBCL, despite significantly more frequent 10pl14-15
amplifications in primaries of relapsing DLBCL, is likely explainable by one limitation of aCGH, i.e. that
gains of genetic material do not directly or indisputably imply increased expression of genes located in
the affected regions.
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Supplementary tables

Table S1. NGS quality parameters and case allocation for the analysis application

PRIMARY RELAPSE
For recurrent

For mutation

Mean Coverage Variants | Mean Coverage Variants evolution analysis

Case Nr. | coverage | uniformity called* coverage |uniformity called* analysis analysis
1 2819 47 1775 2331 82 60 NO YES

2 o o o o o - -

3 2712 95 49 1215 82 2139 NO YES
4 1283 94 87 1581 87 68 YES YES
5 834 95 87 1636 46 117 NO YES
6 566 77 1616 1182 94 158 NO YES
7 1330 91 2137 1366 94 446 NO YES
8 1042 91 71 825 90 302 YES YES
9 603 95 80 830 93 286 YES YES
10 979 96 50 879 90 105 YES YES
11 997 92 1287 850 88 932 NO YES
12 818 90 2014 1297 94 72 NO YES
13 689 96 105 1065 96 51 YES YES
14 1121 95 114 1419 94 67 YES YES
15 821 95 161 1233 94 84 YES YES
16 844 95 107 848 95 85 YES YES
17 945 94 223 1164 94 86 YES YES
18 635 95 133 1011 96 83 YES YES
19 910 96 96 673 94 181 YES YES
20 709 95 131 1125 96 59 YES YES
21 549 95 74 - - - NO YES
22 794 93 153 - = = NO YES
23 1100 95 94 - = = NO YES
24 1681 90 76 = = = NO YES
25 1255 99 122 - - - NO YES
26 887 95 140 - - - NO YES
27 954 95 70 - - - NO YES
28 1149 94 97 - - - NO YES
29 1300 95 96 - - - NO YES
30 1300 94 102 - - - NO YES
31 1141 94 101 - - - NO YES

“number of variants called by the variant caller, before manual filtering
Red — samples with poor sub-optimal sequencing quality
Blue — fresh-frozen samples
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Table S2. Torrent variant caller parameters used for the intial identification of variants.

Parameter Value
snp_min_allele_freq 0.02
snp_strand_bias 0.95
hotspot_min_coverage 6
snp_strand_bias_pval 0.01
position_bias 0.75
hotspot_min_allele_freq 0.01
snp_min_variant_score 6
mnp_min_variant_score 15
hotspot_strand_bias 0.95
hp_max_length 8
filter_insertion_predictions 0.2
indel_min_variant_score 6
indel_min_coverage 15
heavy_tailed 3
outlier_probability 0.005
position_bias_ref_fraction 0.05
indel_strand_bias_pval 1
data_quality_stringency 6.5
snp_min_cov_each_strand 0
indel_as_hpindel 0
mnp_strand_bias 0.95
mnp_strand_bias_pval 1
hotspot_strand_bias_pval 1
hotspot_min_variant_score 6
hotspot_min_cov_each_strand 2
do_mnp_realignment 1
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Table S3. Detailed immunophenotypic characteristics of the studied cases
Relapsing CD10 GCET LMO2 BCL6 MUM1 FOXP1 MIB1 BCL2 C-MYC GATA3 Cco0
1 P NA +(dim) + NA - - NA NA +(40%) NA GCB
R| +(100%) +(90%) +(100%) +(80%) -(25%) +(90%) NA -(0%) +(40%) NA GCB
5 P - - - NA -(40%) +(90%) NA +(70%) -(10%) - non-GCB
R NA NA NA NA NA NA NA NA -(30%) NA NA
5 P - - -(10%) +(50%) -(60%) +(80%) 90% +(90%) +(90%) - non-GCB
R NA NA NA NA NA NA NA NA -(20%) NA NA
4 P - - -(20%) +(40%) -(25%) +(90%) 75% +(100%) -(5%) NA non-GCB
R NA NA - NA NA +(90%) NA +(90%) NA NA non-GCB
5 P - - +(80%) +(80%) - -(25%) 80% +(80%) -(20%) NA GCB
R - - -(20%) +(60%) -(30%) +(90%) 95% +(100%) -(15%) NA non-GCB
5 P - NA NA NA NA NA 80% +(100%) NA NA na
R - - - -(2%) +(75%) +(85%) 95% +(100%) +(40%) NA non-GCB
; 3 + - NA +(65%) - - 80% -(10%) NA NA GCB
R + - +(70%) +(30%) - -(5%) 55% -(15%) +(40%) NA GCB
o P - + +(40%) NA -(40%) +(80%) 65% +(100%) -(15%) - non-GCB
R - - +(35%) +(100%) -(15%) +(70%) 70% -(10%) -(35%) NA non-GCB
9 P - - +(70%) +(30%) -(50%) +(80%) 90% +(80%) +(40%) - non-GCB
R - - - +(30%) -(25%) +(50%) 70% -(50%) -(25%) NA non-GCB
10 P - + +(70%) -(15%) -(50%) +(75%) 70% -(15%) -(15%) NA non-GCB
R -(15%) - +(70%) +(30%) -(60%) +(60%) 60% -(10%) -(15%) NA non-GCB
P - + -(20%) +(60%) +(80%) +(90%) 70% +(100%) NA - non-GCB
1 R NA NA NA -(25%) NA NA 90% NA +(60%) NA NA
1 P - - NA -(1%) NA NA 70% -(40%) -(5%) NA na
R - - - -(25%) -(10%) +(50%) 80% +(70%) -(10%) NA non-GCB
13 P - - - +(90%) -(60%) +(100%) 90% +(90%) +(90%) - non-GCB
R +(80%) - - +(80%) +(90%) +(100%) 90% +(100%) +(90%) NA non-GCB
14 P - -(20%) +(70%) +(40%) +(80%) +(80%) 70% -(40%) -(15%) + non-GCB
R - - - +(60%) +(70%) +(60%) 85% -(40%) -(15%) NA non-GCB
P - - +(40-50%) -(5%) -(30%) -(15%) 90% +(80%) +(50%) + GCB
15 R - - +(40%) -(5%) -(15%) +(65%) 70% NA +(40%) NA non-GCB
16 P +(90%) - +(50%) +(80%) +(90%) +(70%) 70% +(90%) -(20%) NA GCB
R| +(100%) +(100%) +(70%) +(90%) - +(80%) 90% +(70%) +(70%) NA GCB
17 P - - +(70%) +(100%) +(100%) +(100%) 85% -(50%) +(60%) - non - GCB
R - - +(90%) +(50%) -(50%) +(85%) 95% NA NA NA non-GCB
18 P - - - -(20%) +(100%) +(100%) 95% +(100%) +(60%) - non-GCB
R +(80%) - - +(70%) +(60%) 90% +(100%) +(100%) NA non-GCB
19 3 - +(90%) +(100%) +(90%) -(25%) +(60%) 90% +(70%) +(40%) + GCB
R - +(90%) +(80%) +(50%) -(30%) +(70%) NA -(10%) -(25%) NA GCB
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20 P - - - +(75%) +(70%) +(80%) 75% +(100%) +(60%) NA non-GCB
R - - } +(60%) +(100%) +(100%) 80% +(60%) -(30%) NA non-GCB
Total P| 2/19(11%) | 5/19(26%) | 10/17(59%) | 12/16(75%) | 6/18 (33%) | 14/18(78%) 80% 14/19(74%)* | 9/17(52%) | 3/11(27%)
R| 4/16(25%) | 3/16(19%) | 8/17(47%) | 13/17(76%) | 4/16(25%) | 16/17(94%) 81% 8/15(53%) | 8/18(44%) NA
Non-relapsing CD10 GCET LMO2 BCL6 MUM1 FOXP1 MIB1 BCL2 C-MYC GATA3 C00
21 - -(30%) +(100%) +(50%) -(60%) +(80%) 90% -(10%) -(30%) - non - GCB
22 - -(20%) +(100%) +(90%) +(70%) +(80%) 90% -(40%) -(50%) - non - GCB
23 - - +(70%) +(45%) -(30%) +(70%) 70% -(60%) -(20%) - non - GCB
24 - NA NA +(30%) -(60%) NA NA +(100%) NA - NA
25 + NA - + +(80%) +(70%) 60% -(30%) -(25%) NA GCB
26 - - -(15%) -dim(20%) +(70%) +(75%) 80% -(40%) +(70%) - non - GCB
27 - - - +(30%) +(70%) +(90%) 50% +(90%) -(30%) - non - GCB
28 NA +(80%) + NA - -(15%) NA NA -(40%) NA GCB
29 -(15%) - +(100%) +(70%) -(30%) - 75% -(25%) -(40%) + GCB
30 + + + +(100%) - - 90% -(30%) +(65%) NA GCB
31 +dim -(40%) +(100%) +(80%) -(15%) +(50%) NA -(25%) -(40%) NA GCB
Total 2/10(20%) 219(22%) 7/10(70%) | 9/10(90%) | 4/11(36%) | 7/10(70%) 77% 2/10(20%)* | 2/10(20%) 1/7(14%)

Abbreviations: COO — cell of origin; dim — weak positivity; GCB — germinal center B cell-like; NA — not analyzed or not applicable; P — primary, R —

relapse

Table S6. Antibodies used, conditions applied for immunohistochemistry and cut-off scores for evaluation

BCL2 BCL6 CD10 C-MYC FOXP1 GATA3 GCET LMO2 MiB1 MUM1
Clone name SP66 GI191E/A8 SP67 Y69 SP133 L50-823 RAM341 1A9-1 Mib-1 MEQ-43
Antigen retrieval time* 16 32 24 92! 16 32 32 32 24 24
Incubation time 12 28 16* 16* 12 32' 20 16' 16* 16'
Cut-off 70% 30% 20% 40% 50% any 60% 30% NA 70%

*Antigen retrieval was performed in CC1 buffer (Ventana/Roche)
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Table S7. Genes included into the custom lymphoma NGS panel

All exons Hotspots only
TP53 GNA13 MYD88 KRAS PIK3CA STAT6 DNMT3A
CDKN2A | HIST1H1C EZH2 CARD11 PIK3CD PTPN11 CALR
IKZF1 MEF2B NOTCH1 | CREBBP PIK3R1 IRF4 RHOA
KMT2D PIM1 SF3B1 IDH2 MTOR BCL10 SGK1
TNFAIP3 PAXS5 CD79B IDH1 EP300 IKZF3 KLHL6
ATM PTPN1 BRAF BCL6 MLL3 MCL1 XPO1
B2M PTEN JAK?2 FBXW7 RELN BCL2L11 CCND1
BCL2 EBF1 KIT STAT3 TET2 MAP2K1 JAK3
PRDM1 MYC NOTCH2 CD79A TLN2 U2AF1
BTG1 SOCS1 NRAS CELSR2 FOXO1 FLT3
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Supplementary figures

Tumor genetic
evolution analysis

Recurrent mutation analysis

Relapsing DLBCL Non-relapsing DLBCL

CG>TA mutations in FFPE
samples with VAF<10%

CG=>TA transitions in FFPE
samples with VAF<10%

CG>TA transitions in FFPE
samples with VAF<10%

Shared variants that are
included in dbSNP database

Shared variants that are
included in dbSNP database

Variants that are included in
dbSNP database

All shared variants with VAF
>95% in regions not affected by
deletions

All shared variants with VAF
>95% in regions not affected by
deletions

All variants with VAF >95% in
regions not affected by
deletions

All variants of cases 1, 3,5, 6, 7,
11,12

All CG<TA transitions in the
primaries of cases 1, 6,7, 11, 12
and the relapse of case 3

Variants in non-exonic regions

False-positive variants in
homopolymeric regions after
manual review

Variants with VAF<10% in the
primaries of cases 1, 6,7, 11, 12
and the relapse of case 3

Synonymous variants

Variants in non-exonic regions

False-positive variants in
homopolymeric regions after
manual review

Synonymous variants

False-positive variants in
homopolymeric regions after
manual review

Figure S1. Criteria for variant exclusion for different analysis applications
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Figure S2. Morphology of primary and relapse pairs of DLBCL. Case 5 was diagnosed with nodal
DLBCL with pleomorphic centroblastic morphology, LMO2+ and FOXP1dim, and relapsed 2 years later
as a clonally related centroblastic DLCBL in the intestine, LMO2dim and FOXP1+, with linear genomic
evolution and cell of origin (COO) “switch” (for reasons of COO switch see Supplementary description
on Retention and change of cell of origin in DLBCL relapses). Case 15 was diagnosed with nodal
DLBCL with centroblastic morphology, EBV+, in the setting of liver transplantation, i.e. monomorphic
post-transplant lymphoproliferative disorder (PTLD) and its intestinal “relapse” turned out being a
clonally unrelated and EBV- second monomorphic PLTD. Case 18 was diagnosed with DLBCL of the
eye ball (subretinal spread) with centroblastic morphology and relapsed 12 years later as a clonally related
centroblastic DLCBL in a cervical lymph node with branching genomic evolution, retaining its COO.
Note that based on morphological analysis, COO and time to relapse, no conclusions on clonal kinships
and genomic progression can be drawn.
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Figure S3. Evidence of intra-tumoral genetic heterogeneity in relapsing DLBCL. A. Two adjacent
parts of the relapse tumor of case 1 were profiled. While the majority of chromosomal copy number
aberrations match between the two tumor parts, one of them bears additional gains at 8q and focal
amplifications at 12q. B. Similarly, two parts of the primary tumor of case 5 were profiled (B1). While
parts of the same biopsy shared a heterozygous deletion 6q, there were also private aberrations of
chromosomes 3, 8, 18 and X. The subsequent clonally related relapse (B2) evidently originated from one
of the tumor subpopulations and not form the other.
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Figure S4. Analysis of immunoglobulin gene rearrangements in case 15. The primary tumor showed an
oligo-clonal pattern as two fragments of different sizes were amplified. Sequencing analysis showed that
one of these rearrangements (peak B 259bp) was non-productive, suggesting that it represented the
second IG allele of the dominant lymphoma clone. At relapse, one dominant rearrangement was amplified
(peak C). Although its size was close to that of the non-productive rearrangement of the primary tumor,
sequencing analysis showed the usage of different variable genes. These data suggest different clonal
origin of the primary and relapse occurrences. A minor peak (peak D) at relapse was detected at a size
close to the productive rearrangement in the primary tumor. However, again variable gene sequences did
not match and the latter gene also lacked somatic hypermutations. It is likely that this rearrangement
represents part of the non-malignant B-cell gene pool.
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Figure S5. Genetic evolution patterns in relapsing DLBCL continued from Figure 3. Distance plots of
cases with early-divergent/branching (A) and late-divergent evolutionary pattern (B). Numbers inside
circles represent a combined count of mutations and copy number aberrations in the respective
population. Circle sizes are scaled according to the number of genetic alterations. Dashed purple area
symbolizes the time from putative divergence of populations till occurrence of primary lymphoma, which
is unknown. Red — genetic alterations unique to primary tumor. Blue — genetic alterations unique to
relapse. Grey circle — putative common progenitor. The “genetic distance” from the common progenitor
is plotted on the y axis; at the top of the x axis for the primary tumor, at the bottom — for the relapse.
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3.2 Extracavitary primary effusion lymphoma: clinical, morphological,
phenotypic and cytogenetic characterization using nuclei enrichment

technique.
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Extracavitary primary effusion lymphoma: clinical, morphological, phenotypic and
cytogenetic characterization using nuclei enrichment technique

Abstract: Aims: Primary effusion lymphoma (PEL) is
a rare form of aggressive B-cell lymphoma, which
typically manifests as malignant effusion in the body
cavities. However, extracavitary solid variants are
also described. The aim of this study was to investi-
gate copy number aberrations in two cases of solid
PEL at their first occurrences and relapse by applying
a newly developed methodology of tumour nuclei
enrichment.

Methods and results: Using histological and genetic
techniques, a novel protocol for tumour nuclei
enrichment by flow sorting and array-comparative
genomic hybridization, we characterized two cases of
extracavitary PEL, one of which later relapsed as effu-
sion. Both primary tumours were positive for HHVS

and EBV, confined to lymph nodes, and aberrantly
expressed CD3, yet displaying clonal immunoglobulin
gene rearrangements indicating B-cell origin. Cytoge-
netic characterization of primary tumours revealed
modest number of aberrations, partially overlapping
with previously reported affected loci. The effusional
relapse in case 1 was cytogenetically related to the
primary tumour but showed dramatic increase of
chromosomal instability.

Conclusions: We for the first time demonstrate a
cytogenetic relationship between solid and effusional
presentations of PEL. Moreover, we provide an indi-
rect evidence of multiple malignant clones, which
gave rise to clonally-related, yet karyotypically differ-
ent relapsing lymphoma manifestations.

Keywords: array comparative genomic hybridization, EBV, extracavitary primary effusion lymphoma, flow

sorting, HHVS&, HIV, large B-cell lymphoma

Introduction

Primary effusion lymphoma (PEL) is a HHV8-associ-
ated B-cell lymphoma, which predominantly occurs in
HIV infected individuals. It is believed that immuno-
suppression is a prerequisite for PEL development.
Apart from AIDS, it has also been reported in other

Address for correspondence: A Tzankov, Institute of Pathology,
University Hospital Basel, Schoenbeinstrasse 40, Basel CH-4031,
Switzerland. e-mail: alexandar.tzankov@usb.ch

© 2014 John Wiley & Sons Ltd.
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immunodeficiency conditions such as iatrogenic
immunosuppression, rare cases of advanced cancer
and liver cirrhosis, as well as in elderly patients.'™
Though originating from B cells, PEL usually lacks
pan-B-cell markers such as CD19, CD20 and CD79a.
Surface or cytoplasmic immunoglobulin (Ig) expression
is rarely detected as well. Neoplastic PEL cells have
monoclonal immunoglobullin gene (IG) gene rear-
rangements and show evidence of post-germinal centre
origin by the presence of somatic hypermutations of
the IG genes and in the noncoding BCL6 region.’
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Interestingly, translocations affecting the BCL1, BCL2,
C-MYC and BCL6 genes, which are commonly observa-
ble in other aggressive B-cell lymphomas, are consis-
tently absent in PEL.*” Classic PEL show a specific
plasmablastic gene expression profile, which further sep-
arates it from other AIDS-related lymphomas as well as
lymphomas occurring in immunocompetent patients.“‘9

Primary effusion lymphoma typically presents as a
serous effusion in body cavities.”® However, occa-
sionally patients with PEL develop secondary solid
tumour masses'” or initially diagnosed solid tumours
are followed by serous effusions in the body cavi-
ties. ! Importantly, the spectrum of clinical presenta-
tion is further expanded by the identification of solid
tumours compatible with the diagnosis of PEL, which
are not associated with serous effusions prior, during
or after the extracavitary manifestation.'*"?

Such extracavitary variants show similar morphol-
ogy, immunophenotype, genotype, and HHVS8 viral
status to classic PEL and are referred as solid PEL.®
This subtype of PEL is usually encountered in lymph
nodes but can also involve the skin, lung, gastrointesti-
nal tract and central nervous system. The solid variant
of PEL can be difficult to diagnose because of the unex-
pected extracavitary presentation and the unusual
immunophenotype that can be ‘null cell’, with aber-
rant expression of pan-T-cell markers or show only
limited evidence of B-cell differentiation.'* HHVS infec-
tion is a defining property of PEL, whereas co-infection
with EBV is found in 90% of extracavitary cases. Thus,
double positivity for HHVS and EBV often serves as
decisive criterion to make a correct diagnosis. HHVS is
believed to play an important role in the pathogenesis
of all PEL variants, whereas EBV is mostly regarded as
opportunistic infection in this context.'>

The study of Chadburn et al.'® demonstrated a bet-
ter survival of solid PEL patients compared to classic
PEL, the median survival being 11 and 3 months,
respectively. Lack of highly active antiretroviral ther-
apy (HAART) before PEL diagnosis is regarded as
strongest predictor of poor outcome in the population
of HIV-positive patients.'”"'®

Cytogenetic studies of classic PEL revealed complex
genotypes with both recurrent and non-recurrent
genetic aberrations.'” > More than one cytogeneti-
cally related neoplastic cell clone was identified in the
majority of samples, giving evidence of karyotypic evo-
lution.** Very limited numbers of studies with cytoge-
netic data on extracavitary PEL have been published.
In the present study we used sorted nuclei populations
of two solid PEL cases, one in a HIV-positive patient,
relapsing as classic PEL (effusion), and one in a HIV-
negative patient, who suffered form EBV-associated

gastric carcinoma, to study genetic abnormalities at
presentation and relapse of this distinct lymphoma by
array comparative genomic hybridization (aCGH).

Materials and methods
PATIENT SAMPLES

Formalin-fixed, paraffin-embedded (FFPE), lymph
node biopsies were used. The sample of one of the
patients was retrieved from the archive of the Insti-
tute of Pathology, University Hospital Basel, Basel,
Switzerland and the sample of the other patient was
obtained from Vilnius University Hospital Santariskiu
Clinics, Vilnius, Lithuania. Retrieval of tissue and
data were according to the regulations of the local
institutional review boards and data safety laws.

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed on serial tissue
sections using an automated immunostainer Bench-
mark XT (Ventana/Roche, Tucson, AZ, USA) with
a biotin-streptavidin peroxidase detection system
according to manufacturer's protocols. For antigen
retrieval, tissue sections were immersed and micro-
waved in Cell Conditioning Solution (CC1; Ventana/
Roche). All primary antibody clone names, antibody
incubation times and antigen retrieval conditions are
summarized in Table 1.

FLUORESCENCE IN SITU HYBRIDIZATION

Fluorescence in situ hybridization (FISH) was per-
formed on paraffin sections according to the manu-
facturer’s instructions (Abbott, Abbott Park, IL, USA)
to test the samples for structural and numeric aberra-
tions involving BCL2, BCL6 and C-MYC. Additional
probes were used to confirm selected cytogenetic
aberrations detected in both cases by aCGH. These
are listed together with the cytogenetic positions of
the aberrations in Table 2.

IN SITUHYBRIDIZATION OF EBV EARLY RNA

In situ hybridization for EBV early RNA (EBER) was
carried out according to the manufacturer’s protocol
(ref. 800-2842; Ventana/Roche).

MULTIPLEX PCR ASSAY

Polymerase chain reaction (PCR) assay for IGH gene
rearrangement was performed with consensus FR1

© 2014 John Wiley & Sons Ltd, Histopathology
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Table 1. Immunophenotypes of the reported extracavitary PEL cases

Marker Case 1 Relapse case1 Case 2 Clone name Antigen retrieval, min*
CD2 - - - MRQ-77 16
cD3 eyt +eyt + 2GV6 16
CD4 + - — SP35 16
CD8 — - — SP57 16
CD15 - - - MMA 16
CcD19 — - — LE-CD79 16
CD30 - - - Ber-H2 32
CD45 +dim +dim +dim LCA 24
CD79a — - +— SP18 24
CD38 + + + SP149 16
CD138 + + - B-A38 24
EMA + + — £29 8
HHV-8 + + + 13870 16
Kappa - - - poly 8
Lambda - + + poly 8
IgM - *x + poly 8
1gG - b - poly 8
IgA - ** - poly 8
ALK1 — - — ALKOT 16
CD56 - - - 123C3 16
TIA-1 - - - TIA-1 24
Pax-5 - - - SP34 16
CD23 — — + SP23 16
BCL2 — - +dim SPe6 16
GranB - - - poly 16
CD44S - +dim - SP37 8
C-MYC - - - Y69 92
EBER + + + na na

*Antigen retrieval was performed in CC1 buffer, using Benchmark XT automated stainer.
**Because of interference with the ascitic fluid, the immunoglobulin heavy chain stainings were not evaluable.

and FR3 as well as ] primers as previously pub- Biosystems, Foster City, CA, USA). Clonal rearrange-
lished.?* Examination of the PCR products was car- ments were defined as prominent, single-sized amplifi-
ried out with the high resolution fragment length cation products in a suitable size range as determined
analysis system (ABI 310 Genetic Analyzer; Applied by specific assay.

© 2014 John Wiley & Sons Ltd, Histopathology

74



RESULTS

4 D Juskevicius et al.

Table 2. FISH probes used for confirmation of aberrations detected by aCGH

Figure 2 Aberrant region by aCGH Probe name Company
Case 1
A 2p25.1-p23.3 ZytoLight” SPEC NMYC/2q11 Dual Color Probe ZytoVision*
B 16q12.1-q24.2 Vysis LS| IGH/MAF Dual Color Dual Fusion Probe Abbott Molecular®
C 18qg21.1-q22.3 Vysis LS| IGH/MALT1 Dual Color Dual Fusion Probe Abbott Molecular
Case2
D Trisomy 7 Zytolight” SPEC EGFR/CEN 7 Dual Color Probe ZytoVision
E 6q23.3-g27 Zytoljght® SPEC ESR1/CEN 6 Dual Color Probe ZytoVision

*ZytoVision, Bremerhaven, Germany; Abbott Molecular, Des Plaines, IL, USA.

NUCLEI EXTRACTION, STAINING AND SORTING

Nuclei extraction was done based on a procedure pre-
viously described,?>27 with major modifications.
Prior to sorting, excess paraffin was removed with a
scalpel from either side of the FFPE tissue block to
reduce accumulation of debris during the sorting pro-
cess. To reduce the sectioned nuclei amount in the
sample, 55 pm-thick sections were microtome cut
and placed into individual 2 ml microcentrifuge
tubes. Then the tissue scrolls were washed three
times with 1 ml xylene for 5 min to remove the
remaining paraffin. Each sample was rehydrated in
sequential ethanol washes (100% 2 x 5 min, then
95%, 70%, 50%, and 30%) and washed two times in
1 ml of citrate buffer pH 6.0. A 1 ml aliquot of citrate
buffer pH 6.0 was added to the samples and incu-
bated at 85°C for 30 min to facilitate the removal of
protein cross-links present in the FFPE tissue and to
facilitate later enzymatic digestion. Samples were then
cooled to room temperature for 5 min, followed by
addition of 300 ml phosphate-buffered saline (PBS)
pH 7.4 and gentle centrifugation for 2 min at 3.6 g.
The supernatant was carefully removed and the pellet
washed three times with 1 ml PBS pH 7.4/0.5 mm
CaCl, to remove the remaining citrate. Each sample
was then digested overnight (10-17 h) in 1 ml of a
freshly prepared enzymatic cocktail containing
10 units/ml of collagenase type 3, 80 units/ml of
purified collagenase, and 100 units/ml of hyaluroni-
dase in PBS pH 7.4/0.5 mm CaCl, buffer. Each
enzyme was rehydrated with PBS pH 7.4/0.5 mm
CaCl, buffer then stored at —20°C prior to addition to
the cocktail mixture. Following overnight digestion,
samples were centrifuged for 5 min at 1500 g, then
pellets were resuspended in 500 ml of PBS pH 7.4/
10% fetal calf serum (FCS) and passed through a
25-G needle 10-20 times. The samples were filtered

through a 35 mm mesh and collected into a clean
1.5 ml microcentrifuge tube. The mesh was rinsed
with an additional 500 ml of PBS pH 7.4/10%/FCS
and placed for 30 min at room temperature to block
the possible unspecific binding sites. Samples were
again centrifuged for 5 min at 1500 g and the pellets
were resuspended in 500 ml of PBS pH 7.4/5 mwm
EDTA/1% FCS. Nuclei were then split into staining
and appropriate control tubes. Mouse monoclonal
antibody against HHVS8 latency-associated nuclear
antigen (LANA1) protein (clone 13B10; Cell Marque,
Rocklin, CA, USA) was added to the staining tube
diluted 1:200 (0.01 pg/ml) and incubated overnight
(8-12 h) at +4°C. Following incubation the sample
was washed twice with 1 ml PBS pH 7.4/5 mm
EDTA/1% FCS and biotinylated secondary anti-mouse
antibody (Vector Laboratories, Burlingame, CA, USA)
diluted 1:200 was added and incubated for 30 min at
room temperature. Again the sample was washed
and  streptavidin-conjugated  Alexa647 (Jackson
Immuno Research Laboratories, West Grove, PA,
USA) was added to complete the three-level marker
specific staining of the FFPE tissue-derived nuclei.
After the final washing step with 1 ml PBS pH 7.4/
5 mm EDTA/1% FCS the pellets were resuspended in
NST buffer containing 10 pg/ml of 4/,6-diamidino-2-
phenylindole (DAPI) to later enable ploidy determina-
tion and nuclei discrimination from the debris. The
samples were transferred to 5 ml polypropylene
round-bottom tubes and kept on ice in the dark until
used. Sample analysis and sorting was performed
with Influx cytometer (Becton-Dickinson, San Jose,
CA, USA). Gating strategy was used to eliminate
aggregates, as well as damaged or fragmented nuclei
(DAPI negative, left to G; peak). PEL nuclei were
gated and sorted based on the positive staining by the
anti-LANA1 monoclonal antibody achieved by signal
amplification with streptavidin-coupled fluorochrome.

© 2014 John Wiley & Sons Ltd, Histopathology
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Sorted nuclei populations were mounted on micro-
scope slides and stained with hematoxylin for mor-
phological evaluation and purity estimation.

DNA EXTRACTION AND WHOLE GENOME
AMPLIFICATION

Genomic DNA (gDNA) was extracted using phenol-
chloroform according to standard procedures.”® The
sorted nuclei were suspended in 180 pl buffer ATL
and 20 pl proteinase K (Qiagen, Valencia, CA, USA)
and digested overnight (8—12 h) at 56°C until com-
pletely lysed. One micro litre (10 mg/ml) of RNase A
(Thermo Scientific, Vilnius, Lithuania) was added to
the samples and incubated for 10 min at 37°C to
digest all intrinsic RNA. Phase Lock Gel Light
(5Prime, Hamburg, Germany) was used to separate
aqueous and organic phases after the addition of phe-
nol-chloroform-isoamyl alcohol (25:24:1) mixture,
and isopropanol was used for protein denaturation
and DNA precipitation. Precipitated DNA was washed
twice with 70% ethanol, and eluted in 20 pl of nucle-
ase-free water. Extracted gDNA was subjected to
whole genome amplification according to protocol pro-
vided by the manufacturer (Sigma Cor., Cream Ridge,
NJ, USA). Amplified DNA was quantified using Nano-
drop system (Thermo Fischer Scientific, Waltham,
MA, USA).

ARRAY COMPARATIVE GENOMIC HYBRIDIZATION

Array comparative genomic hybridization with Agi-
lent SurePrint G3 CGH 180k arrays was performed
according to protocol provided by the manufacturer
and as previously described.”? Commercial 46 XX
gDNA (Promega, Southampton, UK) was amplified
with the GenomePlex WGA2 kit, digested to the
appropriate size and used for hybridization.

Results
CASE REPORTS

Case 1 is a 51 year old male patient, known to be
HIV-positive since 1992, who presented in October
2011 with B symptoms, including fever, night sweats
and weight loss (10 kg in 4 weeks) as well as gener-
alized lymphadenopathy (mediastinal, hilar, axillary,
retroperitoneal, mesenteric, left paraaortic, maximum
diameter 34 mm) and splenomegaly (24 cm). Exci-
sional biopsy of the right axillary lymph node was
performed and diagnosis of anaplastic/plasmablastic
lymphoma double positive for HHV8 and EBV corre-

© 2014 John Wiley & Sons Ltd, Histopathology
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sponding to extracavitary PEL was rendered. The
patient was treated with steroid shock therapy
(5 days prednisone 100 mg/day) and six cycles of R-
CHOP. In January 2012 clinical remission was con-
firmed by positron emission tomography (PET) and
computer tomography (CT). Maintenance rituximab
mono-therapy was applied. In September 2013 the
patient came back with deteriorating general condi-
tion. Lymphoma manifested as malignant effusion in
the abdominal cavity. Ascitic fluid was aspirated and
malignant cells were investigated, morphologically
and immunophenotypically fitting well to a relapse of
the previously diagnosed extracavitary PEL. There
was no evidence of nodal involvement by PET-CT
scan. Bone marrow biopsy showed no lymphoma
infiltration. This relapse was successfully treated with
salvage therapy consisting of two cycles of ACVBP
regimen, which led to clinical remission. In January
2014 autologous hematopoietic stem cell transplanta-
tion was performed after BEAM conditioning. Engraft-
ment was successful and the patient is still alive
32 months after initial diagnosis.

Case 2 is a 63 years male, who presented in April
2010 with weakness, anaemia and thrombocytopenia
and was treated by blood transfusions. In August
2010 the patient complained of epigastric pain,
weight loss (20 kg in 6 months) and generalized
lymphadenopathy (bilateral neck, supraclavicular,
mediastinal, axillar, paraaortic, maximum diameter
18 mm). Gastric endoscopy revealed exophytic sub-
cardial tumour, which turned out to be a poorly dif-
ferentiated EBV-associated adenocarcinoma. Axillar
lymph node biopsy was taken and peripheral T-cell
lymphoma (PTCL) was diagnosed erroneously, mainly
due to CD3 positivity. In October 2010 radical gas-
trectomy with lymphadenectomy was performed, on
which the prior diagnosis of PTCL was revised and
new diagnosis of extracavitary PEL was established.
Treatment with six cycles of R-CHOP 14 protocol was
administered. CT scan performed in November 2010
confirmed clinical remission with diminished right
neck lymphadenopathy and stable mediastinal, axillar
and paraaortal lymphadenopathy. 50 months after
initial diagnosis, the patient is alive without any signs
of disease and with slight anaemia.

MORPHOLOGY AND IMMUNOPHENOTYPE

Histological examination of the axillar lymph node
in case 1 revealed architectural lymph node efface-
ment and multifocal infiltration by very large,
anaplastic, monstrous, dis-cohesive cells with excen-
trically located immunoblast-like nuclei displaying
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Figure 1. H&E staining of tissue sections demonstrating the morphology of tumour nuclei in case 1 (A) and case 2 (B). Tumour cells were
co-infected with HHVS8 (C, D) and EBV (E, F) in case 1 and case 2, respectively.

multiple atypical mitoses (Figure 1A). Full pheno- hybridization for EBER confirmed double-infection of
typic details are provided in Table 1. Immunohisto- the tumour cells by HHV8 and EBV, respectively
chemistry for LANA1 antigen and in situ (Figure 1C,E).
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Morphologic examination of the biopsy of case 2
showed lymphoepithelioma-like lymph node efface-
ment by medium-sized, dis-cohesive cells with excen-
trically located immunoblast-like nuclei (Figure 1B).
As in case 1, the tumour cells of case 2 were infected
by HHVS8 and EBV (Figure 1D,F). Phenotypic details
are provided in Table 1.

FISH AND GENETIC ANALYSIS

Fluorescence in situ hybridization analysis was per-
formed on both cases with probes detecting numerical
and structural aberrations of C-MYC, BCL-2 and
BCL-6 genes. No aberrations were detected. Available
FISH probes verified selected deletions and amplifica-
tions detected by aCGH in the primary tumours of
both cases (Figure 2 and Table 2). Monoclonal IGH
gene rearrangements were detected in both cases,
thus confirming their B lineage derivation. Rear-
ranged fragment sizes of join (J) and variable (V) IGH
regions were identical between the primary occur-
rence and the relapse of case 1, suggesting a common
clonal origin of these two presentations.

SORTING OF MALIGNANT PEL CELL NUCLEI

In order to perform a meaningful genetic copy num-
ber aberration analysis by aCGH we developed a
novel technique, which enables sorting and thereby
enrichment of tumour cell nuclei derived from the
archived FFPE tissues based on their expression of
specific nuclear markers (Figure 3). FFPE tissues were
dissociated by enzymatic digestion and mechanical

Nuclei isolation and aCGH of solid PEL 7

force to yield intact nuclei suspension. Treated nuclei
retain their antigenicity and therefore can be labelled
with antigen-specific monoclonal antibodies. We
stained the extracted nuclei of both cases using a
monoclonal antibody against viral LANA1 protein to
separate malignant tumour cells nuclei from the non-
malignant microenvironment, the latter accounting
for >90% of nuclei counts in the affected lymph nodes
of both cases. In parallel, nuclei were stained with
DAPI, which enabled ploidy analysis additionally
assisting discrimination between intact nuclei and
debris. Based on the flow cytometric analysis, there
were 1.8% and 3.6% of malignant nuclei in the biop-
sies from case 1 and case 2, respectively. LANAI-
positive nuclei were properly gated and sorted, yield-
ing ~18 000 and ~8000 of tumour nuclei in case 1
and case 2, respectively. The purity of the sorts as
determined by subsequent direct morphological exam-
ination was >90%.

ACGH ANALYSIS

Multiple chromosomal aberrations were detected by
aCGH involving some previously reported cancer
genes and also uncovering novel aberrations (Fig-
ure 4). In the primary tumour of case 1 there was a
trisomy of chromosome 20, amplifications of chromo-
somal regions 2p25.1-p23.3 and 4p16.3-p15.1, while
4q32.2-q35.2, 12q22, 16ql2.1-q24.2, 18q21.1-
q22.3 regions were heterozygously deleted. The single
homozygous deletion was located in Xq26.3-q28.
Case 2 exhibited trisomies of chromosomes 5 and 7
as well as gain of the long arm of chromosome 15.

Figure 2. Available FISH probes were used to confirm chromosomal aberrations in the primary tumours of extracavitary PEL. (A) Gain of
2p25.1-p23.3 confirmed by a hybridization probe detecting N-MYC amplifications. Green signal — N-MYC; red signal — centromere 2.

(B) Loss of 16q12.1-q24.2 confirmed by hybridization with IGH/MAF fusion probes. One copy of MAF at 16q22 (red signal) is lacking in
the depicted nuclei. (C) Deletion of 18q21.1-q22.3 in case 1 confirmed by hybridization with probes detecting IGH (on chromosome 14) and
MALT1 (on chromosome 18). Red signals, representing MALT1 at 18q21, are missing in the depicted cell nuclei. (D) three green and three

red signals representing centromere 7 and the EGFR gene are visible, confirming trisomy 7 in case 2. (E) Loss of the 6q23.3-q27 is con-
firmed by the loss of one copy of ESR1 at 6g25.1 (green signal) as compared to centromere 6 (red signal).
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Figure 3. Labeling, analysis and sorting of nuclei extracted from the archived FFPE tissue. (A) Throughout the gating procedure (left-to-
right) first the single nuclei are selected (nuclei aggregates have higher pulse area values, therelore appear below the singlet population),
then debris is discriminated based on no or weaker staining with DAPI, and finally LANA1-positive population is identified (Q3). (B) Specific
LANA1 antibody binding after nuclei extraction procedure confirmed by the conventional DAB-based staining. (C) Hematoxylin staining of
sorted nuclei show >90% enrichment. Impurities, likely represented by HHV8-infected plasma cell nuclei are marked with arrowheads.

The single deletion was a heterozygous loss of
6q23.3-q27. On relapse, effusion cells of case 1
showed profound number of genetic aberrations scat-
tered along the whole genome and affecting most of
the chromosomes. The predominant aberration type
was amplification (24 segments), eight segments were
heterozygously and 1 segment homozygously deleted.
Detailed information on chromosomal copy number
aberrations is listed in Table 3. Chromosomal aberra-
tion analysis supported clonal relationship between
the primary occurrence and relapse, which was also
observable by IGH fragment length analysis in case
1. Both lymphoma presentations had common aber-
rations, namely overlapping amplifications in the
short arms of chromosomes 2 and 4 as well as dele-
tions in the chromosomes 16 and X. However, some
deletions, which were present in the primary tumour,
were not detectable in the relapse. For example, a

deleted stretch of Xq26.3-q28 in the primary tumour
was much shorter in the relapse affecting only cyto-
band q27.3.

Discussion

In the present study we performed a comprehensive
characterization of two extracavitary PEL, one of
which later relapsed as a clonally related malignant
effusion with clear genetic progression. Both primary
cases were positive for HHV8 and EBV, while HIV
infection in case 1 and preceding gastric carcinoma
in case 2 were the expected reasons of immunodefi-
ciency in the patients.

It is usually required that tissues contain at least
70% of tumour cells for meaningful genetic copy
number aberration detection by aCGH.*” Many cases
of extracavitary PEL do not meet this criterion, and
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Figure 4. Chromosomal aberrations discovered in PEL cases. Aberrations are represented as coloured bars next to the ideogram and ordered
from left to right as follows: primary tumour of case 1 (1P); relapse of case 1 (1R); primary tumour in case 2 (2P). Gains are marked in red,

losses in green. Only the chromosomes bearing aberrations are shown.

this is one of the most important reasons why cytoge-
netic array-based information on this form of PEL, as
well as in other tumours with low tumour cell con-
tent, is scarce. Our newly developed protocol allows
extraction and staining of the FFPE tissue-derived cell
nuclei based on the expression of specific nuclear pro-
tein markers, like LANA1. Although some fragmenta-
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tion occurs during the preparation process of every
sample, formalin fixation greatly improves the stabil-
ity of extracted nuclei. Additional unspecific DNA
staining with DAPI helps to discriminate between
intact nuclei and debris as well as to determine ploidy
of the selected populations. Stained nuclei can be
enriched by fluorescence-activated cell sorting to
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Table 3. Cytogenetic aberrations detected in PEL

Cytogenetic position Start position End position Aberration size, MB

Case 1, primary

Gains
2p25.1-p23.3 8 992 704 25 841 368 16.8
4p16.3-p15.1 259 110 30 793 523 305
20p13-p11.21 394 577 25 492 224 251
20q11.21-q13.33 29 991 221 62 771 602 32.8
Losses
4q32.2-g35.2 161 869 551 190 330 166 285
12q22 92 844 489 95 857 876 3.0
16q12.1-g24.2 47 630 320 87 874 092 40.2
18g21.1-g22.3 47 917 616 68 735 099 20.8
Xq26.3-q28 136 957 262 148 997 203 12.0

Case 2, primary

Gains
5q11.2-q33.1 53 249 259 150 925 466 97.7
7p22.3-p11.2 83 325 55 712 859 55.6
7q11.21-g36.3 64 021 202 159 118 566 95.1
15913.2-g26.3 30 366 065 100 632 516 70.3
Losses
6q23.3-q27 138 011 005 170 667 507 32.7

Case 1, relapse

Gains
1921.2-931.3 149 821 661 195 851 574 46.0
2p25.3-p16.3 42 444 50 992 291 50.9
3p12.1-p11.1 86 842 657 89 571 521 2.7
3q11.2-q29 96 539 898 197 845 254 101.3
4p16.3-p15.2 170 345 24 947 730 24.8
4g31.1-gq35.2 140 351 759 190 747 622 50.4
5p15.33-p12 52 186 45 872 828 45.8
6p22.1-p11.2 30 271 385 58 686 125 28.4
8g911.1-q11.23 47 738 809 53 199 721 5.5
8q13.3-q24 .3 72 830 487 146 294 098 735
10p15.3-p11.1 606 329 38 408 609 37.8
10g22.2-g23.1 77 358 301 83 730 120 6.4
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Table 3. (Continued)

Nuclei isolation and aCGH of solid PEL 11

Cytogenetic position Start position End position Aberration size, MB
11q11-g12.1 55 377 910 57 944 627 26
11922.3-q24.1 110 053 514 122 203 724 12.2
11924.1-g24.2 122 984 714 126 249 225 3.3
12q12 39 233 709 40 315 362 1.1
12912-q13.11 44 560 942 47 128 337 2.6
12914.3-g21.1 67 217 645 74 764 376 75
129211 72 539 532 74 764 376 2.2
12g21.2 77 471 668 78 866 337 1.4
12921.31 83 327 343 84 942 888 1.6
12921.33 90 244 129 91 684 042 1.4
12923.3-g24.11 106 821 112 110 421 465 3.6
15q11.2 22 558 697 24 005 549 1.4
16p13.3-p11.2 7 116 145 31 612 749 245
21q11.2-q22.3 14 771 770 48 021 818 333

Losses
1p32.1-p13.2 59 828 119 115 276 698 55.4
9p24.3-p13.3 266 045 33 919 215 33.7
11922.3 107 614 650 110 038 638 2.4
11924.2-q25 126 278 836 134 927 114 8.6
12924.11-q24.33 110 493 895 133 779 076 233
15q23-q26.3 72 051 934 102 388 476 303
16q12.1-g21 50 060 259 63 601 861 13.5
18g22.3-q23 70 049 344 77 862 723 7.8
Xg27.3 143 485 415 144 325 002 0.8

achieve the desired purity. Additional markers, if
known, could theoretically be applied for isolation of
different tumour microclones. However, since such
markers are currently lacking for PEL, our approach
utilizing LANA1 allowed specific tumour cell nuclei
enrichment encompassing all tumour cells and, thus,
all  potential microclones. Previously, similar
approaches have been described to separate tumour
from stroma in cancers of epithelial origin.>®>! We
further refined this approach and showed for the first
time that enrichment of rare tumour populations is
possible based on staining for less abundant intra-
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nuclear proteins such as transcription factors or viral
proteins. This method can be potentially established
for a wide spectrum of nuclear marks to enrich popu-
lations of interest and allow investigation of entities
where the malignant cell proportion is a concern and
which were previously not accessible for genome-
wide aberration analysis.

Copy number aberration profiling of both primary
tumours of this study revealed relatively simple kary-
otypes: only four amplifications and five deletions
and four amplifications and one deletion were
detected in case 1 and case 2, respectively. Typically,
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amplifications were gains of one additional DNA copy
in the affected loci and deletions were always hetero-
zygous. In contrast, the relapse of case 1 exhibited
an extremely complex karyotype with deletions and
amplifications scattering all over the genome and
affecting nearly all chromosomes. Previous cytoge-
netic studies of primary PEL and PEL cell lines have
identified recurrent aberrations in this entity, which
include gains of 1q, trisomies of chromosomes 7 and
8, frequent gains of regions 12q, 19p, 20q as well as
losses of 4q, 11925 and 14q32.'"72% However, none
of the studies have focused their attention to extra-
cavitary manifestation of PEL. Luan et al. reported
cytogenetic data on four out of nine investigated ex-
tracavitary PEL cases. Although the reasons for
exclusion of five cases form the cytogenetic analysis
were not detailed, based on our experience we
believe that it might have been due to little amount
of available material or to the low percentage of
tumour cells in the affected tissues. On the four
available cases Luan et al. showed that there was no
significant copy number aberrations difference
between solid and classic manifestations of PEL,
except for gains of 11q12-13 and 13q, which were
somewhat more frequent in solid PEL. We could not
detect the latter two aberrations in the presently
reported cases, but some of the gains and losses
clearly overlapped with the recurrently affected
regions in classic PEL. For example, the primary
tumour of case 1 had deletion of the distal region of
4q and amplification of 20q, and the relapse showed
characteristic high-level focal amplifications of 12q.
Case 2 had trisomy of chromosome 7, which is
reportedly detectable in 50-58% of PEL cases. So far
at least four genes have been suggested as playing a
role in pathogenesis of PEL on the basis of them
being frequently amplified or deleted in this entity.
Our data confirm the high-level amplification of
12924.1 in the relapse of case 1 containing the Cor-
onin 1C (COROIC) and Selectin P ligand (SELPLG)
genes. Additionally, WW domain containing oxidore-
ductase (WWQOX) was found heterozygously deleted
in the primary tumour of case 1, while the fourth
reported candidate, fragile histidine triad (FHIT), was
not affected in any case.

In addition, we for the first time demonstrate (cyto-
Jgenetically a direct clonal relationship and a geno-
mic progression of a solid and an effusion manifesta-
tion of PEL in the same patient. Despite the fact that
the primary and relapse were separated by almost
2 years, they clearly had overlapping chromosomal
copy number aberrations and displayed the same IGH
rearrangement. Importantly, not all deletions

observed in the primary tumour were present in the
relapse. This suggests the existence of multiple malig-
nant clones which, after branching from a putative
chemoresistant tumour stem cell underwent an inde-
pendent genetic evolution. In line with our observa-
tion, the existence of multiple cytogenetically related
abnormal clones as an evidence of clonal evolution in
classic PEL has been previously noticed.”’
Extracavitary manifestation is the main difference
separating classic PEL and solid PEL. Solid tumour
masses, as in the presently reported cases, are most
often nodal, although alternative locations have been
observed and include the chest wall, skin, atrium,
gastrointestinal tract and others.'®3*3% A study of
Chadburn et al. concluded that the only identifiable
difference between immunophenotypes of classic and
solid PEL was that the latter more often expressed B
cell-associated antigens and Ig. However, this obser-
vation was not confirmed by a more recent and more
comprehensive study.'® Instead Pan et al reported
the most significant differences being the expression
of CD45 and CD3. The former was less {requently
expressed in solid PEL compared to classic PEL (74%
versus 94%), whereas the opposite was true for the
latter (23% and 6%, respectively). Less significant but
still notable was the higher expression of CD138 and
CD30 in extracavitary PEL. In accordance to these
data, both our cases were positive for CD3 and only
weakly positive for CD45. Interestingly, only case 2
showed surface Ig light and heavy chain expression,
although genes were rearranged in both cases.
Primary effusion lymphoma is an aggressive
tumour with median survival ranging from 1.5 to
6 months and 1 year overall survival rate of 39.3%.
Extracavitary PEL has a better median survival of
11 months.'®!® Both of our patients are still alive 32
and 50 months after initial diagnosis and probably
belong to the sub-set of PEL patients with relatively
favourable outcome.'®**3° From the clinical point of
view case 1 could be regarded as a more conven-
tional manifestation. It affected a patient with a long-
standing history of HIV infection and the disease
course was more aggressive as it relapsed with life-
threatening malignant effusion. His outcome was still
favourable possibly due to adequate treatment, well-
managed HIV infection and relatively young age of
the patient. On the other hand, case 2 is more
unconventional, arising in the context of EBV-associ-
ated gastric carcinoma, which was also the only
likely cause of immunosuppression. EBV-associated
gastric tumours predominantly arise in men, with no
evident age dependence and even geographical distri-
bution pattern, suggesting that a risk from lifestyle or
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occupational factors may exist.>® Apart from the gen-
eral cancer-attributable immunosuppression, EBV-
infection in our case was the only unifying feature
between extracavitary PEL and gastric carcinoma.
Importantly, EBV is 1000-10 000 times more effec-
tively transmitted to epithelial cells via direct cell-to-
cell contact with infected B-lymphocytes than via cell-
free infection pathway. This suggests that probably
EBV first spread into the B-cell pool prior to involve-
ment of the gastric epithelia. However, the timing of
co-infection with HHVS8 in the B-cells remains
unknown. It can be speculated that co-infection
occurred at the time of decreased immunocompetence
caused by the gastric tumour. No presence of HHV8-
infected lymphocytes was observable in the gastric
carcinoma. The favourable disease course of the PEL
in this patient might be, in addition to its chemosensi-
tivity to R-CHOP, related to the restored immune
function after gastrectomy.

In conclusion, we present a comprehensive charac-
terization of two PEL cases manifesting as solid
tumour masses in the lymph nodes, one of which
relapsed as malignant effusion 2 years later. A newly
developed protocol allowed us to enrich tumour
nuclei from FFPE tissue from ~1-4% to >90%, and
enabled us to perform reliable molecular analyses
demonstrating the feasibility of this approach for fur-
ther molecular studies of tumours with low malig-
nant cell counts.
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Histiocytic sarcomas are rare, poorly differentiated neoplasms
with histiocytic phenotype.” The 2001 World Health Organization
(WHO) classification of hematopoietic and lymphoid tissues
depended on the absence of clonal B- or T-cell receptor
rearrangements to establish a diagnosis of histiocytic sarcoma.
Nevertheless, some unequivocal cases of histiocytic sarcomas with
immunoglobulin heavy chain (/GH) gene rearrangements have
been described.? Consequently, the current WHO classification of
2008 no longer excludes cases with IGH or T-cell receptor (TCR)
gene rearrangements, but classifies them as examples of
transdifferentiation from one hematopoietic cell lineage to
another.! However, the process of transformation remains to be
delineated. Three models are currently being considered to
explain it: (1) direct transdifferentiation; (2) dedifferentiation
followed by re-differentiation; and (3) evolution from a common
progenitor.*”” Here we provide evidence of a common neoplastic
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progenitor clone in a patient who had a longstanding history of
follicular lymphoma (FL), which later on transformed into
histiocytic sarcoma.

A 75-year-old female was diagnosed with FL grade Il in March
2007. Computed tomographic evaluation revealed diffusely
enlarged lymph nodes on both sides of the diaphragm and
splenomegaly. A bone marrow biopsy showed 80% infiltration by
the FL. According to the FL international prognostic index, the
patient was classified into the high-risk group and received five
cycles of R-CHOP (rituximab, cyclophosphamide, hydroxydauno-
rubicin, oncovin, prednisone) therapy with two additional cycles of
rituximab. In January 2008, complete remission was confirmed by
clinical, radiological and laboratory findings. In April 2009, the
patient relapsed and treatment with rituximab and bendamustine
was initiated. Again, complete remission was achieved as assessed
by positron emission tomography/computed tomography scan
and bone marrow histology. In March 2011 second recurrence
occurred, documented by lymph node biopsy. There was no
evidence of transformation, and the patient received prednisone
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Figure 1.

Histiocytic sarcoma (a, hematoxylin and eosin, x 360) showing positivity for CD163 (b) and weak and patchy expression of S100 (c)

as well as BCL2 gene rearrangement with separated green and red signals per the applied fluorescent in situ hybridization break-apart probe.

Separated signals are marked by arrows (d).

and ofatumumab treatments followed by combined therapy with
chlorambucil, prednisone, cladribine and rituximab. However, no
response was observed. A treatment attempt with lenalidomide
was terminated due to adverse effects. In September 2012,
radiation therapy with a total of 4Gy of the left axillary and
inguinal region was performed due to symptomatic lymph node
enlargement. A resected lymph node at this time showed
infiltration of the known FL without evidence of transformation.
In February 2013 the patient presented with rapidly enlarging
cervical lymphadenopathy and deterioration of her general
condition. Imaging studies revealed necrotic cervical lymph nodes,
and a diagnostic lymph node excision resulted in the integrative
diagnosis of histiocytic sarcoma. In April 2013, the patient died
due to progressive disease and decreasing general condition.

Microscopic evaluation of the biopsy from April 2013
revealed diffuse infiltration of non-cohesive large pleomorphic
cells (25-40 um) with extensive effacement of the underlying
lymph node architecture (Figure 1a). The neoplastic cells were
round to oval in shape with abundant pinkish cytoplasm,
excentrically located large vesicular nuclei and big nucleoli.
Immunohistochemically, the cells were negative for B- and T-cell
markers. Markers for follicular dendritic cells (CD21, CD23 and
CD35), Langerhans cells (CD1a and Langerin) and plasmacytoid
dendritic cells (CD123 and TCL1) were also negative. However,
the tumor cells strongly stained for CD163 and CD4, and
showed weak and patchy positivity for CD45, S100 and CD43
(Figures 1b and c¢). Staining for CD68 was negative. The
morphology and immunoprofile were consistent with the
diagnosis of a histiocytic sarcoma.

Leukemia (2014) 1909 - 1940

Fluorescent in situ hybridization analysis with a break-apart
probe revealed BCL2 gene rearrangements in 70% and 80% of the
cells of FL (assessed on the diagnostic biopsy from 2007) and
histiocytic sarcoma, respectively (Figure 1d). PCR assay showed
fused IGH-BCL2 amplicons of 260 bp in both entities. Their identity
was confirmed by sequencing. Furthermore, identical clonal IGH
gene rearrangements were detected in the primary FL and the
histiocytic sarcoma. Taken together, this evidence shows B-cell
lineage derivation of the transformed histiocytic cells and also a
common clonal origin of the two malignancies.

In addition, using Agilent SurePrint microarrays (Agilent
Technologies, Santa Clara, CA, USA) with median 13 kb resolution,
array-comparative genomic hybridization (aCGH) was performed
from the formalin-fixed paraffin-embedded tissue samples of
initial diagnosis, second recurrence and persistence of FL, as well
as at the time of transformation into histiocytic sarcoma (Figure 2).
Surprisingly, the histiocytic sarcoma had no detectable copy
number aberrations. Searching for possible driver mutations BRAF,
NRAS, KRAS and TP53 genes were sequenced, but showed no
sequence alterations. Conversely, FL exhibited a substantial
number of chromosomal aberrations in the primary and relapse
occurrences. The availability of sequential FL samples allowed
tracking of tumor genetic evolution at progression. Some
aberrations were common to all investigated time points,
suggesting a common progenitor and linear mode of evolution
(Figure 2, set A). Only the primary FL tumor showed intratumoral
heterogeneity as calculated from log2 ratio imbalances in the
aCGH data. Two heterozygous deletions, affecting 4p15.2-p14 and
6q23.3-q24.1 (Figure 2, set B), had a median log2 ratio higher by
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2011 2013

I r(14,18)
Clonal IGH
rearrangement

Cytogenetic position

Chromosomal position

Aberration set A Start position End position Aberration size, MB
Gains
2p16.1-p15 58 362 226 63 546 610 52
8q22.2-q22.3 100 824 284 101 710 850 0.9
14q11.2 22360671 23 061615 0.6
17921.31-q25.3 43 113920 81099 040 38
Losses
1p36.33 - p36.31 746 608 6 636 293 59
2p15-p14 63 985 169 64 660 395 0.7
9p23 - p22.3 13 069 524 15 278 527 2.2
9p21.3 20 679 665 22778765 21
9p21.3* 21920518 22 086 857 0.2
10p12.1 28 469 230 28 824 627 0.4
13q12.3 30 691 008 31338649 0.6
14q32.33 22378795 22983018 0.5
Aberration set B
Losses
4p15.2-p14 24 823 839 36 833 002 12
6023.3-q24.1 136 888 054 14 205 7801 5.2
Aberration set C
Gains
3q11.1-q29 93 551618 197 845 254 104
Xp22.11 - p11.21 23 164 422 58 051 765 349
Xq11.1-q28 61931689 155 223 860 93.3
Losses
2q14.3 128 075 317 128 729 250 0.7
9p21.3* 21241471 22 146 685 0.9
9q22.32 96 816 623 97 298 316 0.5
Aberration set D
Losses
17911.2 29 260816 30 733 967 1.5
19913.12 37 935634 38 263 156 0.1
19q13.12* 37 187 218 37 266 288 0.3

*homozygous deletion

Figure 2.

Copy number aberrations detected by aCGH and proposed tumor evolution model. Shared clonal IGH rearrangement and t(14;18)

are the only common genetic events unifying both types of tumors. The primary FL detected in 2007 had at least two subpopulations: the first
constituted about 30% of the tumor and bore aberrations of set A; the second constituted 70% of the tumor and bore aberrations from sets A
and B. The relapse in 2009 was not biopsied. Aberrations from set B were absent in the two subsequent recurrences, indicating extermination
of this subpopulation by the treatment. Additional aberrations were gained at the relapses in 2011 (set C) and 2013 (set D). The histiocytic
sarcoma had no detectable chromosomal imbalances. Section sizes in the circular diagrams represent the number of aberrant genomic

segments. Letter codes indicate aberration sets from the below table.

0.34 compared with other deletions, indicating the presence of
these two aberrations in about 70% of the tumor cells. Impor-
tantly, these two specific deletions were not detected in the
subsequent relapses. The tumor gained additional aberrations at
the third and fourth relapse (Figure 2, sets C and D, respectively).
No intratumoral heterogeneity was evident from the aCGH data in
these tumors.
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Previously, Feldman et al. demonstrated a clonal relationship
between histiocytic sarcomas and neoplastic B cells in cases
arising in the background of FL. They reported eight cases
of FL transforming to histiocytic cell sarcomas with the
presence of t(14;18) and identical /IGH gene rearrangements
between two entities. These investigators proposed a model of
transdifferentiation from B-cell into histiocytic lineage, a thesis
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reinforced by the observation that histiocytic and dendritic cell
tumors lacked PAX5 expression and showed upregulation of
CEBP-beta and PU.1.*

The second proposed model postulates dedifferentiation of
neoplastic B cells followed by re-differentiation into different
lineages.” Again, PAX5 is thought to play a central role in
this process, as decreased expression of PAX5 drives B-cell
dedifferentiation into uncommitted precursors® and differentia-
tion into mature and functional T cells.”

In the present case, tumor cells of the histiocytic sarcoma
showed clonal /GH rearrangement identical to that in FL and
presence of t(14;18), indicating a clonal relationship between the
two entities. Notably, the neoplastic cells of FL stained positively
for PAX5, but no staining was observed in the histiocytic sarcoma.

Until now there are no published molecular cytogenetic data on
histiocytic sarcomas evolving in the background of indolent B-cell
lymphomas. Relationships between preceding indolent lympho-
mas and subsequent histiocytic sarcomas are grounded solely on
common clonal IGH rearrangements or characteristic chromoso-
mal translocations. Lost expression of tumor suppressors PTEN
(5/10 cases studied) and p16INK4A (4/10 cases studied) due to
deletion or promoter hypermethylation have been shown in
human histiocytic sarcomas.'® Another study found the chronic
lymphocytic leukemia-typical deletions in 13q and 17p in one
case of histiocytic sarcoma occurring synchronously with chronic
lymphocytic leukemia bearing del17p."’ Surprisingly, whereas the
presently investigated FL exhibited profound gains and losses of
genetic material on aCGH, no aberrations were detected in the
histiocytic sarcoma. This is an important finding because it shows,
at least in our case, that histiocytic sarcoma could not
have developed from the malignant FL cells either by direct
transdifferentiation or by dedifferentiation, as the genetic
aberrations in the FL component, especially genomic losses, are
irreversible. Instead, our result fits best to the third and least
favored model of a common progenitor clone giving rise to
both neoplasms. IGH rearrangement and its faulty product,
chromosomal translocations, occur relatively early in B-cell
maturation during the pro-B and pre-B developmental stages.'?
It has been long known that pro-B cells retain plasticity and can be
induced to differentiate into different lineages such as dendritic
cells.'”® Moreover, murine pre-B-1 cells already bearing D-J
rearranged /GH genes can differentiate in the absence of PAX5
into various hematopoietic cell types, including macrophages.'
These findings support our proposed model of neoplastic
evolution (Figure 2): An early putative pre-neoplastic B-cell clone
characterized by clonal IGH rearrangement and t(14;18) developed
in the bone marrow and initially gave rise to a FL that underwent a
clonal evolution, accumulating genetic aberrations as it
progressed. Later, possibly triggered by treatments targeting the
FL, the pre-neoplastic B-cell clone differentiated along the myeloid
lineage into a neoplastic population of histiocytes.

The availability of the unique set of samples from our case study,
including primary tumor and those of two relapses, allowed us to
closely document the evolution of FL. It has recently been
demonstrated that intratumoral heterogeneity can be detected in
different lymphoma entities by evaluating log2 ratio imbalances
in the aCGH data.'® Previously, Schmid et al. found subclonal
heterogeneity in two FL in situ and one FL with partial involvement.'®
In line with these findings, we detected at least two different
subpopulations in the primary FL. According to our proposed model,
one of these subpopulations was exterminated by the treatment,
whereas the other survived and gave rise to the subsequent clonally
related relapses. Tumor cells followed linear path of evolution,
gaining additional copy number aberrations at each relapse.

In summary, we provide further evidence for transformation of
indolent B-cell lymphomas into aggressive histiocytic and
dendritic cell sarcomas with molecular data on genetic tumor
evolution. Our observations point toward the existence of a

Leukemia (2014) 1909 - 1940

putative common progenitor B-cell clone bearing IGH rearrange-
ments and t(14;18) with the propensity to divergently differentiate
into histiocytic and dendritic cell sarcoma. The previously favored
hypothesis of direct low-grade lymphoma ‘transdifferentiation’
into histiocytic and dendritic cell sarcoma is not supported by the
genetic microdissection of our studied case.
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Clinical, Morphologic, Phenotypic, and Genetic Evidence
of Cyclin D1-positive Diffuse Large B-cell Lymphomas
With CYCLIN D1 Gene Rearrangements

Darius Juskevicius, MSc, Christian Ruiz, PhD, Stephan Dirnhofer, MD, and Alexandar Tzankov, MD

Abstract: Overexpression of cyclin D1 in diffuse large B-cell
lymphomas (DLBCLs) is observable in about 5% of cases and is
linked to gains of additional CYCLIN DI gene copies or dereg-
ulation at the mRNA level. All cyclin D1-positive DLBCL cases
reported so far lack the canonical t(11;14)(q13;q32) translocation
that is a genetic hallmark and the primary cause of cyclin D1
overexpression in mantle cell lymphoma (MCL). Using standard
histologic and genetic techniques, complemented with genome-
wide aberration analysis by array comparative genomic hybrid-
ization, we characterized 2 exceptional cases of blastoid B-cell
lymphomas with cyclin D1 overexpression, both bearing genetic
rearrangements in the CYCLIN DI gene locus. One of them had a
t(11;14)(q13;q32) translocation and featured morphology, im-
munophenotype, and genetic copy number aberrations typical of
DLBCL. The second case had a complex t(4;11;14) translocation,
but the other features were intermediate between DLBCL and
MCL and did not allow unambiguous classification in any of the
current diagnostic lymphoma categories. On the basis of these
findings, we conclude that detection of t(11;14) should not pre-
clude a diagnosis of cyclin D1-positive DLBCL when all other
parameters are in agreement with such a diagnosis. Moreover,
a yet unacknowledged diagnostic “gray zone” may exist between
DLBCL and MCL.

Key Words: cyclin D1, diffuse large B-cell lymphoma, mantle
cell lymphoma, gray zone lymphoma, t(11; 14)

(Am J Surg Pathol 2014:38:719-727)

yclin D1 is encoded by the CYCLIN DI (CCNDI)

gene, which is located on the long arm of chromo-
some 11 and is a member of the cyclin protein family
involved in cell cycle regulation, more precisely in G;-S
transition, thus perpetuating cell proliferation.!-2

Overexpression of cyclin DI protein is implicated in
several types of human cancer. Among hematopoietic and
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lymphoid tumors, it is found to be overexpressed in >90%
of mantle cell l4ymph0mas (MCLs),? about 40% of plasma
cell myelomas,” and in a significant proportion of hairy cell
leukemias.>® Aberrant expression of CCND/ in the ma-
jority of MCL and plasma cell myeloma patients is attrib-
uted to t(11:14)(ql13:q32) chromosomal translocation,
which juxtaposes the immunoglobulin heavy chain (/GH)
gene to the CCNDI gene.” In hairy cell leukemia trans-
locations involving CCND/ are rarely detected, and over-
expression is thought to occur due to gains of additional
gene copies or deregulation at the mRNA level*® The
latter mechanism is the least described and remains quite
speculative.

Diffuse large B-cell lymphomas (DLBCLs) are ag-
gressive B-cell neoplasms with heterogenous morphology,
phenotype, and genetic features.” Cyclin D1 over-
expression is considered a rare feature in this entity. Ini-
tial studies failed to demonstrate cyclin D1 positivity in
large cohorts of DLBCL,!%!! and several recent studies
found its overexpression in 1.5% to 15% of cases.'>!* All
cyclin D1-positive DLBCLs reported so far were negative
for t(11;14)(q13;q32) and often showed a distinct im-
munophenotype (CD5™, SOX11~, CDI0™, MUMI1 ™,
BCL6 "), distinguishing them from the blastoid or pleo-
morphic variants of MCL.

Here, we report 2 lymphoma patients with over-
expression of cyclin D1 and translocations that affected
CCNDI. On the basis of their morphologic and im-
munophenotypic characteristics as well as genetic copy
number aberrations, we classified them as cyclin DI1-
positive DLBCL and cyclin D1-positive aggressive B-cell
lymphoma with features intermediate between DLBCL
and MCL, thus challenging the dogma that detection of
t(11;14) translocation precludes diagnosis of DLBCL and
suggesting a new “gray zone” (the term “gray zone
lymphoma™ is being used in its general sense here, and
further in this paper it refers to lymphoid tumors that
cannot be assigned to a defined lymphoma entity because
of morphologic, clinical, or genetic reasons) within the
diagnostic category of DLBCL.

MATERIALS AND METHODS

Patient Samples
Formalin-fixed, paraffin-embedded lymph node bio-
psies from the Institute of Pathology, University Hospital
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Basel, were used. Retrieval of tissue and data were ac-
cording to the regulations of the local institutional review
boards and data safety laws.

Immunohistochemistry

Immunohistochemistry was performed on serial
tissue sections using an automated immunostainer
Benchmark XT (Ventana/Roche) with a biotin-strepta-
vidin peroxidase detection system according to the man-
ufacturer’s protocols. For antigen retrieval, tissue sections
were immersed and microwaved in Cell Conditioning
Solution (CC1; Ventana/Roche). All primary antibody
clone names, antibody incubation times, and antigen re-
trieval conditions are summarized in Table 1.

In Situ Hybridization of Epstein-Barr Virus
Early RNA

In situ hybridization for Epstein-Barr virus—
encoded early RNA (EBER) was carried out on depar-
affinized and dehydrated sections. Chromogen-labeled
oligonucleotides (Ventana; ref. 800-2842) complementary
to portions of the EBER transcripts, were used according
to the manufacturer’s protocol (Ventana/Roche).

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) was per-
formed on paraffin sections according to the manu-
facturer’s instructions (Abbott, Abbott Park, IL). The
status of CCNDI was evaluated by Vysis LSI CCNDI
dual-color break-apart probe and Vysis LSI IGH/
CCNDI1 XT dual-color fusion probe. In addition, in situ
hybridization probes from Vysis of M YC and BCL2 were
used to confirm the integrity of these genes. ZytoLight
SPEC pl6/CEP9 dual-color probe (ZytoVision, Bremen,
Germany) was used to confirm the deletion of CDKN2A4
on 9p21.3, also following the manufacturer’s instructions.

DNA Extraction

Genomic DNA (gDNA) was extracted using phe-
nol-chloroform according to standard procedures.!’
Briefly, two 30-um-thick formalin-fixed, paraffin-em-
bedded block sections were deparaffinized with xylene
and rehydrated by descending ethanol series (100% 5 min

x 2, 95%, 70%, 50%, and 30% ethanol). The tissue was
kept overnight at 38°C in 1 M sodium thiocynate solution
to remove DNA cross-linking due to formalin fixation,
and thereafter suspended in 270 pL buffer ATL and 30 uL
proteinase K (Qiagen, Valencia, CA) and digested for
about 20 hours at 56°C until completely lysed. To the
samples 1pL (10mg/mL) of RNase A (Fermentas, Vil-
nius, Lithuania) was added and incubated for 10 minutes
at 37°C to digest all intrinsic RNA. Phase Lock Gel Light
(5Prime, Germany) was used to separate aqueous and
organic phases after the addition of phenol-chloroform-
isoamyl alcohol (25:24:1) mixture, and isopropanol was
used for protein denaturation and DNA precipitation.
Precipitated DNA was washed twice with 70% ethanol
and eluted in 50 uL of nuclease-free water. The quality of
extracted gDNA was evaluated by Bioanalyzer (Agilent
Technologies) and polymerase chain reaction (PCR)
product size-based assay developed in our laboratory.
The sample was regarded suitable for subsequent analysis
by array comparative genomic hybridization (aCGH) if
amplification of at least 300 bp amplicon was detected.
Extracted gDNA was quantified using the Nanodrop
system (Thermo Fischer Scientific, Wilmington, DE).

Multiplex PCR Assay

PCR assays for t(11;14) and IgH gene rearrange-
ment were performed utilizing consensus FR1 and FR3 as
well as J primers and primers specific for the major
translocation cluster upstream to the CCNDI gene on
chromosome 11, as previously published.!® Examination
of the PCR products was carried out with the high-res-
olution fragment length analysis system (ABI 310 Genetic
Analyzer; Applied Biosystems). Clonal rearrangements
and/or translocation fusion products were defined as
prominent, single-sized amplification products.

Array Comparative Genomic Hybridization

For each hybridization, 500 ng of gDNA from each
sample and a commercial 46 XX reference (Promega,
UK) was used. Reference gDNA was digested with
DNase I (Ambion), whereas sample gDNA needed no
additional digestion. Samples and references were labeled
with Cy-5 dUTP and Cy-3 dUTP, respectively, using a

TABLE 1. Immunophenotype of the Studied Cases and Conditions Used for Immunohistochemical Stainings

Cyclin
BCL2 BCL6 CD5 CD10 CD20 D1 FOXP1 GCET LMO2 MIBlI MUM1 p27 SOX11 CD138
Clone name SP66 GII91E/ SP19 SP67 L26 SP4-R  SP133 RAM341 1A9-1 Mib-1 MEQ- SXS53GS8 Polyclonal Ventana
A8 43 760-4248
Antigen 16/12 3228 24/ 24/16 24/16 16/16  16/12  32/20  32/16  24/16 24/16  16/12  24/16 24/16
retrieval*/ 12
incubation
time (min)
Case | — + dim — — + + + — + dim + + + - -
(80%) (100%) (80%) (80%) (60%) (80%) (80%) (10%)
Case 2 + - - - + + + - - + + + - -
(40%) (100%) (100%) (100%) (85%) (40%)  (60%)

Values in parentheses indicate percentage of tumour cells.
*Antigen retrieval was performed with CC1 buffer (Ventana/Roche).
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BioPrime aCGH genomic labeling system (Invitrogen).
All labeling reactions were assessed using a Nanodrop
assay (Thermo Fischer Scientific) before mixing and hy-
bridization to 180k CGH arrays (Agilent Technologies,
Santa Clara, CA) for 24 hours in a rotating 65°C oven.
The median overall probe spacing in the array is 13 kbp.
All microarray slides were scanned using an Agilent
2565C DNA scanner, and the images were analyzed with
Agilent Feature Extraction version 10.7 using default
settings. The aCGH data were assessed with a series of
QC metrics and subsequently analyzed using Agilent
Genomic Workbench v.7.0 software with the aberration
detection algorithm ADM2.17

RESULTS

Clinical Characteristics

Case | was a female patient who presented with stage
IIIB disease at the age of 72. A 7x9x 10cm tumor mass
was detected by magnetic resonance imaging in the medial
right hip, and the staging computed tomography scan re-
vealed additional cervical, abdominal, and thoracic lym-
phadenopathy. There was no bone marrow infiltration.
DLBCL was diagnosed from an axillary lymph node biopsy.
The patient received 6 cycles of R-CHOP chemotherapy,
followed by 2 cycles of rituximab and achieved complete
remission. There was no evidence of disease recurrence
6 years after treatment, and the patient is still alive.

Case 2 was a male patient who presented with stage
IVA disease with splenomegaly and bone marrow in-
volvement at the age of 63. Computed tomography scan
revealed generalized lymphadenopathy, and a cervical
44x42x%x3cm tumor mass was biopsied. The case was
classified as a B-cell lymphoma with features intermediate
between DLBCL and MCL. The patient received high-dose
chemotherapy with autologous stem cell support consisting
of 3 alternating cycles of R-CHOP and R-DHAP, followed
by BEAM. The patient achieved complete remission and is
still alive 1 year and 7 months after diagnosis.

Morphology and Immunophenotype

In case 1, the lymph node architecture was effaced
by medium-sized to large-sized blastoid B cells with brisk
mitotic activity (Fig. lA). There were > 10% centroblasts
intermingled with immunoblasts. In case 2, the lymph
node showed diffuse effacement by a monotonous in-
filtrate of small centroblastoid cells intermingled with
phagocyting histiocytes and scattered hyalinized micro-
vessels (Fig. 2A) and brisk mitotic activity. Cyclin D1
showed strong nuclear staining in both cases, that is, 80%
and 100% of tumor cells, respectively (Figs. 1B, 2B).
Tumor cells displayed a non-GCB phenotype (CDI107,
GCET™, FOXP1 ", MUMI1 ") in both cases. BCL6 was
positive in case 1 but negative in case 2. Both neoplasms
expressed CD20 in all tumor cells and p27 in 10% (case 1)
and 60% (case 2) of tumor cells, respectively, but no ex-
pression of CD5 and SOX11 was detected (Figs. 1C, D
and 2C, D). The proliferation fraction evaluated by MIB1
expression was 80% and 85%, respectively. Both cases
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were negative for CD138 and for EBER. The complete
immunophenotypes of both lymphomas are summarized
in Table 1.

Translocation Detection by FISH and PCR

In case 1, t(11;14)(q13;q32) was detected by both
applied CCND1 FISH probes (Figs. 1E, F). In case 2, the
break-apart probe for CCNDI showed split signals in the
tumor cells (Fig. 2E), but the CCNDI/IGH probe failed
to detect gene fusions. Chromosome analysis using spec-
tral karyotyping on the cells from the bone marrow
biopsy of case 2 revealed a complex translocation
t(4:11;14)(q22;q13:q932) (Fig. 3A), and metaphase-FISH
showed that a major fragment of chromosome 14 bearing
the IgH locus is translocated to the long arm of chro-
mosome 4 (Fig. 3B), masking the translocation for con-
ventional interphase-FISH. MYC and BCL2 were not
rearranged in either case. Translocations in both cases
were confirmed by a multiplex PCR assay, which yielded
fusion products between the MCL-specific major trans-
location cluster upstream to the CCNDI gene on chro-
mosome 11 and the J segment of /GH of 232 and 256 bp
in cases 1 and 2, respectively (data not shown).

aCGH Analysis

Genetic aberrations were detected in both cases, as
summarized in Figure 4. In case 1, three chromosomes had
genetic imbalances affecting 605 protein-coding genes.
Heterozygous deletions of 1p36.11-p34.2, 3p21.31-p13, and
6p21.33-21.32 were found, and | copy gain of 6p21.32-
p21.2 was detected. Of particular interest are the aberra-
tions in chromosome 6, wherein a highly gene-rich region
was disturbed, that is, a major part of the /LA (human
leukocyte antigen) gene locus was affected, showing loss of
heterozygosity in 2 members of HLA class I (HLA-B and
HLA-C) and additional copies of HLA class Il genes.
Moreover, the 6p21.32-p21.2 region contains genes that
have previously been reported to be cancer relevant, in-
cluding CDKNIA, HMGAI, MAPKI3, and MAPK[4.1522

In case 2, six chromosomes showed genetic im-
balances affecting 2742 protein-coding genes. The majority
of these aberrations were heterozygous deletions varying in
size from several megabases to the heterozygous loss of the
complete arm of a chromosome. The regions affected by
losses included 1p22.2-p12, 8p23.3-pll.1, 8qll.1-ql3.3,
9p24.3-pl1.2, 9q21.11-q31.2, 10q26.11-q26.2, 14q32.33,
and 17p13.3-pl11.2. Notably, 1 homozygous deletion was
detected that spanned ~350kb region at 9p21.3 and in-
cluded the 2 protein-coding genes CDKN2A and CDKN2B
as well as 1 recently discovered noncoding RNA, des-
ignated as ANRIL (CDKN2BAS). The homozygous dele-
tion of the region was also confirmed by FISH analysis
(Fig. 2F). CDKN2A4 and CDKN2B code for 2 well-known
inhibitors of the cell cycle, pl6INK4a and pl15INK4b, re-
spectively, and are frequently deleted in various neoplasms,
including DLBCL and MCL. Notably, in the case 2 tumor,
we also detected loss of 1 copy of TP33 located on the short
arm of chromosome 17. The only gain of genetic material
occurred in 9q31.2-q34.3.
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FIGURE 1. Cyclin D1-positive DLBCL, case 1. A, H&E staining showing diffuse lymph node effacement by medium-sized to large-
sized blastoid B cells. More than 10% centroblasts are intermingled with immunoblasts. B, The majority of lymphoma cells express
cyclin D1. The tumor cells are negative for CD5 (C) and SOX11 (D). The tumor cells bear t(11,14). FISH probes for CCNDT show
split signals with the break-apart probe (white triangles, D) and merged signals with the CCND1-IGH fusion probe (white arrows,
E). H&E indicates hematoxylin and eosin.
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FIGURE 2. Cyclin D1-positive blastoid B-cell lymphoma, case 2. A, H&E staining showing diffuse lymph node effacement by
a monotonous infiltrate of small centroblastoid cells intermingled with phagocyting histiocytes and scattered microvessels.
B, Almost 100% of lymphoma cells express cyclin D1. The tumor cells are negative for CD5 (C) and SOX11 (D). E, FISH with the
CCND1 break-apart probe, showing split signals in the majority of tumor cells (white triangles). CCND1-IGH fusion result was
negative (not shown). F, In situ hybridization with the CDKN2A gene probe showing homozygous deletion 9p21.3 (lack of green
signals) and only 1 copy of chromosome 9 (red centromere signals) in the majority of tumor cells. H&E indicates hematoxylin and
eosin.
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der(14)

der(4)

FIGURE 3. A, Complex t(4;11;14)(9q22;q13;q32) trans-
location identified by spectral karyotyping of metaphase
chromosomes. A part of the long arm of chromosome 11 is
translocated to the long arm of chromosome 14, whereas a
part of the long arm of chromosome 4 is attached to chro-
mosome 11. This is a balanced translocation without any loss
of genetic material as evident from further genetic copy
number analysis. White arrows mark the affected chromo-
somes. B, Metaphase-FISH showing fusion of the CCNDT and
IGH genes on the derivative chromosome 14. Chromosome 4
is also involved in the complex translocation with a part of
chromosome 14 attached to its long arm. The figures were
kindly provided by Prof. Torsten Haferlach from MLL Munich
Leukemia Laboratory, Munich, Germany. Adaptations are
themselves works protected by copyright. So in order to
publish this adaptation, authorization must be obtained both
from the owner of the copyright in the original work and from
the owner of copyright in the translation or adaptation.

Interestingly, no copy number aberrations were
detected in the chromosomes involved in the trans-
locations t(11;14) and t(4;11;14) in either case, indicating
that these translocations were essentially balanced.

DISCUSSION

Cyclin D1 protein expression in DLBCL has been
documented, and all cyclin DIl-positive DLBCL cases
reported thus far were negative for the canonical
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t(11;14)(q13:q32) translocation.'*2326 Qverexpression of
the protein was attributed to either the increased copy
number of the CCNDI gene or alterations in genes con-
trolling its transcriptional activity (eg, MYC) or post-
translational modification (eg, in AKT/GSK3p-signaling
pathway, GSK3 has been shown to phosphorylate cyclin
D1 on a site that promotes its degradation in the protea-
some?’). Structural aberrations of the CCNDI locus other
than t(11;14) were also found in at least 2 studies.'2 These
findings led to the assumption that discovery of
t(11;14)(q13:q32) in doubtful cases with cyclin DI ex-
pression precludes the diagnosis of DLBCL.

In this study, we report 2 cases of cyclin D1-positive
blastoid B-cell lymphomas that displayed translocations
affecting the CCNDI gene on chromosome 11 and could
not be classified as MCL. On the basis of their morphologic
and immunophenotypic features, as well as copy number
aberrations, they fall into the diagnostic category of
DLBCL (casel) and into a “gray zone” between blastoid
MCL and cyclin D1-positive DLBCL (case 2). Yet, such a
“gray zone” has not been recognized by the current World
Health Organization classification. Currently, only 2 bor-
derline diagnostic categories of B-cell lymphoma exist: “B-
cell lymphoma, unclassifiable, with features intermediate
between DLBCL and classical Hodgkin lymphoma” and
“B-cell lymphoma, unclassifiable, with features inter-
mediate between DLBCL and Burkitt lymphoma.™
However, the second case in this study did not completely
fulfill the proposed criteria for these 2 borderline categories
given the lack of BCL2 and M YC rearrangements, existing
CCNDI translocation, and aCGH profile featuring copy
number aberrations common for both DLBCL and MCL.
Therefore, we posit that our observation points toward the
existence of a possible exceptional and diagnostically
challenging “gray zone” of DLBCL to MCL that should be
considered in future classifications.

Consistent with previous reports, the 2 cases inves-
tigated in the present study displayed focal centroblastic
morphology. Both showed non-GCB phenotypes by the
Tally algorithm,?® which is a point against the diagnosis of
MCL because MCL is believed to originate from a naive
pre-germinal center B cell.?? Our 2 cases were also negative
for CDS, further reducing the likelihood of MCL, as the
majority of MCL are CD5".% In addition, both cases
showed strong positivity for the applied markers of
activated-germinal center/post-germinal center B cells,
MUMI1 and FOXPI, and case 2 in particular expressed p27
in a considerable proportion of tumor cells, making the
diagnosis of blastoid or pleomorphic variant of MCL
highly unlikely.3*-3? Finally, as SOX11 was shown to be a
useful marker in differentiating cyclin D1-positive DLBCL
from MCL, being expressed in 89% (19/22) of MCL and
negative in all DLBCL (0/98), including 4 cases showing
cyclin D1 positivity,!? we investigated whether our 2 cases
expressed SOX11 and found that they did not.

In contrast to previous studies on DLBCL wherein
only weak or moderate expression of cyclin D1 was detected,
cyclin D1 was highly expressed in both cases discussed in
this report. This difference might be due to translocations

© 2013 Lippincott Williams & Wilkins
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FIGURE 4. Copy number aberration summary of case 1 (A) and case 2 (B). Affected chromosome ideograms are shown; regions
with genetic losses are displayed in green, genetic gains in red. C, aCGH probe-view of the 9p21 region magnifying the region of
the homozygous deletion CDKN2A gene. In the context of heterozygous deletion of the short arm of chromosome 9 (the log ratio
value of neighboring probes is — 1), multiple probes show homozygous deletion with log ratios between —2 and —3. Green or

red squares represent a single probe in this illustration.

involving the CCNDI gene, which, as recurrently observed
in MCL, most probably drove overexpression in our pa-
tients. Interestingly, case 1 with the canonical t(11;14)
(q13:q32) translocation had lower cyclin D1 expression
(85%) compared with case 2, which had a complex trans-
location t(4;11;14)(q22:q13:;q32) involving 3 chromosomes
(100%). However, strong cyclin D1 expression is not nec-
essarily due to chromosomal translocations. In the study by
Vela-Chavez et al,'4 2 cases of Richter transformations ex-
pressed cyclin D1 in 70% to 80% of tumor cells without any
evidence of structural aberrations involving the CCNDI
gene. Translocations involving chromosomes 11 and 14 are
also observed in plasma cell neoplasms, but the breakpoints
detected are different from those typical to MCL because of

© 2013 Lippincott Williams & Wilkins

different mechanisms involved.*3° Translocations of
CCNDI into the IGH locus in MCL predominantly occur
during recombination activation gene complex—mediated
V(D)J-rearrangement so that double-strand breaks occur in
the V gene segments. In plasma cell neoplasms, the trans-
locations are thought to be generated by abnormal class
switch recombination events mediated by activation-induced
cytidine deaminase and, therefore, double-strand breaks
occur in the constant /GH gene segments. Thus, by per-
forming a multiplex PCR assay designed to detect t(11;14)
translocations with MCL-specific breakpoints and yielding
fusion products in both studied cases, we ruled out the
possibility of plasma cell neoplasm-typical CCNDI re-
arrangements.
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To resolve the issue of whether our cases showed
copy number alterations typical for MCL or DLBCL at
the molecular level, we performed aCGH and found that
2 of 3 chromosomal regions affected by genetic im-
balances in case | overlapped with those reported to be
recurrently aberrant in DLBCL. The heterozygous dele-
tion of 3p21.31-p13 affects the tumor suppressor fragile
histidine triad (FHIT) gene in 3p14.2, which is deleted in
about 30% of DLBCLs. Gain of copy in 6p21.32-p21.2
overlaps with the recurrently amplified region 6p21.1-
p25.3 in DLBCL, a region that contains the CDKNIA
gene coding for the tumor suppressor p21, which is re-
portedly amplified in 33% of DLBCLs.*® Moreover, de-
letion of 6p21.33-21.32 affecting the locus coding HLA
genes and contributing to loss of HLA class II and I
expression is a well-known feature in DLBCL of the
central nervous system.3”*¥ Importantly, none of the 3
regions found to be aberrant in case 1 were reported in
genomic studies of MCL,*® and only losses of 1p36.11-
p34.2 spanning a 1p35.2 region are observable in about
15% of plasma cell neoplasms.*0

The genomic profile of case 2 is more ambiguous.
Although it had some copy number aberrations common
for DLBCL (losses of 9p.24.3-p11.2, 9p21.3, 10q26.11-
q26.2; gain of 9q31.2-q34.3),3%4! some regions of genomic
imbalances at least partially overlapped with those re-
ported in MCL (losses of 15322.2-p12, 9p24.3-pl1.2,
9q21.11-g31.2, 17p13.3-p11.2)* and plasma cell neo-
plasms (losses of 1p22.2-pl12, 8p23.3-pll.1, 10g26.11-
q26.2, 17p13.3-p11.2; gain of 9q31.2-q34.3.4%*2 This can
be best illustrated by the homozygous deletion 9p21.3
affecting the locus, which codes for the well-known tumor
suppressors pl6™4 p14ARF and p15™K4 Detected in
case 2 in the present study, this specific aberration is
rarely ever detected in plasma cell neoplasms but found in
about 30% of activated B cell-type DLBCL, wherein it
predicts adverse survival** and might be involved in
chemoresistance.* In contrast, 9p21.3 is heterozygously
or homozygously deleted in 18% to 30% of MCL pa-
tients, and such losses are also associated with an ag-
gressive disease course.*” Summarizing our aCGH
findings, case | had aberrations exclusively detectable in
DLBCL and not in MCL nor in plasma cell neoplasms,
whereas case 2 was equivocal, bearing aberrations re-
currently detectable in all 3 entities.

From the clinical perspective, the course of the first
patient does not favor a diagnosis of MCL. This elderly
patient achieved complete remission after R-CHOP
treatment and is still alive without evidence of recurrence
6 years after diagnosis. The disease course of the second
patient is somewhat different in that he was diagnosed
with a more widespread lymphoma involving the bone
marrow, but he is in complete remission 1 year and 9
months after high-dose chemotherapy with autologous
stem cell support.

In conclusion, we report 2 patients with blastoid
B-cell lymphomas expressing cyclin D1 and bearing trans-
locations affecting the CCND1 gene. In case 1, the clinical
course, morphologic appearance, and immunophenotypic
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characteristics, supplemented by the information on ge-
netic imbalances, lead us to diagnose cyclin D1-positive
DLBCL. Therefore, detection of the structural genomic
signature of MCL, that is, t(11;14)(q13;q32), should not
preclude the diagnosis of cyclin DI-positive DLBCL in
cases in which all other findings suggest this diagnosis.
The second case, in our opinion, cannot be classified
unambiguously because of equivocal morphology, genetic
profile, and clinical characteristics, and despite the phe-
notypic profile in support of DLBCL, we tend to assign it
into an as yet unrecognized “gray zone” between blastoid
MCL and cyclin Dl-positive DLBCL that could be
considered in future classifications.
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Dear Sirs,

Post-transplant lymphoproliferative disorders (PTLD) are
defined as lymphoid proliferations arising after solid organ
or hematopoietic stem cell transplantation [1]. The major-
ity of them are associated with Epstein—Barr virus (EBV)
infection facilitated by the continuous immunosuppression
of the patients. PTLD are categorized by the World Health

Organization (WHO) into four categories. They range from
early lesions (¢ePTLD) to overt lymphomas. ePTLD are fur-
ther subdivided into plasmacytic hyperplasia (PH) and
infectious [1]. ePTLD are
known to be polyclonal [2]. In 2007, Vakiani et al. 3] pro-
posed a third entity of ePTLD described as follicular hyper-
plasia, which showed cytogenetic abnormalities using

mononucleosis-like lesions

Table 1. Patients’ characteristics.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age at transplantation 40.4 17.4 575 57.5 5.3
(years)

Age at diagnosis of 52.3 28.0 61.9 64.6 10.3
ePTLD (years)

Type of organ transplant  Kidney Heart Heart Kidney Kidney

Time from 143.3 126.6 52.4 85.9 60.4
transplantation
to detection of ePTLD
(months)

Site of ePTLD Tonsil Tonsil Paracolic lymph node Inguinal Tonsil

lymph node

Serological EBV-status at ~ Positive Positive No serological Positive Positive
transplantation information available

Presence of EBV in the Negative Positive in 1-2% Positive in 1-2% of cells  Negative Negative
ePTLD specimen of cells

Treatment of ePTLD No specific treatment No specific treatment  No specific treatment No specific Reduction of

treatment immunosuppression

Development of other No No No No No
forms of PTLD

Recurrence of ePTLD No No No No No

Follow-up

Squamous carcinoma
of the tongue 2 years

Alive with good
transplant function

Death because of colon
carcinoma 4 years

Death because
of cardiac failure

Transplant loss
6 years after

prior to the development 5 years after after diagnosis of ePTLD 2 years after diagnosis of ePTLD
of ePTLD. Several diagnosis of ePTLD diagnosis of
recurrences of squamous ePTLD
carcinoma afterwards
Duration of 4.9 4.5 4.2 2.1 6.9
follow-up (years)
© 2014 Steunstichting ESOT 1
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Figure 1 MUM1-staining highlighting abundance of plasma cells in the parafollicular areas of a lymph node. (A) Double immunostaining for kappa
and lambda light chains showing an equal (polyclonal) distribution. (B) Array CGH genome overview plot showing no copy number imbalances in the
chromosomes of isolated MUM1-positive plasma cell nuclei of PH-ePTLD. The shown male sample was hybridized to female reference genomic DNA,

thus a single copy of chromosome X and a gain of chromosome Y are visible.

Giemsa banding and spectral karyotype analysis. Most
ePTLD arise in the adenoids or lymph nodes; however,
there are also rare case reports on ePTLD arising in the
transplanted organs as well [4].

The absence of clonality does not exclude malignancy
and cytogenetic abnormalities have been documented in
ePTLD previously [3]. Therefore, we aimed to look for
genomic aberrations in PH at higher resolution. We
selected five PH-ePTLD cases with available formalin-fixed
paraffin-embedded (FFPE) material from the archive of
our institution (for patients’ characteristics see Table 1).
Applying our recently developed technique ([5], see also
Supplementary material) we processed FFPE tissue sections
to specifically extract intact and immunogenic cell nuclei.
Using a monoclonal antibody reactive against the nuclear
protein multiple myeloma oncogene 1 (MUMI1), plasma
cell nuclei of PH were labeled and then isolated by flow-
sorting. Purity of the sorts was evaluated by subsequent
morphologic examination and was estimated to be higher
than 85% in all cases. Genomic DNA from the sorted
plasma cell nuclei was extracted and used for array-com-
parative genomic hybridization (aCGH) on the Agilent Su-
rePrint G3 CGH 180k arrays following the procedures
described previously [6]. Microarray slides were scanned
and then data was analyzed using AGILENT GENOMIC
WORKBENCH v.7.0 software with the aberration detection
algorithm ADM2 [7].

We did not find any genetic copy number aberrations
detectable by aCGH in our cohort (Fig. 1). None of the

2
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patients developed another form of PTLD or a relapse of
the ePTLD in the follow-up (mean: 4.5 years; range: 2.1—
6.9 years). Only two of the five cases showed in situ single
detectable EBV-RNA-positive cells. However, four patients
had been EBV-seropositive at the time of transplantation.
After the diagnosis of ePTLD, immunosuppression was
reduced in one of the five patients, while in the others no
adjustments of the immunosuppressive regimens were
done (Table 1).

We could thus confirm on purified cellular popula-
tions that beyond being not clonal, PH-ePTLD do not
yield genomic aberrations assessable by aCGH. Since the
classification of PTLD in the late 1980s by Nalesnik et al.
[8] there is a debate whether PH should be included
into the spectrum of PTLD. Our findings might add
momentum to the hypothesis that events other than
those occurring within PH-ePTLD are necessary to
develop a neoplastic lymphoproliferation leading to more
aggressive forms of PTLD. Thus, PH categorization as
PTLD might rather be reconsidered both because of
the indolent clinical course and based on these genetic
findings.

Thomas Menter, Darius Juskevicius

and Alexandar Tzankov

Institute of Pathology, University Hospital Basel,
Basel, Switzerland

e-mail: alexandar.tzankov@usb.ch

© 2014 Steunstichting ESOT



RESULTS

Conflicts of interest

The authors have no conflict of interest to declare.

Funding
Krebsliga beider Basel 03-2012,

Acknowledgements

The authors would like to thank Prof. Dr, M. Dickenmann
and Dr. O. Pfister for helping to obtain the clinical data of
the patients.

Supporting information

Additional Supporting Information may be found in the
online version of this article:
Isolation of plasma cell nuclei form the FFPE tissues

References

1. Swerdlow SH, Webber SA, Chadburn A, Ferry JA. Post-trans-
plant lymphoproliferative disorders. In: Swerdlow SH,
Campo E, Harris NL, et al., eds. WHO Classification of
Tumours of Haematopoietic and Lymphoid Tissues. Lyon,
France: IARC, 2008: 343-349.

2. Nelson BP, Wolniak KL, Evens A, Chenn A, Maddalozzo ],
Proytcheva M. Early posttransplant lymphoproliferative

© 2014 Steunstichting ESOT

Letter to the editors

disease: clinicopathologic features and correlation with
mTOR signaling pathway activation. Am | Clin Pathol 2012;
138: 568.

. Vakiani E, Nandula SV, Subramaniyam S, et al. Cytogenetic

analysis of B-cell posttransplant lymphoproliferations vali-
dates the World Health Organization classification and sug-
gests inclusion of florid follicular hyperplasia as a precursor
lesion. Hum Pathol 2007; 38: 315.

. Harada H, Miura M, Shimoda N, et al. A case of plasmacytic

hyperplasia arising in a kidney allograft salvaged with immu-
nosuppression reduction alone. Clin Transplant 2004; 18
(Suppl. 11): 50.

. Juskevicius D, Dietsche T, Lorber T, et al. Extracavitary pri-

mary effusion lymphoma: clinical, morphological, phenotypic
and cytogenetic characterization using nuclei enrichment
technique. Histopathology 2014; DOI: 10.1111/his.12478.

. Juskevicius D, Ruiz C, Dirnhofer S, Tzankov A. Clinical, mor-

phologic, phenotypic, and genetic evidence of cyclin D1-posi-
tive diffuse large B-cell lymphomas with CYCLIN D1 gene
rearrangements. Am ] Surg Pathol 2014; 38: 719.

. Lipson D, Aumann Y, Ben-Dor A, Linial N, Yakhini Z. Effi-

cient calculation of interval scores for DNA copy number
data analysis. ] Comput Biol 2006; 13: 215.

. Nalesnik MA, Jaffe R, Starzl TE, et al. The pathology of post-

transplant lymphoproliferative disorders occurring in the set-
ting of cyclosporine a-prednisone immunosuppression. Ami J
Pathol 1988; 133: 173.

103



Dissertation Darius Juskevicius

3.6 Comprehensive phenotypic characterization of PTLD reveals
potential reliance on EBV or NF-kB signaling instead of B-cell receptor

signaling

Menter T., Dickenmann D., Juskevicius D., Steiger J., Dirnhofer S., Tzankov A.

-Research article-
Published in Hematological Oncology, 2016

Contribution: I performed clustering analysis of immunohistochemical data, wrote the
respective section in materials and methods and produced figure 1.

104



RESULTS

Hematological Oncology
Hematol Oncol 2016

Published online in Wiley Online Library
(wileyonlinelibrary.com) DOL: 10.1002/hon.2280

Original Research Article

Comprehensive phenotypic characterization of PTLD
reveals potential reliance on EBV or NF-kB signalling
instead of B-cell receptor signalling

Thomas Menter', Michael Dickenmann?, Darius Juskevicius', Juerg Steiger?, Stephan Dirnhofer' and

Alexandar Tzankov'*

'Institute of Pathology, University Hospital Basel, Basel, Switzerland
2Clinic for Transplantation Immunology and Nephrology, University Hospital Basel, Basel Switzerland

*Correspondence to: Prof. Dr.
Alexandar Tzankov, Institute of
Pathology, University Hospital
Basel, Schonbeinstrasse 40, 403 |
Basel, Switzerland.

E-mail: alexandar:tzankov@usb.ch

Received 25 September 2015
Revised | December 2015
Accepted |15 December 2015

Abstract

Post-transplant lymphoproliferative disorders (PTLD) are a major problem in transplant
medicine. So far, the insights into pathogenesis and potentially druggable pathways in
PTLD remain scarce. We investigated a cohort of PTLD patients, consisting of both
polymorphic (#=3) and monomorphic (7=19) B-cell lymphoproliferations. Several
signalling pathways, cell of origin of PTLD and their relation to viruses were analysed
by immunohistochemistry and in sifu hybridization. Most PTLD were of activated B-cell
origin. Two-thirds of cases showed an Epstein—-Barr virus (EBV) infection of the neoplas-
tic cells. NF-kB signalling components were present in the majority of cases, except for
EBV-infected cases with latency type III lacking CD19 and upstream B-cell signalling
constituents. Proteins involved in B-cell receptor signalling like Bruton tyrosine kinase
were only present in a minority of cases. Phosphoinositide 3-kinase (PI3K) was expressed
in 94% of cases and the druggable PI3K class 1 catalytic subunit p110 in 76 %, while
proteins of other signalling transduction pathways were expressed only in single cases.
Unsupervised cluster analysis revealed three distinct subgroups: (i) related to EBV infec-
tion, mainly latency type III and mostly lacking CD19, upstream B-cell signalling and
NF-kB constituents; (ii) mostly related to EBV infection with expression of the alternative
NF-kB pathway compound RelB, CD10, and FOXP1 or MUM1; and finally, (iii) mostly
unrelated to virus infection with expression of the classic NF-kB pathway compound
p65. EBV and NF-kB are important drivers in PTLD in contrast to B-cell receptor signal-
ling. The main signal transduction pathway is related to PI3K. This links PTLD to other
subgroups of EBV-related lymphomas, highlighting also new potential treatment
approaches. Copyright © 2016 John Wiley & Sons, Ltd.

Keywords: PTLD; DLBCL; NF-kB; B-cell receptor signalling; PI3K; EBV

Introduction

Information about conventional DLBCL pathogenesis
and identification of prognostic and predictive markers

Post-transplant lymphoproliferative disorders (PTLD) are
a major problem in transplantation medicine, occurring in
about 5% of solid organ transplant patients and in 1% of
hematopoietic stem cell transplant patients [1]. PTLD
are heterogeneous, ranging from early lesions such as
plasmacytic hyperplasias and infectious mononucleosis-
like disorders to overt lymphomas [1]. Most clinically rel-
evant forms of PTLD are B-cell lymphomas, mainly dif-
fuse large B-cell lymphomas (DLBCL). Compared with
DLBCL arising in non-immunocompromised hosts (here-
after referred to and specified as conventional DLBCL),
DLBCL-PTLD have a poorer prognosis and higher mor-
tality rates [2].

Copyright © 2016 John Wiley & Sons, Ltd.

have rapidly increased in the last few years, but knowledge
regarding the various subtypes such as DLBCL-PTLD
remains scarce [3]. Targeted therapy has now become the
focus of research as a potential new way of lymphoma
treatment [4]. Examples for such an approach in conven-
tional DLBCL are the NF-xB pathway modulation using
bortezomib [5] and the inhibition of the Bruton tyrosine
kinase (BTK) using ibrutinib [6]. Recently, the use of
idelalisib, a phosphoinositide 3-kinase-delta (PI3K3) inhib-
itor, was approved in chronic lymphocytic leukaemia and
follicular lymphoma [7]. BTK is a direct B-cell receptor
downstream target that activates multiple transcription
factors such as NF-kB and survival signalling cascades
involving the PI3K-activated or mitogen-activated protein
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kinases (MAPK)/extracellular signal-regulated kinases (ERK)
pathways [8]. Data on the dependence of PTLD on B-cell
receptor signalling and activating mutations of proteins in-
volved in this pathway are lacking.

Besides these novel opportunities, new prognostic bio-
markers in conventional DLBCL have been established.
Inactivating mutations of 7P53 correlate with a worse out-
come [9], as do rearrangements of the MYC and BCL2
genes [10]. In addition, overexpression of c-myc and bcl2
at the protein level detected by immunohistochemistry
can serve as a prognostic factor, too [11], thus opening
the door to a more widespread use of these markers. How-
ever, little is known about infrequent lymphoma entities
such as PTLD concerning these topics, primarily because
of the scarcity of cases and the resultant difficulties in
performing large-scale studies.

We aimed to comprehensively characterize PTLD re-
garding potentially targetable intracellular signalling path-
ways (mainly the B-cell receptor pathway and the NF-xB
pathway) and signalling proteins as alluded to earlier as
well as their relation to viruses.

Methods

Patients and clinical data

Patients diagnosed with PTLD between 1988 and 2014 were
identified from the pathology archives of the University
Hospital Basel in collaboration with the Clinic for Trans-
plantation, Immunology and Nephrology of the University
Hospital Basel. Criteria for inclusion in the study were
documented solid organ transplantation, available clinical
history, documented diagnosis of a PTLD and sufficient
formalin-fixed paraffin-embedded material of a PTLD for
further investigations. Altogether, 22 patients could be
enclosed in this study. Five patients with early forms of
PTLD were analysed in a separate study [12]. Patients’ char-
acteristics are summarized in Table 1. The study was
approved by the local ethics committee (EKNZ 2014-252).

Tissue microarray

The tissue microarray (TMA) was constructed as described
elsewhere [13]. Two cores from each sample were
included.

Immunohistochemistry and fluorescence in situ
hybridization analysis

The antibodies and conditions of the immunohistochemical
stainings are listed in Table 2. Phosphorylated and, thus,
activated forms of proteins belonging to signalling cas-
cades [e.g. signal transducer and activator of transcription
(STAT) isoforms, PI3K isoforms and MAPK isoforms]

Copyright © 2016 John Wiley & Sons, Ltd.
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were investigated. For each protein, the cellular
sublocalization of the activated protein was specifically
considered (e.g. nuclear expression for STAT-proteins or
c-myc). For markers showing an unexpected staining pat-
tern (e.g. only positive cases or very few or no positive
cases), additional control tissues like tonsils and colon car-
cinomas and/or further TMA slides were stained in order
to verify the reliability of the staining. The relative propor-
tion (percentage) of positively stained tumour cells and not
the staining intensity was considered. Cut-offs were deter-
mined as described in previous publications [14]. Briefly,
for markers of potential discriminatory power related to
outcome or clinico-pathological parameters, a statistically
calculated relevant cut-off score has been tried to be cho-
sen, but because this did not apply to the markers of this
cohort, the median was considered, occasionally leading
to cut-off scores >0%, that is, expression of the respective
marker in any cell. Yet, considering such markers with low
cut-off scores, the respective protein was always detectable
in at least 15% of the tumour cells in positive cases. For
formal correctness, these cut-offs are listed in Table 3 as
‘any expression’. For c-myc and bcl2, cut-off scores
>70% and >40%, respectively, as suggested by Johnson
et al., were considered [11]. Cut-offs for determining the
DLBCL cell of origin (COO) were according to Meyer
et al. [15]. Interphase fluorescence in situ hybridization
analysis for BCL2, C-MYC and TP53 was performed as
published previously [9,16].

Statistical analyses

All statistical analyses were performed using the Statistical
Package of Social Sciences (IBM SPSS version 22.0,
Chicago, IL, USA) for Windows and reported applying
the Reporting Recommendations for Tumor Marker Prog-
nostic Studies guidelines [17]. The Spearman rank correla-
tion was used to analyse relationships between biomarkers
and clinical and laboratory parameters; only correlations
showing a coefficient (p) >+ 0.3 were further considered
and reported. The Mann—-Whitney U and Kruskal-Wallis
tests were applied, where appropriate, to identify quantita-
tive differences between groups. Relapse-free survival
(RFS) was measured from the time of diagnosis to last
follow-up or relapse. RFS probabilities were determined
using the Kaplan-Meier method, and differences were
compared using the log-rank test. p < 0.01 was considered
statistically significant.

Cluster analysis

Cluster analysis was used to organize cases according to
their similarities or dissimilarities and illustrated in a den-
drogram. We stick to recommendations used for

Hematol Oncol 2016
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Table |. Patients’ characteristics

Characteristics, far Numbers/time
Sex (male/female) 16/6
Lymphoma type DLBCL 17
Plasmablastic lymphoma |
Lymphomatoid granulomatosis |
Polymorphous PTLD 3
Transplanted organ Kidney 17
Heart 2
Liver 3
Age at transplantations (years) 6-60 (mean 36)
Age at diagnosis of PTLD (years) 12-79 (mean 43)
Time between transplantation and diagnosis of PTLD (days) 49-7024 (mean 2375)
Positive EBV serostatus at transplantation 12/12
Follow-up of the transplanted organ Good function 16
Loss of function 6
Death of disease 5/22
Remission of the PTLD 17122
Relapse of the PTLD 4/22
Late-onset PTLD 18/22

DLBCL, diffuse large B-cell lymphomas; EBV, Epstein—Barr virus; PTLD, post-transplant lymphoproliferative disorders.

employing clustering techniques for immunohistochemical
expression data derived from TMA experiments [18]. Im-
munohistochemical data were converted to binary format
defining positivity or negativity for every individual
marker as described above. Calculations and graphical rep-
resentation were performed with the statistical software R
(http://www.r-project.org/). Distance matrix was calculated
according to Jaccard’s distance measure [19], and Ward’s
method [20] was used for unsupervised clustering. The fol-
lowing proteins were excluded from the cluster analysis as
they were expressed in no (FoxP3, human herpes virus 8,
IDH1, mammalian target of rapamycin, p-Jnk, pSTATI
and pSTATS) or in every case (p16).

Results

Clinical characteristics

Patients with kidney (n=17), liver (n=3) and heart (n=2)
transplants were included in our study. The mean follow-
up time was 156 months (range, 4.4-303 months; median,
110 months). All patients with available serological records
at the time of transplantation (n=14) demonstrated
Epstein—Barr virus (EBV) seropositivity. Four patients de-
veloped a PTLD within the first 12 months after transplan-
tation (all EBV+), but most developed late-onset PTLD
(n=18; mean 78.1 months; range 12.8-230.9 months; me-
dian 110 months; 13 EBV+). All patients with monomor-
phic PTLD had been treated with chemotherapy. After
diagnosis of PTLD, immunosuppression was reduced in
12 out of 19 patients with monomorphic PTLD. None of
the polymorphic PTLD was treated with chemotherapy,
while immunosuppression was reduced in two of three
cases, the third did not receive any specific PTLD-related

Copyright © 2016 John Wiley & Sons, Ltd.

treatment, and none of the two former relapsed, while the
third died of infection with still detectable disease. A re-
mission of PTLD after therapy was observed in 17 of 21
patients. Four patients experienced a relapse of PTLD after
a median period of 27 months (see also in the paragraph de-
scribing the cluster analysis and in Figure 1). Altogether,
four patients died of their monomorphic PTLD, three after
having achieved a complete remission and one rapidly died
with still detectable polymorphic PTLD. Six transplanted
organs were lost because of chronic rejection during
follow-up; function of the other organs was retained until
the end of the follow-up.

Most DLBCL-PTLD are of activated B-cell origin

Fifteen DLBCL-PTLD were analysable for COO. Eight of
15 DLBCL-PTLD were of the activated B-cell (ABC)
COO as suggested by the Tally algorithm [15], and in three
additional patients, the COO was considered the most
probable ABC because, yet lacking MUM 1, they did not ex-
press either CD10 or GCET and one was FOXP1 positive.
All relapses occurred in ABC-DLBCL patients. Three of
these relapses did not show any relation to EBV. Expression
of c-myc correlated negatively with the ABC-COO
(p=—0.843, p<0.001). There was no statistically signifi-
cant difference in the clinical outcome between the two
COO groups.

B-cell lineage markers are expressed in PTLD, while
infiltrating regulatory T cells are almost lacking

All but one DLBCL-PTLD case were positive for CD20;
all cases expressed CD79a. CD38 and MUMI1 could be de-
tected in three DLBCL cases each (Figure 1 and Table 3).

Hematol Oncol 2016
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Table 2. Antibodies for immunohistochemistry/in situ hybridization

T Menter et al.

Source Dilution/incubation Retrieval Detection
AKT Dako M3628 1:20 Tec 98 °C/30 min microwave DAB
BCL2 Ventana 790-4464 Prediluted CCI mild (Benchmark XT) DAB
BTK Thermo MAS5-15337 1:20000 CCIl 24 min (Benchmark XT) DAB
CDI0 Ventana 760-2705 Prediluted CCI mild (Benchmark XT) DAB
CDI9 Dako IR656 Prediluted CCI mild (Benchmark XT) DAB
CD20 Dako IR604 Prediluted, A/B Block CCI mild (Benchmark XT) DAB
CD2I Ventana 760-4245 Prediluted CClI mild (Benchmark XT) DAB
CD23 Ventana 790-4408 Prediluted CCI mild (Benchmark XT) DAB
CD3 Ventana 790-434 | Prediluted CCI (Benchmark XT) DAB
CD30 Ventana 790-2926 Prediluted CClI mild (Benchmark XT) DAB
CD38 Ventana 760-4785 Prediluted CCI 16 min (Benchmark XT) DAB
CD44s Ventana 790-4537 1:100 overnight 4 °C CCI 8min (Benchmark XT) DAB
CD5 Ventana 790-445140 Prediluted, A/B Block CCI mild (Benchmark XT) DAB
CD79%a Ventana 790-4432 Prediluted CCI mild (Benchmark XT) DAB
c-myc Ventana 790-4628 Prediluted CCI (Benchmark XT) DAB
C-Rel Abcam ab108299 1:50 CCI (Benchmark XT) DAB
CXCR4 Abcam ab2074 1:50 CCI (Benchmark XT) DAB
EBER Ventana 800-2842 Prediluted ISH Protease 3 4 min DAB
EBNA2 LeicaNCL-EBV-PE2 125 CCI (Benchmark XT) DAB
EBV LMP Ventana 760-2640 Prediluted CCI (Benchmark XT) DAB
FOXPI Abcam ab32010 1:12000 Citrate 98 °C/30 min microwave DAB
FOXP3 Abcam ab20034 1:50 CCI 40 min (Benchmark XT) DAB
GCETI Abcam ab68889 1:400 overnight 4 °C Citrate 98 °C/30 min microwave DAB
HHV8 Ventana 760-4260 Prediluted CCI mild (Benchmark XT) DAB
Id3 CalBioreagents M101 1:50 CClI 32min DAB
IDH mut Dianova IDHIRI32H I:10 CCI (Benchmark XT) DAB
IRAK Abcam ab63484 1:50 CClI 24min DAB
IRAK4 Abcam ab3251 | 1:200 CCl 24min DAB
JAK2 Cell Signaling 3230 1:20 overnight 4 °C Citrate 98 °C/30 min microwave DAB
LMO2 Ventana 790-4368 prediluted CCI (Benchmark XT) DAB
MCLI Abcam ab32087 1:40 CCI mild DAB
Mibl Dako IR626 Prediluted CCI mild (Benchmark XT) DAB
mTOR Cell Signaling 2976S 1:100 CClI std DAB
MUMI Cellmarque 358 M-18 Prediluted CCI mild (Benchmark XT) DAB
plé Ventana 705-47 13 Prediluted CCI I6min (Benchmark XT) DAB
p44/42 Cell Signaling 91015 20 CCI 16 min (Benchmark XT) DAB
p50 Abcam ab31410 1:50 CCI (Benchmark XT) DAB
p52 Abcam ab31409 1:50 CCI (Benchmark XT) DAB
p65 Abcam ab3148| 1:20 CClI (Benchmark XT) DAB
pCXCR4 Abcam ab74012 1:20 CCI (Benchmark XT) DAB
PDI Ventana 760-4448 Prediluted CCI 24 min (Benchmark XT) DAB
PDLI Cell Signaling 13684 1:50 CCl 24 min (Benchmark XT) DAB
PI3K BD Laboratories 610046 1:50 CCI 16 min (Benchmark XT) DAB
PI3K pl 10 Abcam ab200372 1:50 CCIl 24 min (Benchmark XT) DAB
pSTATI Cell Signaling 91675 1:50 overnight 4 °C Citrate 98 °C/30 min microwave DAB
pSTAT3 Cell Signaling 9145 1:50 overnight 4 °C Citrate 98 °C/30 min microwave DAB
pSTATS Cell Signaling 9359 1:50 overnight 4 °C Citrate 98 °C/15 min microwave DAB
pSTAT6 Abcam ab28829 1:20 overnight 4 °C Tec 98 °C/30 min microwave AEC
Rel-B Abcam ab33917 1:50 CClI (Benchmark XT) DAB
TRAFI Thermo MAS5-15043 1:50 CCI 24 min (Benchmark XT) DAB

One polymorphic PTLD also showed expression of CD38.
Fifty per cent of all (6/12) evaluable DLBCL-PTLD had a
proliferation rate >50%. EBV-infected cases with latency

type III lacked CD19.

Only very few FoxP3-positive regulatory T cells could
be detected. To verify these findings obtained on the

Copyright © 2016 John Wiley & Sons, Ltd.
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TMA, we also stained whole mount sections of five PTLD
cases of our cohort for FoxP3, which confirmed the result.
PD1 and PDLI1 expressions by tumour cells was ob-

served in three and five cases, respectively; the reliability

of this staining was also suggested by a positive correla-
tion of these proteins (p=0.717, p=0.001).
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Table 3. Results of the immunchistochemical stainings

Number of positive cases (%) Cut-off (%)

Polymorphic PTLD

Monomorphic PTLD

pAKT 113 33
BCL2 1/3 33
BTK 213 67
cDlo 1/3 33
cDI19 33 100
CD20 3/3 100
CD30 1/3 33
CD38 1/3 33
CD44s 3/3 100
CD79%a 33 100
c-myc 03 0
c-Rel 33 100
CXCR4 213 67%
EBER 1/3 33
EBNA2 0/3 0
EBV LMP 1/3 33
FOXPI 113 33
FOXP3 03 0
GCETI 03 0
HHV8 03 0
Id3 113 33
IDH mut 013 0
IRAK | 1/3 33
IRAK4 213 67
JNK 03 0
LMO2 1/3 33
MCLI 3/3 100
Mibl 03 0
mTOR 0/3 0
MUMI 03 0
plé 33 100
p44/42 MAPK 03 0
p50 23 67
p52 23 67
pé5 23 67
pCXCR4 3/3 100
PDI 1/3 33
PDLI 213 67
PI3K 2/3 67
PI3K pl 10 23 67
pSTATI 0/3 0
pSTAT3 1/3 33
pSTATS 013 0
pSTAT6 03 0
RelB 23 67
TRAFI 213 67

0/18 0 Any expression®
2/18 I 70
3/14 21 30
6/14 43 Any expression
10/17 59 Any expression
17119 89 Any expression
017 0 Any expression
3/16 19 Any expression
10/16 63 90
1717 100 Any expression
5/16 31 Any expression
14/15 93 Any expression
10/13 77 5
11719 58 Any expression
5/18 28 Any expression
719 37 Any expression
3/19 l6 80
0/18 0 Any expression
/13 8 80
0/19 0 Any expression
5/15 33 30
0/19 0 10
1/14 7 30
2/14 14 30
0/18 0 100
6/15 40 30
7714 50 30
6/13 46 30
0/15 0 Any expression
3/17 18 80
14/14 100 Any expression
2/14 14 Any expression
I1/15 73 Any expression
5/14 36 5
8/15 53 Any expression
12/19 63 30
2/15 I3 Any expression
3/15 20 Any expression
14/15 93 30
10/13 77 30
0/18 0 50
2/16 I3 Any expression
0/19 0 30
5719 26 Any expression
1715 7 Any expression
2/14 14 Any expression

“As stated in the Methods section, the median percentage of positively stained tumour cells for most markers was chosen as the cut-off value
for determining positive and negative cases, because this was the most appropriate method in the setting of our cohort and the median for
most of these markers was 0, that is, 'any expression’, Yet, in almost all instances in positive cases, the expression of the respective markers

was in 15% to 100% of cells.

PI3K but not MAPK/ERK and STAT are expressed
in PTLD

Phosphoinositide 3-kinase expression was strong and
diffuse in all but one PTLD (Figure 2). Looking at the
more specific pl10 subunit of PI3K, an expression

Copyright © 2016 John Wiley & Sons, Ltd.

could be observed in 77% of monomorphic PTLD and
two out of three polymorphic PTLD; the expression of
this subunit also showed a positive correlation with
CD19 as expected from the literature [21] (p=0.667,
p=0.005).
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Figure 1. Cluster analysis illustrating three different phenotypic subgroups of post-transplant lymphoproliferative disorders (PTLD).
The upper dendrogram shows the patients split into three clusters. For the immunohistochemically investigated markers, red indicates
expression and green indicates no expression. Empty spots depict markers that were not analysable in the respective cases. Regarding
clinical data, colours indicate the following: PTLD type—red, monomorphic PTLD; green, polymorphic PTLD. Late onset—red, late
onset; green, early onset. Relapse after chemotherapy (CTx)—red, relapses; green, ongoing remission; empty spots apply to polymor-
phic PTLD cases and patients who did not achieve remission after primary CTx or for whom the respective information was missing.
Dead on/with disease—red, lethality; green, patient still alive at last contact

Nuclear pSTAT3 was seen in only two DLBCL-PTLD
cases, while nuclear pSTAT6 expression was detected in
isolated tumour cells of five cases. pSTATI and pSTATS
were not detectable in any case. Expression of p44/42
MAPK/ERK component was only detected in two of 14
evaluable cases.

Copyright © 2016 John Wiley & Sons, Ltd.
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NF-kB pathway components are highly active in
PTLD

The two NF-xB signalling pathways were investigated
assessing nuclear expression of p50, p65 and c-Rel for the
canonical pathway and p52 and RelB for the non-canonical
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Figure 2. Expression of phosphoinositide 3-kinase (PI3K) and the druggable PI3K p110 component in a post-transplant lymphopro-

liferative disorder diffuse large B-cell lymphomas case (400x)

pathway. In six DLBCL-PTLD cases (mostly EBV nega-
tive), only proteins of the canonical pathway were present;
in one case, only proteins of the non-canonical pathway were
present. Five cases showed expression of proteins of both
signalling pathways. Only two DLBCL-PTLD (both EBV
associated with latency type III) did not show any expression
of NF-«B signalling-related proteins.

B-cell receptor signalling components are
expressed in a minority of PTLD

This pathway was analysed by evaluation of the expression
of BTK (Figure 3), interleukin-1 receptor-associated

Cluste_r 1

9:" l’«

Ko

Cluster 2

Cluster 3

kinases 1 and 4 (IRAK1 and IRAK4) and tumour necrosis
factor « receptor-associated factor 1 (TRAF1). As
expected, IRAK4 expression and TRAF1 expression corre-
lated positively with each other (p=0.673, p=0.003). Two
of three polymorphic PTLD expressed these proteins, one
case even all four. Only three out of 14 DLBCL-PTLD
expressed BTK: one of them in combination with IRAK4
and TRAFI, another case showed expression of both
IRAK4 and TRAFI and one single case was positive for
IRAK1 without expression of other proteins of this signal-
ling cascade. A positive correlation was observed between
these proteins and the non-canonical NF-xB signalling
(IRAK4-p65: p=0.835, p<0.001; BTK-RelB: p=0.717,

nu“_&

Figure 3. Immunohistochemical stainings of various markers, which were differently expressed in the three phenotypic clusters. First
row (from left to right): cases of cluster | showing expression of EBV nuclear antigen 2 (EBNA2) (360x), lacking expression of CD19
(non-neoplastic lymphocytes serving as positive internal control; 400x), and expressing pSTAT6 (360x). Second row (from left to
right): cases of cluster 2 showing expression of p52 (400x), CD19 (400x) and Bruton tyrosine kinase (BTK) (360x). Third row (from
left to right): cases of cluster 3 showing expression of p65, PDI| and PDLI (all 360x)

Copyright © 2016 John Wiley & Sons, Ltd.
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p=0.001). IRAKI1 correlated negatively with expression of
CD20 (p=—0.685, p=0.002).

The majority of PTLD is EBV associated

Epstein—Barr virus latency status was assessed by investi-
gating the expression of EBV nuclear antigen 2 (EBNA?2),
EBV latent membrane protein 1 (LMPI) and EBV-
encoded small RNA (EBER). Expression of CD19 was
negatively correlated to EBER (p=-0.599, p=0.005)
and, as mentioned, was completely absent in EBNA2-
positive cases. Four DLBCL-PTLD each were of latency
type I, II and III, respectively. In eight cases, neither
EBV-RNA nor EBV-associated proteins were detected;
all of these were late-onset PTLD. As expected, the case
of lymphomatoid granulomatosis displayed latency type
I. One case of the polymorphic PTLD was of latency type
II, and the others were not EBV associated.

Human herpes virus 8 staining was negative in all cases.

Fluorescence in situ hybridization analysis

Rearrangements of the BCL2 and C-MYC and deletions of
the TP53-1oci could not be found in any case.

Cluster analysis

Unsupervised hierarchical clustering revealed segregation
of our cases into three different groups (Figure 1): cluster
1, related to EBV infection, mainly latency type III
(EBNA2+) and mostly lacking CD19, upstream B-cell sig-
nalling and NF-kB constituents; cluster 2, mostly related to
EBYV infection with expression of the alternative NF-xB
pathway compound RelB and CD10, as well as either
FOXP1 or MUMIp; and cluster 3, mostly unrelated to vi-
rus infection with expression of the classic NF-kB pathway
compound p65 and containing the three cases with check-
point (PD1/PDLI1) component coexpression. Clusters 2
and 3 were closely related to each other than to cluster 1.
Follow-up analysis revealed a statistically significant nega-
tive impact of cluster 3 on RFS (Figure 4); no other factor
had an impact on survival (RFS, overall survival or
disease-specific survival; data not shown).

Discussion

Here, we present a comprehensive phenotypical analysis of a
clinically well-characterized cohort of PTLD patients. We
show that PI3K and NF-kB signallings and EBV activation
seem to be of central importance for both monomorphic
(DLBCL) and polymorphic cases. In addition, we identify
a phenotypic cluster unrelated to virus infection with

Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 4. Relapse-free survival curves related to the different
clusters showing a worse relapse-free survival for patients of cluster
3 (red line). Both clusters related to Epstein—Barr virus (EBV) are
summarized in the green line as none of these patients relapsed.
As one patient died shortly after the initial diagnosis of his post-
transplant lymphoproliferative disorders, he was excluded from
the relapse-free survival analysis that included 21| patients

potentially druggable checkpoint (PD1/PDL1) component
expression of possible prognostic importance.

Comprehensive immunohistochemical analysis of all
five NF-xB sub-compounds has been performed in only
few studies so far [14,22,23]. The importance of NF-xB
signalling in relation to the EBV status has been analysed
in a study of similar size on DLBCL-PTLD [24], yet that
study only focused on p50 and p52. Our observed link be-
tween EBV infection in cluster 2 (mainly EBV latency
type I and II cases) and compounds of the non-canonical
NF-«kB pathway has been reported: in the provisional en-
tity of another immunodysregulation-related DLBCL,
‘EBV-positive DLBCL of the elderly’, an activity of the
NF-kB pathway has been shown [25,26] and validated
in vitro [27]. A particular novel finding of ours is that
EBV-associated cases with latency type III infection (with
productive virus replication) show lower presence of nuclear
NF-kB compounds, thus probably being less dependent on
that pathway’s activity.

B-cell receptor signalling has emerged as a new thera-
peutic target in DLBCL, mainly by inhibiting BTK,
particularly in ABC-DLBCL [28]. Our study is the first
assessing the expression of BTK in a large cohort of PTLD
using immunohistochemistry. Fernandez-Vega et al. could
show that 86% of DLBCL showed a predominantly weak
or moderate positivity for BTK [29]. In contrast to these
findings, BTK expression was only detected in a minority
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of patients in our cohort. Thus, B-cell receptor signalling
might not be as important for PTLD as for lymphomas in
non-immunocompromised patients. In confirmation of this
theory, the study on EBV-related DLBCL, alluded to
previously, showed that activating mutations of genes
encoding proteins involved in B-cell receptor signalling
(CD79B, CARD11, MYDS88) are scarce in EBV-related lym-
phomas [26]. These findings, together with our observed
lack of typical chromosomal aberrations of conventional
DLBCL like rearrangements of BCL2 and C-MYC and dele-
tions of 7P53 in PTLD, corroborate the hypothesis that sig-
nalling related to EBV may act as a substitute for B-cell
receptor signalling in the respective virus-infected lympho-
mas. This is in concordance with studies by others [30-32].

Several intracellular signalling pathways—PI3K,
STATs and MAPK/ERK—were investigated in our study.
So far, most knowledge on these pathways in PTLD has
been derived from in vitro cell line experiments [33-35].
We demonstrate that PTLD probably more heavily relies
on PI3K than on STAT and MAPK signalling. The strong
expression of PI3K was confirmed on another TMA
containing DLBCL cases of non-immunocompromised
patients (data not shown). High expression levels of PI3K
are a frequent finding in DLBCL [36], which has now also
raised interest as a potential point of action in targeted
therapy [7]. By analysing the p110 subunit of PI3K, which
can be specifically targeted by idelalisib [37], we detected
substantial expression in a high proportion of PTLD cases,
thus identifying a new intriguing therapeutic target. The
positive clustering of the p110 PI3K subunit with CD19
and its inverse clustering with EBV indicates that espe-
cially PTLD not related to EBV (the more aggressive sub-
group in our cohort) might be candidates for idelalisib.

Cluster analysis has so far mainly been applied for gene
expression analyses, yet several groups have paved the
way for introducing this method into phenotypical immu-
nohistochemical analysis, mainly in various carcinoma
subtypes [18,38,39]. By unsupervised clustering, we iden-
tified reasonable PTLD subgroups with logical interrela-
tions, which also make sense regarding the biology of the
investigated proteins. The observed tripartition of PTLD
might have important implications for more tailored PTLD
treatment, for example, by showing not only the potential
negative prognostic impact of cluster 3 but also the more
abundant presence of targetable checkpoint compounds
(PD1/PDLI) in it.

Investigations of the microenvironment of PTLD
showed absence of FoxP3 regulatory T cells. This finding
is in concordance with previous studies investigating the
microenvironment of PTLD [40,41]. Interestingly, it has
recently been shown that a large number of FoxP3 regula-
tory T cells in the microenvironment of DLBCL predict a
better response to rituximab-based chemotherapy [42],
and this might be one of the several reasons that PTLD
respond worse to R-CHOP than lymphomas in

Copyright © 2016 John Wiley & Sons, Ltd.

immunocompetent patients. PD1 and PDL1 are also pos-
tulated to have a modulatory effect on the microenviron-
ment in lymphomas [43]. The infrequent expression of
these proteins in our cohort, except for the EBV-negative
cluster 3, is another argument supporting the hypothesis
that the microenvironment does not play a major role in
EBV-related PTLD.

One of the shortcomings of this study is the relatively
small amount of cases; yet all cases included had a well-
documented detailed clinical history. As several findings
like the virtual absence of FoxP3 regulatory cells and some
of the observed relations between markers have been con-
firmed in larger cohorts, our results seem to reflect the
pathophysiology of PTLD. However, further studies will
be needed, especially regarding the role of the identified
phenotypic clusters prior to clinical translation.

In this study, we comprehensively characterized
PTLD, focusing on potentially targetable intracellular
pathways as well as important proteins regarding lym-
phomagenesis. Cluster analysis showed three distinct
subgroups of PTLD. Signalling cascades involving
PI3K are active in the majority of PTLD, while those re-
lated to B-cell receptor, MAPK/ERK, pSTAT and p-Jnk
signallings are not.
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Post-transplant lymphoproliferative disorders (PTLD) are
serious complications after solid organ- and allogeneic
hematopoietic stem cell transplantation [1]. While EBV-
associated polymorphic PTLD cases can often be treated
with reduction of immunosuppression, monomorphic
PTLD are usually treated with immuno-chemotherapy.
Despite therapy, prognosis is often poor and treatment
options are limited [1]. The choice of chemotherapy is
determined by the type of lymphoma and the type of
graft [1]. Treatment of EBV-associated PTLD with EBV-
specific T cells is another promising treatment approach
[2]. We report here a case of a patient who developed a
refractory B-cell PTLD after liver transplantation with an
impressive response to monotherapy with lenalidomide
that was started after several lines of immunotherapy
and chemotherapy.

A 41-year-old female patient developed an EBV-
associated B-cell PTLD (diffuse large B-cell lymphoma,
DLCBL) three years after liver transplantation for a
cirrhosis due to primary sclerosing cholangitis associated
with colitis ulcerosa. At diagnosis the patient was under
immunosuppression with tacrolimus. Presenting symp-
toms were abdominal discomfort and a computed
tomography of the abdomen revealed enlarged med-
iastinal lymph nodes. An FDG-PET/CT demonstrated that
no other lymph node regions or organs were involved.
Biopsy of a mediastinal lymph node revealed a DLBCL.
Polymerase chain reaction (PCR) for EBV in the peripheral
blood and also in situ hybridization for EBV (EBER) were
positive [Fig. 1A, right panel]. Initially, immunosuppres-
sion with tacrolimus and azathioprine was stopped. Six
cycles of immuno-chemotherapy with rituximab, cyclo-
phosphamide, doxorubicin, vincristine and prednisone

(R-CHOP) and two additional cycles of rituximab led to a
complete remission shown by subsequent FDG-PET/CT.
The liver graft remained functional throughout the
therapy.

Immunosuppression with tacrolimus was re-initiated
after completion of therapy. Three relapse-free years
later, she presented again with abdominal symptoms. CT
of the abdomen revealed thickening of a part of the
jejunum that was interpreted as suggestive of a PTLD
relapse. Laboratory abnormalities included a mild
anemia (10 g/dL) and an increased C-reactive protein
(CRP, 111.2mg/L). Endoscopic biopsy confirmed an
intestinal affection with DLBCL. At this point, however,
in situ hybridization for EBV was negative [Fig. 1A, left
panel] and EBVY DNA in the peripheral blood was
undetectable. These findings raised the suspicion of a
secondary DLBCL PTLD rather than a relapse of the
primary DLBCL. Indeed, array-comparative genomic
hybridization (aCGH) and immunoglobulin heavy gene
(IGH) fragment length and sequencing analyses con-
firmed an independent malignant B-cell clone. In
addition, while the first DLBCL showed a germinal cell
B-cell (GCB) phenotype, the second occurrence was of
the activated B-cell type (ABC) as determined by
immunohistochemistry exactly applying published pro-
tocols [3]. It also harbored distinct IGH gene rearrange-
ments, both at the PCR product length- and at the
DNA sequence level. Moreover, primary and relapse
DLBCL had a modest number of DNA copy number
aberrations, but none of them were shared between
both tumors [Fig. 1B]. Immunosuppression was changed
from tacrolimus to sirolimus and lowered over time
(from 2 to 1mg). Due to her poor and declining
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Figure 1. (A) EBV status of both lymphoma occurrences. EBER-stain in primary (left) and relapsed DLBCL, (original magnification
%360). Note that the EBER-stain is negative in the intestinal DLBCL “relapse” despite EBV-positive bowel epithelial cells are present as
internal positive controls in the stained slide (insert). (B) Genome overview plots show relatively small number of chromosomal copy
number aberrations occurring in the primary and relapse tumors. None of the aberrations are shared, which supports lack of clonal
relationship between both occurrences. For genomic hybridization, genomic DNA was extracted from formalin-fixed paraffin-
embedded tissues with>70% tumor content and was used for aCGH on the Agilent SurePrint 180k oligonucleotide microarrays.
(C) Treatment with lenalidomide monotherapy leads to a major response. Computed tomography scans before the initiation with

lenalidomide (left) and after 2 months of treatment (right).

performance status, rituximab monotherapy was
initiated. These interventions resulted in a clinical
stabilization and allowed resection of the affected
jejunum. After four cycles of rituximab, however, signs
of a mechanical bowel obstruction developed and a CT
scan showed diffuse thickening of the small intestine.
Treatment with the glyco-engineered anti-CD20 anti-
body obinutuzumab (GA101) proved to be ineffective in
this situation. Rescue chemotherapy with carboplatin
and etoposide was initiated. During this therapy the
patient’s status deteriorated with a rapid weight loss.
Her BMI decreased from 20.5-16.3 kg/m?, and lymphoma
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progression manifested as a large tumor mass within the
abdominal wall. Chemotherapy was stopped after two
cycles and palliative irradiation with 14 Gy of the
abdominal wall was initiated in order to reduce local
pain. Radiotherapy was well tolerated, but the lesion in
the abdominal wall progressed further. Confronted with
a rapidly progressing PTLD [Fig. 1C, left panel] in a
young patient with a severely impaired performance
status (ECOG 3), we initiated a monotherapy with
lenalidomide in accordance with a previous case report
of a T-cell PTLD [4] and reports that ABC type DLBCL
seem to be sensitive to treatment with
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immunomodulatory drugs such as lenalidomide [5,6].
Lenalidomide was started with 15 mg on days 1 through
21 of repeated 28 day cycles. For the further cycles the
lenalidomide dose could be increased to 20mg daily.
After two cycles the patient experienced improvement
of her intestinal symptoms, her BMI increased to 18.0 kg/
m? and her pain regressed. A CT scan showed a major
response of the abdominal lesions and the intestinal
thickening to lenalidomide monotherapy [Fig. 1C, right
panel]. After another cycle, the patient achieved a
complete radiological response. Four months after
lenalidomide therapy was initiated, an intestinal bowel
obstruction developed, which was treated by surgical
adhesiolysis and resection of a segment of the small
intestine. Microscopic analysis of the resected segment
showed no evidence of malignancy, although the
segment was within the tumor bulk before installation
of lenalidomide therapy. This was interpreted as
complete pathological remission under the therapy as
well. Thus, the degree of remission achieved with this
therapy allowed redefining of the therapeutic strategy
and opened new perspectives, including high dose
chemotherapy with autologous stem cell support. At
this time, according to the patient’s preference, she is
still on lenalidomide maintenance therapy.

Lenalidomide is approved for multiple myeloma,
5g— myelodysplastic syndrome and relapsed or refrac-
tory mantle cell lymphoma [5,6]. Furthermore, lenali-
domide has activity in other types of lymphoma
including Hodgkin lymphoma, peripheral T-cell lym-
phoma and DLBCL [5-10]. The biological activity of
lenalidomide can be divided into direct effects towards
tumor cells and effects on the tumor microenvironment
including the tumor immunosurveillance [5,6].
Previously described effects on lymphoma cells are
interference with the NF-xB pathway, which is an
oncogenic driver pathway in ABC type DLBCL [5,6].
Effects on the microenvironment comprise of anti-
angiogenic and immunomodulatory properties [5,6].
Lenalidomide has been shown to increase antibody-
dependent cellular cytotoxicity of NK-cells, influence
T-cell activation and inhibit the proliferation of
regulatory T-cells (Tregs) in the tumor microenviron-
ment [5,6]. The role of Tregs in GCB and ABC type
DLBCL seems to differ. While in GCB type DLBCL a high
number of FOXP3 positive Tregs are associated with an
improved survival, in ABC type DLBCL the presence of
Tregs are associated with poorer prognosis [11]. Taken
together, all these data suggest that lenalidomide
might have augmented activity in ABC type DLBCL
through multiple pathways and could also explain
the significant effect that we observed in our B-cell
PTLD patient.

LENALIDOMIDE FOR B-PTLD (&) 3

Lenalidomide was studied in relapsed DLBCL in
several phase Il trials [5,6,12], showing response rates
in combination with rituximab of 33-35% [8,10].
Lenalidomide is also active as monotherapy in relapsed
or refractory DLBCL with overall response rates of 19-
28% [9,13]. In support of an enhanced activity of
lenalidomide in patients with ABC type DLBCL, a
recent analysis found a complete response rate of
23.5% in ABC DLBCL versus 4.3% in GCB DLBCL and a
progression-free survival of 6.2 versus 1.7 months [14].
Combination strategies of lenalidomide with immuno-
chemotherapy as first line regimen were tested in
different trials and the addition of lenalidomide to R-
CHOP was shown to overcome the worse prognosis of
non-GCB DLBCL compared to GCB-DLBCL [6,15]. For our
patient, lenalidomide has led to a major, near-complete
response after less than 8 weeks of treatment and to a
pathologically proven complete response after 4
months. Moreover, it was well tolerated in her severely
reduced nutritional and performance status. The sig-
nificant response to lenalidomide treatment was obser-
vable in her second PTLD DLBCL occurrence, which was
of ABC cellular origin and EBV-negative, being in
accordance with the current evidence of an increased
lenalidomide activity in ABC type DLBCL [6]. Noteworthy,
the immune-stimulatory effect of lenalidomide had no
effect on graft function in our patient.

To our knowledge, this is the first description of a
significant response induced by lenalidomide in a B-cell
PTLD. Our report and a previous case that describes a
response of T-cell PTLD to lenalidomide [4] suggest that
lenalidomide may be an effective and safe option for
PTLD. No other cases of PLTD treated with lenalidomide
are reported and therefore further studies are warranted
to address the question if B-cell PTLD manifesting as ABC
type DLBCL are a more responsive to lenalidomide and if
the EBV-status could have an impact as well.
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Abstract

Background: The prognostic role of tumor-related parameters in diffuse large B cell lymphoma (DLBCL) is a matter
of controversy.

Methods: We investigated the prognostic value of phenotypic and genotypic profiles in DLBCL in clinical trial
(NCT00544219) patients homogenously treated with six cycles of rituximab, cyclophosphamide, hydroxydaunorubicin,
vincristine, prednisone (R-CHOP), followed by two cycles of R (R-CHOP-14). The primary endpoint was event-free
survival at 2 years (EFS). Secondary endpoints were progression-free (PFS) and overall survival (OS). Immunohistochemical
(bcl2, bele, CD5, CD10, CD20, CD95, CD168, cyclin E, FOXP1, GCET, Ki-67, LMO2, MUM1p, pSTAT3) and in situ hybridization
analyses (BCL2 break apart probe, C-MYC break apart probe and C-MY(/IGH double-fusion probe, and Epstein—Barr virus
probe) were performed and correlated with the endpoints.

Results: One hundred twenty-three patients (median age 58 years) were evaluable. Immunohistochemical assessment
succeeded in all cases. Fluorescence in situ hybridization was successful in 82 instances. According to the Tally algorithm,
81 cases (66 %) were classified as non-germinal center (GC) DLBCL, while 42 cases (34 %) were GC DLBCL. BCL2 gene
breaks were observed in 7/82 cases (9 %) and C-MYC breaks in 6/82 cases (8 %). "Double-hit" cases with BCL2 and C-MYC
rearrangements were not observed. Within the median follow-up of 53 months, there were 51 events, including 16 lethal
events and 12 relapses. Factors able to predict worse EFS in univariable models were failure to achieve response
according to international criteria, failure to achieve positron emission tomography response (p < 0.005), expression
of CD5 (p=0.02), and higher stage (p =0.021). Factors predicting inferior PFS were failure to achieve response
according to international criteria (p < 0.005), higher stage (p = 0.005), higher International Prognostic Index (IP!;
p=0.006), and presence of either C-MYC or BCL2 gene rearrangements (p = 0.033). Factors predicting inferior OS
were failure to achieve response according to international criteria and expression of FOXP1 (p < 0.005), cyclin E,
CDs5, bel2, CD95, and pSTAT3 (p = 0.005, 0.007, 0.016, and 0.025, respectively). Multivariable analyses revealed that
expression of CD5 (p=0.044) and FOXP1 (p = 0.004) are independent prognostic factors for EFS and OS, respectively.

Conclusion: Phenotypic studies with carefully selected biomarkers like CD5 and FOXP1 are able to prognosticate
DLBCL course at diagnosis, independent of stage and IPl and independent of response to R-CHOP.

Keywords: DLBCL, Prognosis, Phenotype, FISH, Prospective trial, CD5, FOXP1
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Background

Diffuse large B cell lymphoma (DLBCL) is the most
common nodal lymphoid malignancy, comprising ap-
proximately 30 % of all adult lymphomas, with a rapidly
rising incidence [1, 2]. DLBCL demonstrates an aggres-
sive clinical course, but potentially 60-70 % of patients
can be cured with the established rituximab, cyclophos-
phamide, hydroxydaunorubicin, vincristine, prednisone
(R-CHOP) treatment standard [3]. Prediction of survival
and stratification of patients for risk-adjusted therapy is
based on the International Prognostic Index (IPI) [4]. R-
CHOP has not only led to a marked improvement of
survival in DLBCL but has also called into question the
significance of the IPI [5], leading to introduction of the
revised IPI (R-IPI) [6]. Recent data suggests that IPI and
R-IPI no longer reliably identify DLBCL risk groups with
a <50 % chance of survival, despite about 30—-40 % of
patients will still die of/with disease. Thus, there is a
need for additional, particularly tumor-related, prognostic
(and predictive) factors in DLBCL [7].

To date, only a limited number of tumor-related prog-
nostic parameters exist for DLBCL like presence of C-
MYC rearrangements or co-expression of bcl2 and c-myc.
The morphological heterogeneity of DLBCL is reflected
by significant molecular diversity at the genotypic, gene
expression, and phenotypic levels [8, 9]. Gene expression
profiling data convincingly showed that DLBCLs are de-
rived from germinal center B cells (GCB) or activated B
cells (ABC) [9-11]. Although the scientific evidence is ro-
bust and prognostically relevant, its translation into daily
practice remains impractical because of the required high
standard of tissue preservation, procedure duration, and
costs. This problem prompted the search for molecular
prognostic markers applicable to routine biopsies from pa-
tients with DLBCL. As a result, a large body of surrogate
(phenotypic) models and algorithms to identify GCB and
non-GCB DLBCL have been proposed and linked to out-
comes [12]. Unfortunately, reliability and reproducibility
of these models is often poor, impeding their translation
into standard practice to predict survival and stratify pa-
tients for risk-adjusted therapy [12—14]. Technical issues,
poor study designs, lack of standardization of evaluation
procedures, and, particularly, lack of prospective trials all
prevent an efficient clinical translation. A PubMed search
for “DLBCL,” “R-CHOP,” “prognostic,” “marker,” and
“prospective” identifies only a few prospective studies, in
which biomarkers have been considered (e.g., [15-24]).
Thus, there is an unmet requirement for further marker
validation in prospective trials.

The translational study of the clinical trial “SAKK 38/
07 Prospective evaluation of the prognostic value of
positron emission tomography (PET) in patients with
diffuse large B-cell-lymphoma under R-CHOP-14. A
multicenter study” offered a unique opportunity to
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prospectively analyze the prognostic and predictive value
of phenotypic and genotypic biomarkers suggested to
play a prognostic role in DLBCL on a well-documented
and homogenously treated clinical trial collective.

Materials and methods

Patient recruitment, selection, and treatment

The recruitment of patients for the SAKK 38/07 study
started in November 2007 and finished in June 2010.
Evaluation of the prognostic value of metabolic responses,
as assessed by early PET after two cycles of R-CHOP-14,
to identify a poor outcome patient subgroup was the main
objective. PET was performed before, after two cycles of
therapy, and at the end of treatment and was evaluated
according to a 5-point scoring system with a cutoff
determining positivity being set at 4 points (moderately
increased uptake compared with the liver) [25]. The pri-
mary endpoint was event-free survival (EFS) at 2 years,
and the secondary endpoints were progression-free
(PFS) and overall survival (OS) after 2 and 5 years as
well as the objective responses according to inter-
national criteria [26]. In accordance with the statistical
advice for reaching sufficient power to address the two
endpoints, recruitment of 154 patients was aimed. Be-
cause of concurrent registrations on the last recruit-
ment day, 156 instead of 154 patients were recruited.
Inclusion criteria were histologically proven diagnosis of
CD20-positive DLBCL (no pretreatment revision of the
slides by an expert hematopathologist was planned) in-
cluding all Ann Arbor stages, tumor size >14 mm on
CT or MRI (because lymph nodes 215 mm are consid-
ered “pathologic” on computerized imaging), PET posi-
tivity of the tumors (documented 2 weeks to 4 days
prior to registration), performance status 0-2 on the
ECOG scale, age >17, as well as no evidence of symp-
tomatic central nervous system (CNS) disease, HIV,
and/or hepatitis infection [27]. The study treatment
consisted of R-CHOP given for six cycles followed by
additional two applications of rituximab every 2 weeks
(R-CHOP-14). Additionally, G-CSF support was given.
The patients were asked to provide informed consent
for the study and, separately, for the translational re-
search. The primary pathology institutions were asked
to send representative paraffin blocks for translational
research after accomplishing the in-house diagnostic
procedures to the Institute of Pathology at the University
Hospital Basel. The study was approved by the Ethics
Committee Beider Basel. Details of the SAKK 38/07 study
are reported elsewhere [28].

In situ biomarker analysis

Immunohistochemical (bcl2, bcl6, c-myc, CD5, CD10,
CD95, CD168, cyclin E, FOXP1, GCET, LMO2, MUMI1p,
pSTAT3) and in situ hybridization analyses [BCL2
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break apart probe (BAP), C-MYC BAP and C-MYC/IGH
double-fusion probe (DFP), and Epstein—Barr virus probe
(EBER)] were performed and correlated with clinico-
pathological parameters and clinical endpoints. Cell of
origin (COQ) was determined according to the Tally algo-
rithm [29]. Additionally, selected cases were stained for
CD23, CD30, cyclin D1, D2, D3, Ki-67, p27, p63, and
SOX11 for specification of diagnosis. Reagent sources,
pretreatment and incubation conditions, and cutoff scores
are listed in Table 1. Immunohistochemical markers were
assessed by microscopic counting of positive cells/tumor
cells and were recorded in 5 % increments in the primary
statistical table. All cases were scored after training by at
least two observers (either AT, SM, or SD), and only
markers for which Cronbach’s alpha analysis suggested
good agreement between observers (alpha >0.75) were
considered for prognostic evaluation. Relevant cutoff
scores were either taken from the literature [29, 30] or
calculated applying receiver operating characteristic
(ROC) analysis [12]. Discrepancies in the results for
evaluated markers, which were almost exclusively due
to differential assessment of weak staining signals,
were discussed at a double-headed microscope and the
concordant result was considered. Fluorescence in situ
hybridization (FISH) was performed exactly as described
elsewhere [31]. All cases were FISH-scored twice (NL
and AT) with an excellent agreement (alpha = 1) between
both observers.

Table 1 Applied biomarker panel
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Statistics

All statistical analyses were performed using the Statis-
tical Package of Social Sciences (IBM SPSS version 19.0,
Chicago, IL, USA) for Windows and reported applying
the REMARK guidelines [32]. The inter-observer agree-
ment was assessed using the Cronbach’s alpha reliability
analysis; an alpha value of >0.75 indicates very good
agreement. The Spearman rank correlation was used to
analyze relationships between biomarkers and clinical
and laboratory parameters; only correlations with a
rho = +0.300 were considered. The Mann—Whitney U
and Kruskal-Wallis tests were applied, where appropriate,
to identify quantitative differences between groups. The
prognostic performance of variables and determination of
optimal cutoff values (except those extracted from the
most recent literature) was assessed by ROC curve plot-
ting sensitivity versus 1-specificity with special consider-
ation of the respective area under the ROC (AUROC).
The optimal cutoff point was calculated using Youden's
index (Y), denoting Y = sensitivity + specificity — 1, since
this method can be applied to find the optimal unbiased
cutoff value with the highest sensitivity and specificity
[12]. OS was measured from registration to death or last
follow-up, PFS from registration to relapse, death of any
cause, or to last follow-up, and EFS from registration
to relapse or death of any cause, initiation of any non-
protocol anticancer treatment because of lymphoma
symptoms or need of concomitant radiotherapy or to

Marker Source/clone Pretreatment Dilution  Incubation Other Cutoff (AUROC or reference)
bcl2 Ventana/Roche 790-4604 CC1 16" RTU 12' 70 % [34, 46)
bclé Ventana/Roche 760-4241 CC1 32' RTU 28" 30 % [30]
c-myc Ventana/Roche 790-4628 CC1 92' RTU 16", 37 °C 40 % [34, 46]
CD5 Ventana/Roche 790-4451 CC1 24’ RTU 12" 20 % (0.542)
cD10 Ventana/Roche 790-4506 CC1 24" RTU 16" 20 % [29]
CD95 Leica NCL-FAS-310 PC 120 °C, 3', citrate buffer pH 6 1:400 60', 20 °C 1% (0613)
CD168 Leica NCL-CD168 CC1 extended 92 1:200 32 Biotin blocker 10 % (0.536)
Amplification
Cyclin E Thermo MS-1060-5 MW 98 °C, 30, citrate buffer pH 6 1:20 Overnight, 4 °C 12 % (0.669)
FOXP1 Ventana/Roche 760-4611 CC1 16" RTU 12 50 % [45]
GCET Abcam Ab68889 ccr 3 1:25 20 60 % [29]
LMO2 Ventana/Roche 790-4368 CC1 32 RTU 16’ 30 % [29]
MUM1p Ventana/Roche 760-4529 CC1 24 RTU 16 70 % [29]
pSTAT3 Cell Signaling 9145 MW 98 °C, 30', TEC buffer pH 8 1:50 Overnight, 4 °C  Biotin blocker 17 % (0.602)
BCL2 BAP Abbott/Vysis 07 J75-001  Exactly as described [31] >3 % [31]
C-MYC BAP Abbott/Vysis 05 191-001 >4 % [31]
MY/IGH DFP - Abbott/Vysis 05 J75-001 >6.5 % [31]
EBER Ventana/Roche 760-1209 According to the manufacturer's protocol 10 %

For diagnostic purposes and to “subtract” CD3-positive T cells in CD5-positive DLBCL, CD3 and CD20 stainings were also performed, but these were not considered

biomarkers sensu stricto
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last follow-up. The probabilities of survival were deter-
mined using the Kaplan—Meier method, and differ-
ences were compared using the log-rank test. All
biomarkers of prognostic significance in univariable
models underwent multivariable analysis using the Cox
proportional hazards model in a two-step manner
since only that response criterion (either according to
international criteria or PET or combined PET/CT re-
sponse) with the highest relevance in an independent
first step Cox model, run without biomarkers, was consid-
ered and compared to the biomarkers in the second step.
All p values were two-sided and considered statistically
significant if <0.05. No adjustment for multiple testing
was applied for secondary analyses because they were
considered hypothesis generating and exploratory.

Results

Patients, case review, and clinico-pathologic characteristics

Nineteen patients refused a participation in the transla-
tional research part of the project. In 11 cases, no material
for translational research was present. Thus, 126 cases
were further studied: DLBCL diagnosis could not be con-
firmed in three of these cases by conventional morphology
and additional immunohistochemical evaluation (the final
diagnosis of marginal zone lymphoma was established in
two cases and one turned to be a blastoid mantle cell
lymphoma). Thus, the analysis was finally performed on
123 cases. Patient characteristics are given in Table 2. Sur-
vival data were complete for 116 patients.

Eighty-nine lymphomas were primary nodal or of
lymphoid tissue (including the mediastinum, the spleen,
and Waldeyer’s ring), while 34 were extranodal (most
commonly soft tissue, gastrointestinal tract, and bones).
Based on integrative analysis, 100 cases were shown to
be centroblastic DLBCL, five were immunoblastic DLBCL,
three were anaplastic DLBCL, six were unclassifiable, six
were primary mediastinal large B cell lymphomas (PMBL;
thereof, two were nodal DLBCL with morphologic and
phenotypic features of PMBL), two were T cell- and
histiocyte-rich B cell lymphomas (THRBCL), and one
was a lymphomatoid granulomatosis (LG) grade 3.

The study material consisted of 66 (54 %) lymphade-
nectomy specimens that were studied on tissue micro-
arrays (TMA) and 57 (46 %) cases with only small core
needle biopsy material available, which were considered
non-arrayable and were studied on conventional serial
sections. Arrayable cases were brought into a TMA for-
mat applying the 1-mm core needle as described [33].

In situ biomarkers

Immunohistochemistry was evaluable in all cases, while
FISH was successful in 82 (67 %) instances (Table 3,
Fig. la—d); importantly, cases in which FISH failed were
evenly distributed among arrayable lymphadenectomy
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Table 2 Basic patient characteristics
Age, median (range) 58 (18-81)
Gender, N (%) F 68 (55)
M 55 (45)
Stage, N (%) I 12 (10)
I 41 (34)
It 30 (24)
Y 39(32)
Missing 1
IPI, N (%) 0 23 (19)
1 36 (29)
2 27 (22)
3 20 (16)
4 13071)
5 4(3)
Treatrnent response according CR 102 (83)
to international criteria, N (%) PR 18.(15)
SD 202)
PD 0
Missing 1
Combined metabolic and Complete metabolic and 68 (59)
morphologic responses, N (%) morphologic response
Complete metabolic 24(21)

response with residual mass

Partial metabolic response 23 (20)

with residual mass

Missing 8
Collecting institutions, N (%)  University hospitals 33 (27)

Other hospitals 90 (73)

specimens and small core needle biopsy specimens but
were more commonly observed in tissues from certain
primary pathology institutions. Taking into consideration
the Tally algorithm, 81 cases (66 %) were classified as
non-GCB DLBCL, while 42 cases (34 %) were GCB
DLBCL; after excluding the PMBL, THRBCL, and LG,
there were 39 GCB and 75 non-GCB cases. BCL2 gene
breaks were observed in 7/82 cases (9 %); 6 of the 7
(86 %) rearranged cases were of the GCB type. Two
cases (all of the non-GCB type) showed BCL2 amplifica-
tions. C-MYC breaks were observed in 6/82 cases (8 %);
4 were of the GCB type. Of the C-MYC rearranged
cases, only 2 displayed C-MYC/IGH fusions, detectable
by both DFP and BAP and corresponding to #(8;14),
while C-MYC rearrangements were detectable only by
BAP in the other 4 cases and were thus assumed to have
occurred with alternative non-IGH C-MYC rearrangement
partners. “Genetic double-hit” cases with BCL2 and C-
MYC rearrangements were not observed.
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Table 3 Immunohistochemical staining results

Ccoo bcl2 cmyc  CD5 CD95 (D168  CyclinE FOXP1  pSTAT3 EBER
Evaluable cases 123 123 123 123 123 123 123 123 123 123
Mean % of stained cells + SD na 34+£38 32426 2+14 32+42 49 8+13 31+£38 19+27 na
N (%) above cutoff na 34(28) 44(36) 403 60 (48) 38(31) 30(24) 44(36) 44(36) 2(1.5)
Mean % of stained cells + SD in positive cases  na 94+10 61+£20 72+27 65+38 13%£13 26+13 79+17 49+26 33+25
Germinal center B cell (GCB) like, N (%) 42(34) 11(32° 16(36° 1(5° 22@37° 18@7° 11(37° 8(18° 1739 1 (507

Except for FOXP1, which was of prognostic significance as an isolated marker, all other relevant proteins for cell of origin (COO) classification according to the

Tally algorithm are summarized within the COO column
na not applicable
?GCB out of the positive cases

The presence of BCL2 breaks correlated with expres-
sion of bcl2 (rho =0.355, p=0.001), CD10 (rho =0.388,
p<0.005), and GCB (rho=0.302, p=0.006). As ex-
pected, expression of GCET, bcl6, CD10, and LMO2
correlated with each other (GCB COO). pSTAT3 corre-
lated with MUM1p, FOXP1, bcl6, and CD168 (rho =
0.301-0.473, p=0.01-0.0001). FOXP1 correlated with
bcl2, MUM1p, and c-myc (rho = 0.429, 0.438, and 0.319,
respectively, p < 0.001). Expression of CD5 did not cor-
relate with any of the examined single variables but
showed a weak correlation with the so-called phenotypic
bcl2/c-myc double hits (rho = 0.24, p = 0.02). Phenotypic
bcl2/c-myc double hits [34] correlated with expression
of FOXP1 (rho =0.379, p = 0.0002) and BCL2 rearrange-
ments (rho = 0.319, p = 0.005).

Outcome analysis

The primary study endpoint, i.e., EFS at 2 years, correlated
with failure to achieve response according to international
criteria and failure to achieve complete combined meta-
bolic and morphologic response or metabolic response
(rho values for all >0.470, p values for all <le - 5). The me-
dian follow-up period was 53 months (95 % CI 45-51).
There were 48 events, including 16 lethal events and 12
relapses 3 months after achievement of CR, of which 6
occurred >12 months after initial diagnosis. The 16 lethal
events encompassed 9 deceases with/of disease and 7
deaths unrelated to cancer. Mean OS was 68 months (95 %
CI 64-71), mean PFS was 59 months (95 % CI 53-65), and
mean EFS was 46 months (95 % CI 40-52); median OS,
PFS, and EFS for the whole collective were not reached.

Fig. 1 Microphotographs of selected cases. Co-expression of CD20 (a) and CDS5 (b) in an extranodal (intestinal) CD5-positive diffuse large B cell
lymphoma. Microphotographs have been taken from consecutive sections; note deeper sections in b of the same glandular structures from a.
Original magnification x 320. ¢ Expression of FOXP1 in a positive case. Original magnification x 400. d Split red and green signals corresponding
to a BCL2 gene rearrangement (translocation). Fused yellow signals corresponding to the non-translocated allele. Original magnification x 800
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All biomarkers were assessed for their prognostic im-
portance after rational dichotomization (cutoffs listed in
Table 1). Factors able to predict worse EFS in univariate
Kaplan—Meier models were failure to achieve response
according to international criteria, failure to achieve
complete combined metabolic and morphologic response
or metabolic response (p values for all <0.005), expression
of CD5 (p=0.02; Fig. 2a), and higher stage (p =0.021).
Factors predicting inferior PFS were failure to achieve
response according to international criteria, failure to
achieve complete combined metabolic and morphologic
(but not only metabolic) response (p < 0.005), higher IPI
(p=0.006), higher stage (p =0.005), presence of either
C-MYC or BCL2 gene rearrangements (p = 0.033; Fig. 2b),
and expression of cyclin E in >12 % of tumor cells (p =
0.046; Fig. 2c). Finally, factors predicting inferior OS were
failure to achieve response according to international cri-
teria, failure to achieve complete combined metabolic and
morphologic (but not only metabolic) response (p values
for all <0.005), expression of FOXP1 in >50 % of tumor
cells (p < 0.005; Fig. 2d), expression of cyclin E in >12 % of
tumor cells (p =0.005), expression of CD5 (p=0.007),
expression of bcl2 in >70 % of tumor cells (p=0.016),
expression of CD95 in any tumor cell (p = 0.018), and ex-
pression of pSTAT3 in >17 % of tumor cells (p = 0.025).
All other clinico-pathological and phenotypic variables
were not of prognostic significance respecting EFS, PES,
and OS. The multivariable analyses’ results for EFS, PFS,
and OS are shown in Table 4. Subgroup analysis limited
to the DLBCL, not otherwise specified (NOS) cohort

Page 6 of 11

(omitting PMBL, THRBCL, and LG because of their more
specific biology) revealed that expression of CD5 (p=
0.044) retained its independent prognostic significance
with respect to EFS (more sensitive for early events) and
expression of FOXP1 (p = 0.004) with respect to OS (later
events), while all other biomarkers failed to add prognostic
information. In the case of CD5 because of the only weak
correlation of CD5 with phenotypic bcl2/c-myc double
hits, the limited number of CD5-positive cases, and the
lacking prognostic significance of phenotypic bcl2/c-myc
double hits in that series, multivariable analysis was not
adjusted for phenotypic bcl2/c-myc double hits. Adjust-
ment for phenotypic bcl2/c-myc double-hit scores in the
case of FOXP1 showed that it retained its prognostic sig-
nificance in those DLBCL, NOS cases scored 0 and 1 (and
outperformed failure to achieve combined metabolic and
morphologic remission in cases scored 0), but neither
expression of FOXP1 nor failure to achieve complete
combined metabolic and morphologic remission were
of prognostic significance with respect to OS in pheno-
typic bcl2/c-myc double-hit score 2 DLBCL, NOS cases
(data not shown in detail).

Since CD5 expression appeared to be of significant rele-
vance, we thoroughly revised the four CD5-positive cases
and evaluated multiple immunohistochemical markers to
exclude blastoid mantle cell lymphomas (shown above).
The four CD5-positive DLBCL were negative for cyclin
D1 and SOXI11 and expressed p27. These cases stained
positively for CD5 in 50 to 100 % of tumor cells did not
show an intravascular component and were negative for

A cD5 B BCL2 or C-MYC
= negative 13 events/66 patients break
positive mean 61 months (95% C1 54-68) | _ apsent
08 08 - present
47 events/112 patients
mean 47 months (95% CI 36-46)
067 06
6 events/13 patients
0.4 04+ mean 35 months (95% CI 20-51)
median 40 months
0z 4 events/4 patients 0]
mean 9 months (95% CI 2-5)
ool p=0.02 median 5 months ood p=0.033
T T T T T T T r T T T T T T T
0 122 2« % & 6 72 8 0 12 4 % & e 72 8
EFS (months) PFS (months)

C } cyclinE ), FOXP1
16 events/88 patients - <12% - <50%
mean 63 months (95% CI 57-69) |~ >12% 4 dead/76 patients - >50%

mean 72 montsh (95% CI 69-75)
08 084
08 Z 067 12 dead/40 patients
10 events/28 patients
mean 47 months (95% CI 35-59) meanSSmontie (8% C1:48-57)
04 ox
029 024
oo P=0.046 o0 P=0.00018
0 1 M % & e 12 & G 12 2 % & @ 1 &
PFS (months) 0S (months)
Fig. 2 Survival curves. Event-free (EFS) (a), progression-free (PFS) (b, c), and overall survival (OS) (d) with respect to biomarker expression
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Table 4 Multivariable analysis

Survival Parameter Hazard ratio 95 % Cl p value

Event-free Lack of complete combined metabolic and morphologic remission 2.54 1.84-3.51 <0.005
Expression of CD5 299 1.02-9.13 0.047

Progression-free Lack of complete remission according to international criteria 16.39 4.57-58.82 <0.005

Overall Expression of FOXP1 561 1.34-234 0.018
Lack of complete combined metabolic and morphologic remission 193 1.04-3.58 0.038

Only significant results are shown

EBER; three were classified as non-GCB, while one was
GCB; and three showed centroblastic morphology, while
one was classified as centroblastic with increased immuno-
blasts. None of these four CD5-positive cases showed
presence of either C-MYC or BCL2 gene rearrangements;
however, two patients fulfilled phenotypic criteria for
double-hit lymphoma, expressing bcl2 or c-myc above the
respective cutoff scores. Two patients were male; two suf-
fered from nodal lymphomas; two were Ann Arbor stage
11, while the other two were stage I and III, respectively;
and two patients had an IPI of 1 and two an IPI of 2. The
mean age of the CD5-positive patients was 64 + 13 years,
while that of the CD5-negative was 58 + 13 (difference not
of statistical significance). Two of the four patients failed
to achieve remission (one of these two patients died of/
with lymphoma) and in the other two DLBCL relapsed
after 8 and 38 months, respectively. Finally, DNA of the
four CD5-positive cases was extracted and subjected to
array comparative genomic hybridization (aCGH) analysis
(Fig. 3) exactly as described elsewhere [35]. The analysis
was successful in two cases and showed recurrent gains of
19q and losses of 1q43 [36], thus further corroborating
the diagnosis of DLBCL. One of the cases showed specific
loss of 9p21 (INK4A locus, also known as p16) known to
be associated with DLBCL resistance to R-CHOP [37].

Discussion
Within this prospective study, we identified potential
biomarkers (expression of CD5 for EFS and expression
of FOXP1 for OS) that were able to predict the course
of DLBCL at diagnosis, independent of stage and IPL. As
expected ([38] and literature therein), dynamic parameters,
such as response to therapy and especially failure to
achieve complete remission, which are not obtainable at
diagnosis, seem to be the most reliable outcome indicators
in DLBCL, yet expression of CD5 and FOXP1 added infor-
mation independent of these disease dynamic parameters.
Concerning the central aim of our study, i.e., to detect
in situ biomarkers that reliably help predicting the
outcome of DLBCL in a prospective, homogeneously
treated collective of patients, our phenotypic and geno-
typic analyses show that carefully selected indicators
such as CD5 might identify small yet prognostically rele-
vant subgroups with adverse outcomes under R-CHOP.
CD5 as biomarker has a special sensitivity towards early
adverse events, which might not be the case for some of
the currently propagated biomarkers of prognostic rele-
vance such as c-myc expression/C-MYC gene status.
Furthermore, our data reappraise the prognostic role of
FOXP1 with respect to OS. Several other previously
studied biomarkers with suspected prognostic potential

Chr Chr12 Chr18 Chr19
5 =10 p1332 F ] ]
ﬁg - p132 p1131
42 — s p123 p11.22
" = 2, e LA F
P33 == p13.12 L
o =
P22 Q
B \ :g:;z qi2t
.2 S
L = "
3 L Q1.1 q123
3%2 Z q21.31 PEXE
4 = Q@13 Q@12
q252 — q132
Qi Q1 q21.32
P13 — 1 quaf
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g4 12 - Q2423 Q1341
q422 — i 923
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Fig. 3 Copy number aberrations in a CD5-positive case. Only aberrant chromosomes are shown. Green represents losses, and red represents gains
of DNA. Darker red in the long arm of chromosome 18 indicates high-level amplification of this region. Note the small deletion at 9p21.3 (INK4A
locus), known to be associated with chemoresistance
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like COQ, expression of bcl2, or phenotypic double-hit
score appeared to be less potent in the studied collective.
This might in part be due to the small size of our study,
in part to genuine properties of these markers, and in
part to the fact that some of these markers, while being
applicable to CHOP-treated DLBCL patients, are not ap-
plicable to cases treated with R-CHOP [39]. Considering
our study size, there are obvious and inevitable limita-
tions. Yet, because of the other characteristics of our
collective (123 uniformly treated patients with a median
follow-up period of 53 months and altogether 51 adverse
events), our data solidifies understanding of the prognostic
importance of in situ biomarkers in DLBLC and the 2-year
EFS analysis delivers important results. Respecting the
genuine properties of some markers, especially those used
as surrogates to determine COO, our results as well as
observations of others [14] seriously challenge their reli-
ability to identify prognostically and/or biologically mean-
ingful groups among DLBCL.

Our observed prognostic role of CD5 and FOXP1 and
possible prognostic role of bcl2 as well as structural genetic
aberrations of (either) BCL2 or C-MYC are supported by
other reports ([31, 40—-46] and literature therein). While a
considerable number of recent papers focused on the role
of bcl2 and c-myc in DLBCL [34, 46, 47], it seems that
CD5 merits special attention for several reasons: (a) it can
be very easily detected in DLBCL by standard application
of CD5 (instead of CD3) immunohistochemistry in the pri-
mary diagnostic panel with subsequent application of CD3
in CD5-positive cases (to subtract the “true” T cells), as
well as CD23, cyclin D1, and SOX11 (to exclude trans-
formed small lymphocytic B cell lymphomas and blastoid
mantle cell lymphomas); (b) the respective cases express
CD5 in a high proportion of tumor cells (>50-100 %) with
a moderate to strong staining intensity, and thus, its evalu-
ation is unequivocal without the need for subjective and
error-prone cutoff scores; and (c) because there is an in-
creasing body of literature suggesting that CD5-positive
DLBCL might represent a distinct biologic entity, being
more prone to intravascular spread and extranodal loca-
tion (particularly CNS), affecting individuals from the
Far East and displaying a more aggressive behavior
probably requiring alternative treatment approaches [40].
CD5-positive DLBCL are typically ABC [42, 48], show re-
current gains of 16p and losses of 1p and of 9q21 [36, 49],
the latter being involved in chemoresistance [37], and dis-
play downregulation of extracellular matrix-related genes
and upregulation of neurological function-related genes
[48]. Addition of rituximab to CHOP improved the sur-
vival of CD5-positive DLBCL patients [50]; however, simi-
larly to our results, the outcome of these patients is still
significantly poorer compared to CD5-negative DLBCL
patients [51], and the rate of CNS involvement seems not
to be lowered by rituximab [52]. A recent very large
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retrospective report on 879 R-CHOP-treated DLBCL
cases convincingly showed CD5 to be an IPI (and bcl2
and pSTAT3)-independent prognosticator in DLBCL as
well [53] and pointed out distinct clinico-pathological pe-
culiarities of such patients such as increased age, bone
marrow spread, poor performance status, and B symp-
toms. Considering the possible direct biological effect of
CD5 on B cells, namely its role as a negative regulator of
B cell signaling, its influence on the ERK, PI3K, and cal-
cineurin pathways as well as survival stimulation through
autocrine IL10-related loops and the predominant expres-
sion of integrin beta-1 on the tumor cells, CD5 seems to
be of probable functional and therapeutic importance for
targeted approaches [40, 54—56]. In addition, CD5-positive
cases seem to overexpress bcl2, CARD11, CCND2, and
FOXP1 at the protein and mRNA level and to be more rich
in c-Rel, p65, and pSTAT3 [53], all known to identify
DLBCL patients at risk; this study [53] also confirmed [48]
downregulation of cellular adhesion genes in such in-
stances. Taken together, previous data and our observa-
tions might justify a separation of CD5-positive DLBCL
out of the group of DLBCL, NOS, as a distinct clinico-
pathological entity in need of R-CHOP treatment alterna-
tives and, probably, CNS prophylaxis.

The prognostic role of FOXP1 in DLBCL was well
established in the “pre-rituximab” era ([45] and references
therein), while less attention has been paid to it in R-
CHOP-treated cases. Importantly, prognostically relevant
COOQ algorithms pay special attention towards expression
of FOXP1 to classify non-GCB-like DLBCL and >90 %
concordance with GEP was only achievable by consider-
ation of FOXP1 in these algorithms (e.g., [29, 44]). In line
with these results, the recent report on the very poor prog-
nosis of DLBCL reciprocally expressing the endocytic pro-
tein Huntingtin-interacting protein 1-related (HIP1R) and
FOXP1 (the latter being a direct repressor of the HIPIR
gene), i.e.,, FOXP1(hi)/HIP1R(lo) patients [57], and our
prospective study findings suggest a more substantial
relevance of FOXP1 in DLBCL. Importantly, FOXP1 be-
longs to the most reproducibly assessable markers in
DLBCL as shown in an international inter- and intra-
institutional and inter- and intra-observer study [58], fur-
ther calling for its regular evaluation.

Unexpectedly, a significant (33 % for FISH and 50 % for
aCGH) dropout of cases for genotypic studies was noted.
Detailed analysis of these cases revealed that pre-analytic
conditions like inappropriate application of un-buffered
formalin, fixation duration, surrounding temperature, and
exact dehydration procedures were probably more rele-
vant for lack of analytic success than the exact amount of
examined tissue. Indeed, these failures were evenly distrib-
uted between core needle biopsies and lymphadenectomy
specimens but were more commonly observed among tis-
sues from a few centers. As expected, diagnostic tissue
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obtained by core needle biopsy procedures (usually 14—
18G needles) was not arrayable and was rapidly exhausted
for purposes of the study, precluding further analyses.
Since cohorts of prospective clinical trials are character-
ized by meticulous documentation and uniform treatment
of patients (the latter, if not uniform, can more substan-
tially affect disease prognosis than many biomarkers), bio-
marker analyses should desirably be performed on cases
collected within such studies. Therefore, the amount and
the pre-analytical handling of tissue required for study in-
clusion must be considered also under the aspect of bio-
marker analyses. This particularly implies that physicians
obtaining and handling the respective biopsies as well as
the pathology laboratories must take responsibility for
error-free and safe pre-analytic conduits, guaranteeing op-
timal tissue fixation and dehydration, which are indispens-
able for an accurate morphologic, phenotypic, and genetic
analysis. For practical purposes, the protocol for probe
handling from the laboratory, which provided probes with
least dropout on molecular testing, is given in Additional
file 1: Table S1.

Conclusions

In summary, distinct biomarkers like CD5 and FOXP1
are able to prognosticate DLBCL course at diagnosis, in-
dependent of stage and IPI and independent of initial
therapy response. For the design of prospective DLBCL
studies, issues like review of the slides by a central path-
ology, pre-analytic factors such as time to and time of
fixation, choice of fixative, and dehydration as well as
handling of biological entities and sub-entities in the
spectrum of aggressive large B cell lymphomas should
be properly discussed and promptly addressed.

Additional file

Additional file 1: Table $1. Summary of pre-analytics in the lab,
submitting probes with least number of molecular testing dropouts.
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DISCUSSION

4. DISCUSSION

4.1 Clonally-unrelated relapses of DLBCL

Clonally-unrelated lymphoma relapses have been already documented. This was entirely based
on investigation of 1G heavy and light chain rearrangement or detection of common translocation
breakpoints or both. Generally, V(D)J rearrangements take place early in B-cell development and
represent a robust clonality marker. However, it was shown in CLL that tumor-initiating genetic
lesions can occur prior to IG rearrangement®. Such events might represent earliest markers of
clonal origin and can be overlooked by IG rearrangement analysis. Moreover, such analysis
provides no information about differences in the general genetic constitution between primary
and relapsed tumors. Finally, many clonality studies of primary-relapse pairs focused on
detection of clonal relationship rather than lack of it, therefore many of described allegedly
clonally-unrelated cases in DLBCL are not sufficiently documented %222 This, taken together
with relatively low percentage of clonally-unrelated relapses, led to discouragement of clonality
testing in routine of lymphoma diagnostics®®*.

To my best knowledge, our study is the most comprehensive demonstration of clonally-unrelated
DLBCL recurrence so far. In addition to standard clonality analysis by multiplex PCR and
sequencing, which showed clear usage of different 1G gene segments for the productive VDJ
rearrangements in 2 out of 3 detected clonally-unrelated cases (out of the studied collective of 20
DLBCL pairs 3, i.e. 15%, displayed clonally unrelated relapses), we also contrasted copy
number and mutational profiles between the investigated two tumor episodes of the same patient.
This analysis unequivocally demonstrated different genetic constitution of primary and relapses.
Moreover, it advantageously clarified clonal relationship in one other case, where V(D)J
rearrangement could not be amplified. Despite complex genomes in multiple cases, the clonally
unrelated tumors had no shared genetic lesions. Instead each tumor showed a very individual
profile of genome-wide chromosomal imbalances and nucleotide-level variations suggesting
separate clonal origin and independent genomic evolution.

Such unequivocal demonstration demands attention to the clinical aspects of clonally-unrelated
relapses as previously explained (see introduction). This need is especially highlighted by
exceptional clinical courses of two patients in our cohort. In one patient clonally-unrelated
DLBCL recurrence did not respond to rituximab and rescue chemotherapy but was treated
successfully with lenalidomide monotherapy. The tumor was eradicated and the patient still

enjoys a long-lasting clinical remission®®®. Another patient suffered from primary testicular
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DLBCL followed by clonally-unrelated DLBCL of the central nervous system. The CNS tumor
was successfully treated with high-dose chemotherapy. In both cases such favorable outcomes
would bona fide not be expected if patients had clonally-related, treatment-resistant DLBCL

relapses.

4.2 DLBCL relapses occur via two distinct genetic evolution patterns

Until recently, before the recognition of a substantial genetic heterogeneity in cancer, tumor
evolution was understood as a linear, step-wise process, during which accumulation of genetic
lesions leads to an uncontrolled cell growth and malignancy. According to this model evolution
occurs in one direction i.e. from the intact germline genome towards an aberrant cancer genome,
with numbers of lesions increasing in the later. Likewise, until recently lymphoma relapses, even
after a prolonged period of remission, were regarded as direct outgrowths of the primary tumor,
assuming that all genetic alterations that were present in it are directly passed to the relapse.
Therefore a relapse was considered to be a more evolutionary advanced stage of the primary
tumor. This was supported by a stable detection of some selected genetic aberrations (e.g.
classical drivers of lymphomagenesis such as BCL2 or CYCLIN D1 translocations) throughout
the whole history of the individual disease. The lack of ability to investigate the entirety of
tumor’s genetic landscape prevented from looking deeper into this issue.

The detection of at least two different genetic evolution patterns of clonally-related DLBCL
relapse in this work, namely 1) early-divergent/branching evolution and 2) late-divergent
evolution by aCGH and targeted sequencing, contradicts the linear scenario of lymphoma
development. Rather, it points towards a model of clonal growth and selection, which seems to
be nearly universal in cancer®®*?®. Similar evolutionary patterns were detected in a paired
DLBCL cohort by deep-sequencing of IGH gene somatic hypermutations*”. Moreover, non-
linear evolution and the phenomenon of early and late divergence were documented by various

179,180,200,206-209

approaches in other lymphoid neoplasms such as follicular lymphoma , multiple

myeloma®’®, mantle cell lymphoma®** as well as in investigations of genetic differences between
primary tumor and metastasis in carcinomas®** %,

Early-divergent/branching evolution pattern (Figure 10a) is characterized by high genetic
dissimilarity between primary and relapsed tumors. Primary tumors in our study had private
genetic alterations, most importantly homo- or heterozygous deletions, which are not detectable
at relapse, even at the very low frequency. However, despite this dissimilarity paired samples
always have a variant number of shared identical somatic genetic alterations proving their clonal
origin.
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Late-divergent evolution pattern (Figure 10b) most closely resembles the linear mode of tumor
evolution, as most of genetic aberrations are shared between primary and relapse. However, also
in this mode the majority of diagnostic samples show low number of variant somatic mutations,
detected by targeted NGS, which are not detectable in relapses suggesting a limited degree of
independent evolution.

Tumor-initiating Early
cell development

e

Diagnostic tumor Post-treatment Relapse

Weak initiating driver
Early diversification
High heterogeneity

Outgrowth of th Survival of resitant

fittest clone population

1
1
|
1
Treatment : (intrinsicresistance)
1
1
|
1

Cl
b)°—>’(.& o '((}"—>

~

Emergence of
resistant clone
(acquired reistance)

Stronginitiating driver Outgrowth of the
Little/no hetrogeneity fittest clone

Figure 10. Schematic representation of two proposed patterns of genetic evolution in relapsing DLBCL.
Different colors represent genetically distinct clones that possess private genetic alterations due to independent
genome evolution. A. In the early-divergent/branching scenario, the divergence occurs early in tumor
development. The majority of subpopulations stagnate but one clone eventually acquires the effective
combination of drivers, expands and gives rise to a heterogeneous primary tumor. The dominant population is
exterminated by the treatment, however an intrinsically resistant clone exists and gives rise to a DLBCL
relapse. B. In the late-divergent/linear evolution scenario, DLBCL initially possesses a strong driver
combination (e.g. BCL2 and C-MYC “double hit”). Therefore neoplastic cells grow fast and unrestricted,
giving rise to a homogeneous primary tumor. Such a tumor is almost exterminated by the treatment but an
acquired resistance emerges. The resistant subclone already has drivers of effective growth and proliferation
and rapidly replenishes the tumor mass giving rise to a DLBCL relapse.

In our study 6/20 (35%) of cases evolved from an early common progenitor and showed a
branching evolution pattern. The frequency distribution between early- and late-divergent
patterns of genetic evolution varies greatly in different studies (Table 2). This variation can be
attributed to small collective sizes, heterogeneous criteria for inclusion, different methodologies
as well as inherent differences in relapse/progression profiles between different types of

lymphoid neoplasms.
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Table 2. Frequencies of evolutionary patterns detected in other studies of relapsing lymphoma

Study Year dilxz/z:gtle-nt Late-divergent Neoplasm Methods used
Okosun et al.*™® 2014 | 4(12.5%) 28(87.5%) FL WES, Targeted NGS
Pasqualucci et al.’®® | 2014 | 10(83.3%) 2(16.6%) FL WES, Targeted NGS
Jiang et al.*”® 2014 | 6(46.1%) 7(53.8%) DLBCL WES, SHM seq (NGS)
Beaetal.?® 2013 | 2(33.3%) 4(66.7%) MCL WES
Carlotti et al.?*” 2009 | 12(66.7%) 6(33.3%) FL SHM seq
Green et al.?*® 2013 1(50%) 1(50%) FL WES
Ruminy et al % 2008 0(0%) 6(100%) FL SHM seq
Magrangeas er al.?’ | 2012 | 8(33,3%) 16(66,6%) MM aCGH
Eide et al.”® 2010 | 29(80,5%) 7(19,5%) FL aCGH

aCGH - array-comparative genomic hybridization; DLBCL - diffuse large B-cell lymphoma; FL — follicular
lymphoma; MCL — mantle cell lymphoma; MM — multiple myeloma; NGS — next generation sequencing; SHM seq
— sequencing of somatic hypermutations in IG genes; WES — whole exome sequencing

Methodological considerations

We have chosen a strategy of genomic profiling at three different levels, namely IGH
rearrangement analysis, genome-wide assaying of chromosomal copy number aberrations and
targeted detection of mutations in the frequently affected genes in lymphomas. It proved
advantageous for robust identification of evolutionary patterns. Analysis of each of the datasets
separately showed that important evolutionary and biological aspects of relapse development
could be missed. For example, DNA copy number analysis alone would have overlooked late-
divergence in many cases and misclassified them as examples of relapse via either linear genetic
evolution or no genetic progression. This potential oversimplification is prevalent in other
comparable studies, where aCGH was the only method utilized®®?'°. This shortcoming of aCGH
is explained by the fact that chromosomal aberrations represent large-scale genomic alterations
occurring seldom compared to single nucleotide mutations and thus providing only a crude
resolution for the analysis of evolutionary relationships. On the other hand, targeted sequencing
alone queries functionally important, but structurally negligibly small portion of the genome and
thus can overlook important events happening outside of the pre-defined regions.

The lack of patient-matched germline controls in this study represented an important challenge in
sequencing data analysis. It is known that mutations in coding regions of cancer-relevant genes
can be a part of patient-specific germline variation. On the other hand, mutations, which are

generally classified as germline variations in genetic databases, may be of somatic origin in a
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particular patient?’®. Therefore, specific attention has to be paid to the process of somatic
mutation detection in tumor-only samples. False-positives and false-negatives can hamper the
correct interpretation of the evolutionary relationship. To mitigate this risk we used several
strategies to exclude germline variants in our study. First, since bulk tumors were sequenced,
they invariably had a fraction of infiltrating non-malignant cells. Therefore, all mutations shared
between primary and relapse, which had variant allelic frequency (VAF) indicative of perfect
hetero- or homozygosity, ~50% and ~100%, respectively, were excluded. Copy number of the
mutation-affected region was also included in this consideration. Second, we excluded variants
that are listed in dbSNP database but not included in other databases of somatic variants in
cancer (e.g. COSMIC). Third, in evolutionary analysis, a case was allocated to one or another
evolutionary pattern based on the overall results of all three profiling approaches. Therefore the
potential risk of false-positive or false-negative mutations influencing classification was

minimized

Implications of distinct genetic patterns of DLBCL relapse

The discovery of two distinct evolution patterns at relapse raises additional questions and offers
basis for new hypothesis generation about various aspects of lymphoma biology. Such topics
include considerations regarding tumor heterogeneity, timing of tumor growth, mechanisms of

resistance and potential for improved therapy design.

Relapse pattern as marker for genetic heterogeneity of the primary tumor

It has been suggested, that relapse pattern can potentially correlate with the degree of
intratumoral heterogeneity of a pre-diagnostic or diagnostic tumor®*#°. Primary tumors that
relapse via the late-divergent mode of evolution would expectedly be more homogenous and
composed of one dominant clone. In contrast, primary tumors of cases where relapse occurred
via late-divergent/branching evolution could have a more complex subclonal structure with a
dominant clone accompanied by minor clones that are the product of branching tumor evolution
in early tumor development. Intratumoral heterogeneity is shown on individual cases in
DLBCL?® and we have also detected evidence of it in multiple samples of our cohort (Figure S3
in section 3.1). It has been shown in CLL that the presence of subclonal populations at
presentation is an independent risk factor of disease progression®*!. However, this issue was not
addressed in DLBCL and needs additional dedicated studies to uncover the true significance of

this phenomenon.
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Implications to mechanisms of therapy resistance

It is also possible that two different evolutionary patterns represent two distinct mechanisms of
resistance. Late-divergence can represent a spontaneous effort of a tumor to survive under the
selective pressure of treatment. In this scenario, resistance is not pre-existing, but rather (rapidly)
acquired at the time of necessity. Mutagenic agents included in chemotherapy regimen might
provide genetic instability that is required for evolution to occur and to acquire resistance
mutations guaranteeing clone’s survival. Already having all characteristics required for rapid
tumor formation, such survivor clones would replenish tumor mass that was lost due to cytotoxic
effects of the treatment and form an earlier relapse. In contrast, early-divergence is obviously not
occurring due to therapy pressure, but rather due to limitations imposed by internal organism
processes such as immune response, lack of nutrients, oxygen, etc. Additionally, genuine tumor
properties such as higher degree of genomic instability due to defects in DNA repair, increased
SHM or aberrant mitosis can contribute to early divergence. The resistance to treatment would
therefore occur as a purely stochastic product of clonal divergence. Genetic lesions that grant
tumor cell resistance to treatment are not beneficial to clone, which is unexposed to therapeutic
pressure. They can be even disadvantageous???. Therefore such clones proliferate slowly or
stagnate while others, more efficient ones, thrive and lead to initial lymphoma manifestation.
Despite small contribution to mass and volume, such populations would confer to lymphoma an
intrinsic resistance to therapy. Once treatment is applied and the dominant clone is destroyed,
resistant subpopulation would survive, increase its growth potential by acquiring additional DNA

lesions and gradually develop relapse tumor.

Potential implications to treatment

If the above model is feasible and indeed late-divergent and early-divergent relapses can
correlate with acquired and pre-existing (intrinsic) resistance, respectively, correct identification
of relapse pattern can have important implications to treatment, especially in the coming era of
targeted treatment approaches™*. It has been shown that intrinsic and acquired resistances occur
via principally distinct cellular mechanisms related to specific types of selective pressures that
are applied to developing tumor populations. Acquired resistance primarily occurs due to
mutations in the very same molecule that is targeted. In such scenario initial response to
treatment is usually observed, until resistance-granting mutations are accumulated. Effects of
such mutations can be variable and include: 1) increased target’s expression (through
inactivation of negative regulation loops or gene amplifications); 2) compromised binding of

drug to a target (specific mutations in drug binding sites); 3) changes modulating target’s activity
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222 |n contrast, intrinsic resistance to targeted

(mutations in target’s functional domains)
treatment is characterized by alterations that are initially present upstream or downstream of
target’s signaling pathway. Therefore target’s inhibition is not effective as the tumor has a pre-
developed mechanism of circumventing target’s function and delivering important tumorigenic
signals via alternative pathways. In such scenario, the resistant cell population (possibly a minor
clone in the context of whole tumor, as discussed earlier) is unaffected by the therapy.

Both intrinsic and acquired resistance can contribute to relapses. For example, one study reported
two types of mutations responsible for the acquired resistance to the BTK inhibitor Ibrutinib in
CLL: 1) mutations in BTK itself that change Ibrutinib-mediated BTK inactivation from
irreversible to reversible and 2) gain-of-function mutations in phospholipase gamma 2 (PLCy2),
which is a downstream phosphorylation target of BTK?*. Although not directly stated by the
authors, BTK mutations most obviously represent acquired resistance, while PLCy2 mutations
are related to pre-existing resistance in small subpopulation. This hypothesis is strongly
supported by detection of PLCy2 mutation in the diagnostic CLL sample at a very low frequency
in one patient. It is known that intrinsic resistance to Ibrutinib in DLBCL occurs due to the
presence of L265P mutation in MYD88. Mechanisms of acquired resistance to Ibrutinib in
DLBCL are still unknown®®. In conclusion, early-divergent and late-divergent patterns of
genetic evolution at relapse can provide valuable information about which type of treatment
resistance is potentially present in the recurrence and can consequently help to design better

targeted treatment approaches.

Early-divergent tumors are related to later relapses

We found that DLBCL relapses, which followed the early-divergent/branching mode of
evolution, took significantly longer time to occur as compared to late-divergent/linear relapses.
This is in contrast to the results of another study, which didn’t find this association®’.
Importantly, this trend of later relapses was also reported in some studies on follicular lymphoma
transformation®”®. There are several probable explanations to the delayed relapses seen in cases
that diverged early. First, the relapse-initiating clones are most likely very small in size; this is
supported by the fact that relapse-specific mutations are rarely detected in the primary tumor and
if they are detected, they often have a very small allelic frequency'®?**??° Second, such
subclones need time to acquire additional genetic aberrations that would allow them to increase
their capacity to proliferate. This argument is supported by data showing that putative common

progenitors in early-divergent/branching mode of evolution have a small number of genetic
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lesions, while lymphoma clones, which are “successful” and give rise to detectable tumors are

often characterized by profound genomic complexity®*’ %,

Poor correlation between evolution time and tumor genome complexity

Also of interest is the fact early-divergent/branching relapses generally have equal amount or
less DNA lesions compared to their corresponding primary tumors, despite having had much
more time to develop (median time to relapse 52 months). This suggests that: 1) tumor
populations can maintain relatively stable genomes for a long period of time; 2) length of genetic
evolution does not necessarily lead to increased genetic complexity. It also shows that at least in
DLBCL, relapses are not associated with large-scale genome rearrangements and catastrophic

events (genome doubling, chromothripsis, chromoplexy, etc.) as seen in other types of tumors?>
232

Considerations regarding the speed of tumor formation

It is currently unknown how long does it take on average from the first cancer-initiating mutation
to clinically-detectable tumor to develop. Some studies suggest that it can be a decade-long
process, while others demonstrate a very fast and aggressive tumor growth. In a speculative spirit
one could hypothesize that tumors, which have early-divergent/branching pattern of evolution
take longer to grow and manifest compared to those, which are late-divergent and thus more
homogenous at the early stages. The very fact of early divergence points towards limiting factors
that restrain the growth of a pre-malignant clone, which have to evolve and diversify in order to
overcome these constraints. The stochastic search of the proper combination of powerful driver
mutations can be a very long process and thus it can take decades until the clinically detectable
tumor is formed. On the other hand, homogeneity in early lymphomagenesis (characterized by
late-divergent evolution) can represent fast and effective growth of lymphoma from the very
outset of the malignant process. Such pace can be mediated by very early acquisition of powerful
driver lesions, which give cells a strong competitive advantage. It has been shown, that even if
two tumors have identical somatic mutations at diagnosis, the order of their acquisition can
greatly influence the vast majority of tumor features including morphology, aggressiveness and

importantly — speed of growth?*®.

4.3 Identification of genetic drivers of DLBCL relapse

Based on what is known about tumor biology it is reasonable to hypothesize that DLBCL
relapses occur as a consequence of genetic evolution. Therefore it is conceivable that
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investigation of exact changes that occur during this evolution should result in identification of
genetic drivers of the process as well as prognostic, predictive markers and, hopefully, “genetic
vulnerabilities”, which could be targeted to improve currently available treatments. In our study
we pursued this strategy by two related lines of action: first, we aimed to identify possible
genetic events that lead to DLBCL recurrence by investigating matched primary and relapsed
tumors; second, we acquired genetic profiles of a cohort of primary non-relapsing DLBCL
(relapse-free for at least 6 years) and compared them to the ones of primaries of DLBCL that
relapsed. In this way we sought to identify genetic alterations that could predict disease course at
the time of its detection.

Due to the lack of matched primary DLBCL samples other comparable studies mostly
investigated relapsed/refractory tumors only. Although by this approach potentially larger
cohorts can be collected, it has a significant drawback in that it is nearly impossible to accurately
differentiate between mutations that have been present in the primary stage and the ones that are
relapse-specific. This problem can be illustrated by the ambiguous status of MYD88 L265P
mutations in DLBCL. In our study this mutation was detected exceptionally as heterozygous
early driver lesion present in both primary and relapsed tumors of the same patient. In contrast,
an earlier DLBCL genome sequencing study by Morin et al. reported that classic driver events
such as mutations of MYD88, CD79A/B and EZH2 can also be sub-clonally present within
primary DLBCL. Therefore MYD88 mutation can be both an early and a late event in DLBCL
development but this discrimination is highly problematic in cases where only relapsed tumor
samples are examined. Additionally, the existence of a significant share (~15%) of clonally-
unrelated relapses in DLBCL, as shown in our and other studies, represent a risk that genetic
lesions in de novo DLBCL, which are only clinically present as “relapses” but indeed represent a
second independent disease of the same diagnostic category in the same patient, could be
misclassified as relapse-specific. The above mentioned shortcomings can partially explain why
there is only limited overlap between 4 genomic studies of DLBCL relapses so far (Table 3).
This modest overlap can also be attributed to the intrinsic high heterogeneity of DLBCL that
small-scale genetic studies fail to encompass entirely.

It has recently been demonstrated that in addition to genetic mechanisms, changes of the
epigenetic landscape can also play a role in DLBCL relapse. Pan et al. found that relapses have
significantly decreased intra-tumoral methylation heterogeneity?®. Further they showed that
higher intra-tumoral methylation heterogeneity in a primary tumor correlate with its tendency to

relapse after treatment. Unsurprisingly for a genome-wide study, multiple recurrently hypo- or
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hypermethylated genes were identified. The functional significances of these are unclear as they
were not implicated in cancerogenesis before thus they remain a topic for further investigation.

Table 3. Overview of findings in four studies on the genetic background of DLBCL relapse

Jiang et al.}"® Mareschal et al.™ | Morin et al.*"® Juskevicius et al.
WES of 38 rrDLBCL
W'ES of 7 matched_ WES of 14 er!_BCL and their germline aCGH and targeted NGS
primary-relapse pairs and |and their germline controls. Targeted :
- - : of 20 matched primary-
. matched germline controls. Mutation sequencing of 12 :

Study design - . - . relapse pairs and 11
samples. Mutations frequencies compared to | matched diagnostic rimary non-relapsin
confirmed by targeted published DLBCL samples. Mutations P y psing

; - DLBCL
sequencing exome data frequencies compared to

138 diagnostic DLBCL

Genes mutations,

implicated in early KMT2D, EP300 NA NA KMT2D, MYD88, CD798,

. PIM1
lymphomagenesis
ABC: MYD88, CD58, TP53, FOX01, MLL3,
frm—— . |NFKBIZ, STAT6, MYC,
TBL1XR1, IRF4. GCB:
BCL2, MEF2B MLL3, MPEGL,
_Gene_ mutat_lons CD58, B2M, ARHGEF7, | DUSP2, NFKBIA, CCND3, MYD88, KMT2D, MEF2B, gain
implicated in FOXO1, TNFRSF14, chrl0p15.3-13(GATAS3,
PLCB2, IL9R PIM1, KMT2D, GNA13.
DLBCL relapse . CARD11, B2M, PRKCQ)
PMBCL: SOCS1,
. MEF2B, ARID1A,
STAT6, TNAIFP3;B2M,
ITPKB. NEKBIE TBL1XR1, NFKBIE,
' SOCS1, CD79B, BCL2
NF-kB signaling,
Apoptosis; sucrose degradation,
GO and pathways | transmembrane receptor | tryptophan degradation,
associated with tyrosine kinases; calcium | JAK-STAT signaling, |JAK-STAT signaling NA
relapses. channel activity; p53 meiosis; epigenetic
binding regulation; S1P2

signaling pathway

Mutations: SOCS1, RELN.
Deletions:CYP7BL1.

NA NA NA Multiple gains: REL and
other (see Table 2 in
section 3.1)

Non-relapsing
DLBCL-specific
lesions

GO - gene ontology term; NA — not accessed; rrDLBCL - relapse/refractory DLBCL; WES- whole exome
sequencing. Genes that were found mutated in at least two different studies within the same category are marked in
bold.

All combined, it appears that we are now just at the beginning of understanding the genetic and
epigenetic mechanisms of DLBCL relapse. Since there is a lack of suitable specimens to conduct
large-scale comprehensive studies on human samples, it could be worthwhile to pursue
alternative strategies. One potential opportunity would be to conduct the most comprehensive
studies of selected single cases at multiple currently accessible levels (i.e. genome, epigenome,
transcriptome, proteome, metabolome), attempting to develop a state-of-the-art individual tumor
(tumor pair) profile that would reveal at great depth the inner workings and vulnerabilities of it.
Another, complementary strategy could be DLBCL relapse simulation in currently available or

newly established animal models*****

. In this way potential relapse-causing events could be
isolated, functionally tested and then screened by focused assays on human sample cohorts. In

142




DISCUSSION

addition, potential relapse-causing DNA lesions identified in human DLBCL tumors could be

functionally tested in advanced modelling systems.

4.4 Branching evolution and hematopoietic plasticity of follicular

lymphoma relapse and its transformation to histiocytic sarcoma

In a single case study we investigated the clonal relationship and genomic evolution of a
follicular lymphoma (FL) and its transformation to histiocytic sarcoma. Four samples of one
patient (primary FL, two relapses at different timepoints and a histiocytic sarcoma) were
available for comprehensive characterization by histological, clonality, translocation and DNA
copy number analysis. It is the most comprehensive investigation of such clinical setting so far,
providing several important insights about the evolutionary development of two distinct
hematolymphoid neoplasms in the same patient.

First, our study confirmed multiple previous observations that dendritic/histiocytic neoplasms
and a preceding indolent lymphomas are clonally related®* 2. Tumors of both cancer types
derived from the same B-cell precursor as evident by shared IGH rearrangement and identical
t(14;18) translocation breakpoints. It is an important finding since histiocytes belong to a distinct
hematopoietic lineage and ‘“‘spontaneous” histiocytic sarcomas usually lack clonal 1G gene
rearrangements and/or common translocations observed in lymphomas®'.

Secondly, our report challenged the most favored hypothesis that attempts to explain the arousal
of histiocytic sarcomas in the context of indolent lymphomas, namely a transdifferentiation of a
lymphoma B-cells to a histiocyte. The genetic data acquired from both tumor types was
incompatible with this hypothesis. The FL of our patient had an aberrant and relatively complex
genome with multiple gains and deletions of genetic material. In contrast, the subsequent
histiocytic sarcoma had a completely intact genome, at least from the perspective of unbalanced
copy number changes. Moreover, mutational analysis by targeted sequencing of the most
frequent cancer genes yielded no significant somatic alterations that could be reliably related to
sarcoma development. This suggests a branching evolution of FL and histiocytic sarcoma. The
divergence from a common progenitor should have taken place after the pre-B-cell stage of B-
cell development, when IGH rearrangements and chromosomal translocations, particularly
t(14,18) occurred, but before the acquisition of any chromosomal imbalances by the prospect FL
clone. It is known that the majority of FL arise from t(14;18)-bearing GC centroblasts that
acquired this translocation at the early B-cell developmental stage due to aberrant functions of

the IGH rearrangement machinery, and many of their genetic defects are related to aberrant SHM
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and CSR. Therefore it is intriguing to think that some abnormal, probably t(14;18)-driven
divisions of the very early progenitor B-cell resulted in some daughter cells changing their
lineage and converting into histiocyte-like cells.

Such scenario is not entirely compatible with the classical dichotomous model of hematopoiesis,
which states that commitment to lymphoid and myeloid lineages occur in early stages of
hematopoiesis and that common lymphocyte progenitors (CLP) as well as common myeloid

progenitors (CMP) possess a high level of lineage fidelity**®**

. Instead, it fits well with a
postulated alternative myeloid-based model, which argues that later lymphocyte developmental
stages retain plasticity and capability to differentiate into cells of the myeloid lineage®*. Indeed
it is known that early T-cell progenitors retain myeloid differentiation potential in mice®*.
Moreover, it has been shown in vitro that in the absence of Pax5, murine pre-B-1 cells, already
bearing D-J rearranged IGH genes, could differentiate into various hematopoietic cell types,
including macrophages®*®. Suppression of PAX5 is thought to be crucial for early B-cell
plasticity’. Interestingly, the FL cells in our case expressed PAX5 while the histiocytic sarcoma
was PAX5-negative. Unfortunately, we didn’t have the opportunity to look for mutations in the
coding part of PAX5 gene and it’s regulators at the time of the project so the role of this B-cell
fate controller in our case remains unclear.

In most of the studies, early B-cell plasticity has been demonstrated on animal models in
laboratory conditions. Our case is one of the few proofs of such plasticity in humans. It is most
likely that this plasticity is physiologically constrained, but can be reactivated as a part of
aberrant cell processes during tumorigenesis.

In agreement with other FL studies and also with our DLBCL study discussed earlier, FL
relapses in this single case developed from a common progenitor following an early-
divergent/branching evolution scenario. Exceptionally high quality aCGH data acquired from
this patient samples allowed us to identify at least two subpopulations in the primary tumor with
approximate frequencies of 70% and 30%. Analysis of chromosomal copy numbers in two
recurrences at two distinct time points suggested that relapses evolved from the less frequent
subpopulation. The more frequent clone was probably made extinct by the initial treatment. This
data suggests an intrinsically present treatment resistance in a subpopulation of the primary
tumor leading to an outgrowth after therapy. Interestingly, despite more than two-year period
between the second and third relapse, no private chromosomal imbalances were observed in the
former, indicating that after a bottleneck, imposed by treatment-induced selection of a resistant
subclone, FL relapses tend to be more homogenous.
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4.5. Sorting of FFPE-tissue derived tumor nuclei enables genetic

investigation of rare cancer cell populations
The majority of human tumors almost entirely consist of proliferating malignant cancer cells,
which are admixed with smaller percentages of normal tumor-infiltrating immune cells and
stromal cells. However some tumors have this morphological feature reversed i.e. malignant
cancer cells constitute only a small percentage of all tumor cells. In such cases individual cancer
cells are scattered throughout the affected tissue and are surrounded by tumor-infiltrating cells.
In extreme cases the frequency of malignant cancer cells can be as little as 0.5%. Within the
group of hematolymphoid neoplasms, this morphological feature is mostly characteristic to
classical Hodgkin lymphoma (cHL) and T-cell/histiocyte-rich B-cell lymphoma, but it can also
be encountered in other cancer types in individual cases’.
Genetic investigation of such tumors requires a prior enrichment of malignant cells because
otherwise tumor-specific genetic features are masked by the genome readout of normal cells and
are undetectable. Laser-capture microdissection (LCM), fluorescence-assisted flow sorting
(FACS), antibody-conjugated magnetic beads and other methods are used for enrichment in such
instances. However, the choice of methods is extremely limited when cells need to be enriched
from FFPE tissues. In most such cases LCM is applied since the majority of antibody-based
approaches are designed for fresh cells and do not function with fixed archival material. The
main drawback of LCM is that laser energy applied to cells during microdissection further
fragments the already-fragmented DNA from FFPE tissues, rendering it unsuitable for many
downstream applications®*. Further it is a low-throughput method, making cell enrichment very
labor- and time-intensive.
The above mentioned reasons motivated us to develop protocols for rare cell extraction from
archival tissues by FACS. We took advantage of available monoclonal antibodies that are used in
routine immunohistochemical diagnostics and which were optimized to bind epitopes on FFPE
tissues. We focused our efforts on establishing FACS enrichment based on nuclear and
cytoplasmic markers such as MUM1, CD30, PAX5 and the HHV-8 viral nuclear protein
LANAIL, which are commonly expressed by lymphoid neoplasms having low tumor cell
frequencies.
Protocols for nuclei extraction using enzymatic digestion were previously published and used
mainly for determination of tumor DNA content by staining cell nuclei with propidium iodide or
DAPI?**2%8  \We modified these protocols to enable staining with specific antibodies.
Importantly, we avoided the usage of broad-specificity proteases such as pepsin and trypsin but
rather used more specific ones such as collagenase, dispase and hyaluronidase to avoid over-
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digestion and cleavage of the epitopes of interest. Immunohistochemical staining of nuclear
suspensions proved that the epitopes were conserved during the extraction process, retained their

antigenicity and are recognized by specific monoclonal antibodies (Figure 11).
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Figure 11. Confirmation of specific primary antibody binding to nuclei extracted from FFPE tissues by
immunohistochemical staining in cases of HHV8+ solid forms of primary effusion lymphomas and
Hodgkin lymphomas.

Marker-based sorting of FFPE-derived nuclei has previously been performed for carcinoma cell
enrichment making use of their specific (compared to the intermingled non-neoplastic stroma
cells) cytokeratin expression2*>24
against CD79A, CD3 and CD20 has been demonstrated®®. Using staining for the HHV-8 viral

LANAL protein we sorted HHV-8-positive tumor cells of solid variants of primary effusion

. In lymphomas successful staining of cells with antibodies

lymphomas®*. Staining for MUMZ1 allowed us to enrich plasma cells in 5 samples of post-
transplant plasmacytic hyperplasia that only partially affected tonsils and lymph nodes®2. In both
studies at least 10 000 cells-of-interest per case could be collected, allowing robust analysis of
clonality and copy number aberrations in each of them. This enabled us to answer disease-
specific clinical and biological questions, which could otherwise not be addressed.

We have also demonstrated the potential of this technigque to enrich Hodgkin and Reed-Sternberg
(HRS) nuclei of cHL from FFPE tissues®. Until now only cell lines and limited cohorts of fresh
or fresh-frozen tissues from this neoplasm could be genetically analyzed®*?*". High-throughput
enrichment of HRS cells from FFPE tissue will open opportunities for investigation of much
larger, well-described collections of archived cHL cases. This will without doubt lead to better

characterization and improved understanding of the genetic basis of this disease.
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GENERAL CONCLUSION

Investigation of the genetic background and evolution of DLBCL relapses

Investigating matched primary-relapse sample pairs by genome-wide copy number, targeted
mutational and clonality analysis we unequivocally demonstrated the existence of clonally-
unrelated recurrences in diffuse large B-cell lymphoma (DLBCL). Such unrelated DLBCL
occurrences arise independently one from another, possibly under the influence of potential
predisposing factors such as immunosuppression and presence of somatic mutations in the
healthy hemato-lymphopoiesis.

Clonally-related DLBCL relapses consistently share some common DNA lesions but follow at
least two distinct evolutionary scenarios. The early-divergent/branching pattern is characterized
by a small number of shared genetic alterations, which represent early events in
lymphomagenesis and large number of stage-specific DNA lesions. Consequently, the genetic
distance between the postulated common progenitor and the respective primary tumor is large.
The late-divergent/linear relapse pattern is characterized by a large number of shared genetic
alterations between the primary and relapse tumors. The primary tumors in this pattern have
none or very limited numbers of private DNA lesions and therefore the genetic distance to the
common progenitor is small.

Based on the observations above it is likely that primary DLBCL tumors, which relapse via the
early-divergent/branching pattern, have an intrinsic resistance to therapy. In contrast, primary
DLBCL, which relapse via the late-divergent genetic evolution pattern, acquire resistance after
treatment is administered.

Detailed analysis of genetic data from paired tumor samples also revealed recurrently shared
mutations representing early drivers of lymphomagenesis and recurrent group-specific genetic
alterations. These events were characteristic to non-relapsing and relapsing primary DLBCL and

might be linked to treatment susceptibility and the emergence of recurrences, respectively.

Studying transformation of follicular lymphoma (FL) into histiocytic sarcoma: indications
for a common neoplastic progenitor

In this one case study we genetically characterized a histiocytic sarcoma occurring in the
background of follicular lymphoma. My results confirm previous paradoxical observations that
both FL and histiocytic sarcoma share identical immunoglobulin gene rearrangements and

t(14;18) translocation, proving their clonal origin. Moreover, distinct copy number aberration
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patterns allowed us to approximately estimate the divergence time of lymphoma- and sarcoma-
initiating clones. This lead to rare demonstration in humans that B-cells maintain the potential to
revert their lineage commitment and differentiate into histiocyte-like cells until as late as a pre-B
developmental stage.

Enabling enrichment and genetic analysis of rare tumor cell populations from archival
formalin-fixed paraffin-embedded (FFPE) tissues

We developed and optimized protocols that enable reliable high-throughput marker-based
enrichment of rare lymphoid tumor cells from FFPE material. Archival tissue cell suspensions
can be prepared, specifically labelled according to their expression of distinct cellular markers
and enriched by flow-sorting. This technique enabled us to genetically analyze cases of solid
variants of primary effusion lymphomas and post-transplant plasmacytic hyperplasias answering
relevant research questions in each of these two diseases. Moreover, this enrichment method can
be further refined and applied to enable genetic investigations of other tumor cell-scarce
lymphoid neoplasms such as classical Hodgkin lymphoma and T-cell/histiocyte rich B-cell

lymphoma.
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aCGH — array-comparative genome hybridization
ADM?2 — aberration detection method

AID — activation-induced deaminase

ARHGEFL1 - RHO guanine nucleotide exchange factor 1
ASCT — autologous stem cell transplantation

B2M — beta 2 microglobulin

BAFF — B-cell activator of the TNF-a family
BAFF-R — BAFF receptor

BCL2 — B-cell lymphoma 2

BCR — B-cell receptor

BLIMP — B-lymphocyte-induced maturation protein 1
BRCAZ2 — breast cancer 2

CARD11 — caspase recruitment domain containing protein 11
CCND3 - cyclin D3

CD — cluster of differentiation

CDR — complementarity-determining region

CSR - class switch recombination

CT — computer tomography

CXCL13 - chemokine (C-X-C Motif) ligand 13
CXCR5 — chemokine (C-X-C Motif) receptor 5
DA-EPOCH-R — dose-adjusted etoposide, prednisolone, oncovin, cyclophosphamide,
hydroxydaunorubicin and rituximab

DAPI - 4' 6-diamidino-2-phenylindole

DUSP2 — dual specificity phosphatase 2

EBF1 — early B-cell factor 1

EBV — Epstein-Barr virus

EP300 - E1A binding protein p300

EZH2 — enhancer of zeste homolog 2

FACS — fluorescence-assisted cell sorting

FDC — follicular dendritic cells

FLT3 — Fms-like tyrosine kinase 3

FOXOL1 — forkhead box protein O1

GATAS3 — GATA binding protein 3

GNAL13 — guanine nucleotide binding protein alpha 13
HHV-8 — human herpes virus 8

IG — immunoglobulin

IGH — immunoglobulin heavy chain

IGV — immunoglobulin gene variable region

IL — interleukin

INF-y — interferon gamma

IRF — interferon-regulatory factor
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ITPKB — inositol-trisphosphate 3-kinase B

Ik — inhibitor of NF-xB

JAK —Janus kinase

LMO2 — LIM domain only 2

MLL3 — lysine-specific methyltransferase 2C

MPEG1 — macrophage expressed 1

MUM1 — see IRF4

MY D88 — myeloid differentiation primary response protein 88

NFKBIA — nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha
NFKBIE — nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor epsilon
NFKBIZ — nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor zeta
NF-kB — nuclear factor kappa B

NGS - next-generation sequencing

NOTCHL1 — notch homolog 1, translocation-associated

PAXS5 — paired box 5

PET — positron emission tomography

PIM1 — Pim-1 proto-oncogene, serine/threonine kinase

PRDML1 — PR domain zinc finger protein 1

RAG — recombination activating gene

R-CHOP - rituximab, cyclophosphamide, hydroxydaunorubicin, oncovin, prednisone
REL - V-Rel avian reticuloendotheliosis viral oncogene homolog

HRS — Hodgkin and Reed-Sternberg cells

RSS — recombination recognition sequence

S1PR2 — sphingosine-1-phosphate receptor-2

SHM — somatic hypermutation

SOCS1 — suppressor of cytokine signaling 1

STATG — signal transducer and activator of transcription 6

STK11 — serine/threonine kinase 11

TCR — T-cell receptor

TdT — terminal deoxynucleotidyl transferase

TIR — toll/IL-1 receptor domain

TNF — tumor necrosis factor

TNFRSF14 — tumor necrosis factor receptor superfamily, member 14

XBP1 — X-box-binding protein 1
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