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1 Introduction

1.1 General Classification of hematopoietic and lymphatic Malignancies
Lymphomas, together with leukemias and myelomas, belong to the group of
hematological malignancies. They can occur anywhere in the human body and
show very different symptoms, making them a very heterogeneous group.
Lymphomas arise from lymphocytes at different stages of maturation that
originate at some point of their differentiation (Alaggio et al., 2022, Campo et al.,
2022). Circa 85% of all lymphomas derive from B-cells (Mugnaini and Ghosh,
2016).

As the first attempt to classify lymphomas, Hodgkin lymphomas, named after Dr.
Thomas Hodgkin (Stone, 2005), and non-Hodgkin lymphomas are distinguished.

Classic Hodgkin lymphomas account for approximately 10% of all lymphomas,
and according to the Cancer statistics, there were approximately 9000 new cases
and 960 deaths in 2021 in the US (Siegel et al., 2021). The age distribution is
bimodal, with one peak in young adults and another one in people 55 years of
age or older (Glaser and Jarrett, 1996).

While little has changed in recent years in the classification of classic Hodgkin
lymphoma, the group of non-Hodgkin lymphomas has continued to evolve over
the past decades, with more and more subgroups forming based on
morphological, immunophenotypic and genetic features. Although the
classification into Hodgkin and non-Hodgkin lymphomas is outdated, it is still used
as a general categorization. According to the current International Consensus
Classification (ICC), mature lymphoid and histiocytic/dendritic cell neoplasms are
divided into 5 supergroups: mature B-cell neoplasms, classic Hodgkin lymphoma,
mature T- and NK-cell neoplasms, immunodeficiency-associated
lymphoproliferative disorders and histiocytic and dendritic cell neoplasms
(Campo et al., 2022).

Generally, the latest WHO classification of 2022 divides hematolymphoid tumors
in 6 major supergroups: myeloid proliferations and neoplasms, histiocytic/dentritic



cell neoplasms, T-cell and NK-cell lymphoid proliferations and lymphomas,
stroma-derived neoplasms of lymphoid tissues, genetic tumor syndromes and B-
cell lymphoid proliferations and lymphomas, the latter being the most important
supergroup for this thesis. This group includes, among others, the mature B-cell
neoplasms. Follicular lymphomas and large B-cell lymphomas make up the
majority of cases in this group. In addition, the different types of marginal zone
lymphomas represent another part of the mature B-cell neoplasms (Alaggio et
al., 2022). The exact distribution of the frequencies of the different disease
entities varies and is depending on genetics, ethnicity, geographic and
economical factors (Perry et al., 2016).

An overview of the classification is shown in Figure 1.
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Figure 1 Systematic of hematolymphoid tumors. Shown above on the left are the 6 supergroups of
hematolymphoid tumors according to the latest WHO classification of 2022. In the middle, the 4 groups of
B-cell lymphoid proliferations and lymphomas with examples of important entities of mature B-cell neoplasms
are illustrated. Listed on the right are all ymphomas classifying as marginal zone lymphoma, including Nodal
marginal one lymphoma (NMZL) (Alaggio et al., 2022).



1.2 Marginal Zone Lymphoma

Until 2017, NMZL together with Extranodal Marginal Zone Lymphoma (EMZL),
also called MALT Lymphoma (mucosa-associated lymphoid tissue lymphoma),
and Splenic Marginal Zone Lymphoma (SMZL) formed the group of Marginal
Zone Lymphoma (Swerdlow et al., 2017), comprising 7% of all non-Hodgkin
lymphomas (Cerhan and Habermann, 2021). However, there have been some
changes in the latest editions of the WHO classification and the ICC. The pediatric
type nodal marginal zone lymphoma, which has been listed as a subgroup of
NMZL before, is now considered as a separate entity in the group of MZL in the
WHO classification, while the ICC based on the similar clinical, morphological
and molecular features to pediatric-type follicular lymphoma suggested to merge
these two entities under the name of pediatric-type follicular lymphoma with and
without marginal zone differentiation. Moreover, the primary cutaneous marginal
zone lymphoma, which was previously considered part of the EMZL, is listed as
a separate entity of MZL in the WHO classification, while in the ICC, it is assigned
to the lymphoproliferative disorders (Alaggio et al., 2022, Campo et al., 2022).

The entities show some immunophenotypic and histologic overlap. However,
they differ significantly in their clinical presentation, etiology and some genetic
features (Ferry, 2022).

Particularly, the nodal marginal zone lymphoma (NMZL) will be discussed in more
detail below.

1.3 Nodal Marginal Zone Lymphoma

1.3.1 Epidemiology and Cofactors

As NMZL is a rare lymphoma, it only represents approximately 2% of all mature
non-Hodgkin lymphomas (Cerhan and Habermann, 2021). The median age of
patients at the time of diagnosis is 50 to 60 years (Berger et al., 2000), an
exponential increase with age can be observed. The age-adjusted incidence rate
is reported as 6 per 1,000,000 person-years (Cerhan and Habermann, 2021,
Natkunam et al., 2022). However, there is also a pediatric-type of the disease



which is now considered a discrete entity (Salmeron-Villalobos et al., 2022, Di
Napoli et al., 2022). Among males and non-Hispanic whites, a slightly increased

incidence was found (Cerhan and Habermann, 2021).

It has been discussed whether Hepatitis C virus (HCV), could be a cofactor in the
pathogenesis of MZL (Armand et al., 2017). In general, HCV is considered a
group 1 carcinogen and is commonly associated with B-cell ymphomas (Bouvard
et al., 2009). An association of HCV with MZL has been noted in several studies
(Anderson et al., 2008, Dal Maso and Franceschi, 2006). Particularly with respect
to EMZL and NMZL, an association with HCV seropositivity has been noted
(Bracci et al., 2014).

In some studies, an association between NMZL and autoimmune diseases has
been found, among these chronic thyroiditis, rheumatoid arthritis, Sjogren’s
syndrome, hemolytic anemia, systemic lupus erythematosus and rheumatoid
arthritis (Arcaini et al., 2007, Kojima et al., 2007). Especially in females with
autoimmune diseases, a higher incidence has been observed. Moreover, it has
been shown that a family history of NHL is associated with the genesis of NMZL
whereas lower consumption of alcohol, especially wine, reduces it’s risk (Bracci
et al., 2014).

1.3.2 Pediatric Nodal Marginal Zone Lymphoma
Pediatric Nodal Marginal Zone Lymphoma is listed as a separate lymphoma for
the first time in the new ICC and WHO classification while the ICC also considers

its relation to the pediatric-type follicular lymphoma.

Although it shares some aspects with adult NMZL, it differs significantly in some
histological and clinical features (Di Napoli et al., 2022). Age range for this
diagnosis is 2-27 years with a median age of 16 years (Taddesse-Heath et al.,
2003, Rizzo et al., 2010, Quintanilla-Martinez et al., 2016). Nevertheless, the
pediatric type of NMZL was rarely diagnosed in adults as well (Gitelson et al.,
2010, Quintanilla-Martinez et al., 2016). In contrast to adults NMZL, a clear
predominance of male patients has been reported for this variant. The most
common regions for this lymphoma are cervical lymph nodes, followed by inguinal



and submental regions (Taddesse-Heath et al., 2003, Rizzo et al., 2010). In
general, the prognosis is favorable, and the rate of recurrence is very low. It is
considered a localized disease and does not require systemic treatment
(Salmeron-Villalobos et al.,, 2022). Concerning the immunophenotype, co-
expression of CD43 is quite common, also, IgD is co-expressed in up to 25% of

the cases (Rizzo et al., 2010).

1.3.3 Clinical Features

1.3.3.1 Symptoms and Diagnosis
Since it is a rare entity, clinical data on NMZL is lacking and mostly retrieved from
a few rather small clinical trials. However, it’s clinical presentation is similar to
other indolent nodal lymphomas such as FL, and therefore, some aspects such
as risk assessment can be adopted.

Patients with NMZL often present with non-bulky peripheral adenopathy, most
commonly affecting lymph nodes in the head/neck region (Angelopoulou et al.,
2014, Tadmor and Polliack, 2017), but also involving intra-abdominal and
thoracic lymph nodes in approximately 50% and 26% of patients studied,
respectively (Arcaini et al., 2007, Berger et al., 2000). In Arcaini’s et al. study
from 2007, some patients showed a history of autoimmune disease and as many
as 24% had an HCV positive serology (Arcaini et al., 2007). The details of these
cofactors have been discussed above. Bone marrow involvement can be
observed in about 30-45% of patients, while blood involvement is relatively rare
and occurs in only about one in 10 patients. Moreover, it was shown that under
15% present with B- symptoms (Angelopoulou et al., 2014, Tadmor and Polliack,
2017).

Diagnosing NMZL can be challenging. On the one hand, many differential
diagnoses have to be considered whereas, on the other hand, it is difficult to
determine whether it is primarily a nodal MZL or just a nodal manifestation of one
of the other two MZLs. Therefore, an accurate histopathological,

immunophenotypic and genetic analysis is of great importance.



In over 50%, patients are diagnosed at an advanced disease stage. The
laboratory parameters are rather unspecific. LDH elevation can be observed in
about 35-45% of the patients (Angelopoulou et al., 2014). In some cases, an IgM
spike is demonstrated that raises the differential diagnosis with
Lymphoplasmacytic Lymphoma (LPL) (Berger et al., 2005).

In order to evaluate the lymphoma stage, a total body imaging, as well as bone
marrow biopsy must be performed. PET/PET-CT as an imaging modality can be
helpful for staging and treatment response assessment (Cheson et al., 2014,
Hoffmann et al., 2003).

1.3.3.2 Therapy and Prognosis

There is no specific treatment for NMZL and therapies are adapted from more
common indolent B-cell lymphomas. For 20-30 years, therapy was very
heterogeneous, as NMZL was rarely diagnosed (Berger et al., 2000).

In localized stages, lymph node resection with or without radiotherapy is the
favored option, although Ling et al. found that radiotherapy is underutilized in
early stages of MZLs, which has a poor effect on further progression and should
be considered more often (Ling et al., 2016, Tadmor and Polliack, 2017). In
advanced stages, therapy depends on several factors. If patients are
asymptomatic, the “watch and wait” approach may be sufficient. Otherwise,
chemo-immunotherapy is the option of choice. Which agents are optimal for
treatment is currently still tested but studies concerning new agents such as
Bortezomib (de Vos et al., 2009) show promising results. For elderly and unfit
patients, a monotherapy with Rituximab can be considered (Angelopoulou et al.,
2014, Tadmor and Polliack, 2017). Treatment of relapses and progression
depend on many factors such as stage, comorbidities and patient’s age. For
example, Bendamustine plus Rituximab (Rummel et al., 2016) or
radioimmunotherapy (Witzig et al., 2003) can be a therapy of choice.

NMZL is indolent, mostly uncurable and characterized by relapses but it's
outcome is still rather favorable. A 5 years overall survival (OS) has been
calculated in 62-90% (Tadmor and Polliack, 2017) and a median OS of 8.3 years
(Olszewski and Castillo, 2013). Age above 60 years, elevated LDH levels and



Cyclin E expression are factors that lead to poorer OS (Arcaini et al., 2007, Oh et
al., 2006). A progression to large B-cell lymphoma can be observed in 15% of
cases and is rather uncommon (Oh et al., 2006). Since there is no NMZL risk
stratification score, the Follicular Lymphoma International Index (FLIPI) is often
used and appears to have strong prognostic value for NMZL (Heilgeist et al.,
2013).

1.3.4 Pathology and Inmunophenotype

1.3.4.1 Cell of Origin and Pathological Features

As the name implies, NMZL refers to the marginal zone of lymph nodes. The
marginal zone surrounds the mantle zone of germinal centers and is usually not
recognized in lymph nodes (van Krieken and Lennert, 1990). It is suggested that
the cell of origin is a marginal zone memory B-cell with post germinal origin.
However, the exact origin is unclear and MZL can arise from different subsets of
mature B-cells (Thieblemont et al., 2011, van den Brand and van Krieken, 2013).
Both the growth pattern and cellular morphology can be very heterogeneous,
which is why diagnosis is so challenging and often makes NMZL a diagnosis of
exclusion. Nevertheless, some typical morphological patterns in NMZL have
been described in the past. It appears that the nodular and diffuse patterns are
the most common ones. Other observed patterns include the interfollicular as well
as the perifollicular pattern. The diffuse pattern is characterized by small residual
reactive germinal centers, which can be visualized by immunohistochemical
stains for follicular dendritic cells and germinal center markers. Follicular
colonization may be present and raises FL as a differential diagnosis (Camacho
et al., 2003, Salama et al., 2009, Traverse-Glehen et al., 2006, van den Brand
and van Krieken, 2013). Concerning cytology, various cell types are observed in
different distributions, including centrocyte-like cells, plasmacytoid cells, and
monocytoid cells, the latter being rather rare (Traverse-Glehen et al., 2006, van
den Brand and van Krieken, 2013). Plasmocytic differentiation is observed in
several cases and ranges between 22% and 47% of the cases (van den Brand
and van Krieken, 2013).



A number of NMZL are characterized by morphological similarities with SMZL.
These cases typically show small to medium sized lymphocytes with pale
cytoplasm in proximity to residual small regressive germinal centers. Often, these
cells express IgD, which is unusual in NMZL (Campo et al., 1999).

1.3.4.2 Immunophenotype

In general, the immunophenotype of NMZLs is not very specific and is similar to
the other MZL subsets. The neoplastic cells are positive for pan B-cell markers
such as CD19, CD20, CD22, and CD79a. BCL2 is positive in the vast majority of
cases, but still varies from 43% to 100% of cases in different studies. CD23, which
is a marker for follicular dendritic cells (FDC) is negative in the tumour cells and
can be helpful to reveal remaining atrophic germinal centers (Traverse-Glehen et
al., 2006, van den Brand and van Krieken, 2013). Immunoglobulins IgM or IgD
are expressed in about 30% of cases, with IgD expression more commonly in
cases with SMZL-like morphology as mentioned above (Campo et al., 1999,
Traverse-Glehen et al., 2006). To distinguish NMZL from mantle cell lymphoma,
cyclin D1 staining is performed, which should be negative in NMZL, in contrast to
its typical positivity in mantle cell lymphoma (van den Brand and van Krieken,
2013). Co-expression of CD43 is observed in 5-75% of cases, whereas CD5 is
aberrantly expressed in up to 17% of cases (Jaso et al., 2013, van den Brand
and van Krieken, 2013). In addition, staining for the germinal center markers
CD10, BCL6, HGAL, and LMO2 should always be performed when NMZL is
suspected to rule out FL. In general, if more than one of these markers is co-
expressed, FL as a differential diagnosis must be considered (Dyhdalo et al.,
2013). If plasma cell differentiation is present, co-expression of plasma cell
markers CD138 and MUM1 can often be observed, sometimes even without
evidence of plasma cell differentiation (Camacho et al., 2003, Molina et al., 2011,
Traverse-Glehen et al., 2006). Furthermore, a kappa or lambda light chain

restriction can be observed in some cases (Camacho et al., 2003).



1.3.5 Genetic Landscape

Data on the genetic landscape of NMZL are mostly from studies with rather small
numbers of cases, which could explain the partly contradictory results. However,
the genetics of NMZL have been better studied in recent years and some results
have been established. An overview of NMZLs genetic landscape out of a review

by Pillonel et al. is shown below (Figure 2) (Pillonel et al., 2018).

In some aspects the results of all studies agree including that KMT2D, a histone
methyltransferase, is one of the most frequently mutated genes in NMZL. It is
important to note that the KMT2D mutation is significantly more common in NMZL
compared to SMZL (34% in NMZL vs. 8% in SMZL). This might help to distinguish
these two entities which otherwise show similar mutational patterns (Pillonel et
al., 2018, Spina et al., 2016, van den Brand et al., 2017). In NMZL collectives,
mutations were also found in other epigenetic regulators such as the
acetyltransferases CREBBP and TBL1XR1 in up to 20% of cases. However,
KMT2D, CREBBP and EZHZ2 mutations also occur frequently in FL (Nann et al.,
2020). The majority of studies found that KLF2 mutations are present in up to
17% of NMZL cases. Note that this mutation also commonly occurs in SMZL
(Pillonel et al., 2018, Spina et al., 2016).

Another genetic characteristic of NMZL is the absence of the MYD88 L265P (now
referred to as L252P) mutation, which is important for its differentiation to LPL
(Pillonel et al., 2018). Nevertheless, the presence of the latter mutation should
not directly lead to the exclusion of diagnosing NMZL since Cheah et al.
demonstrated that few cases can actually show presence of those mutations in
NMZL (Cheah et al., 2022, Knauf et al., 2021). However, that continues to be a

topic of discussion.

Furthermore, oncogenic mutations in genes involved in NOTCH and NFkB
pathways are frequently found in NMZL, which is significant because it represents
potential sites of therapeutical intervention. These include recurrent lesions in
NOTCH1, SPEN, DTX1, BCL10, and TNFAIP3 (Pillonel et al., 2018, Spina et al.,
2016, van den Brand et al., 2017). However, the latter occurs more frequently in
EMZL, specifically in ocular adne3xal MZL (Moody et al., 2017).



There are different opinions about the presence of lesions in the PTPRD gene, a
tumor suppressor: In the work of Spina et al. mutations were found in 14.3% of
NMZL. This could be an important discovery as this gene mutation is rarely found
in other mature B-cell lymphomas, specifically in any other MZL subgroup,
implying that PTPRD mutations could be specific for NMZL (Spina et al., 2016).
However, this could not be confirmed in the genetic analyses of Pillonel et al.,
where this mutation was not identified. Instead, in this second study TET2, EZH?2
and BRAF mutations were found, which was novel, as these were not detected
in previous studies. Especially the latter is an important discovery, as it is one of
the most frequently mutated genes in cancer (Davies et al., 2002). Moreover, it
is a therapeutic target of BRAF kinase inhibitors (Sosman et al., 2012, Tiacci et
al., 2015), and is known to be typical for hairy cell leukemia (HCL) (Pillonel et al.,
2018, Tiacci et al., 2017). Mutations were found in 16% of the NMZL cases,
mostly those strongly expressing IgD (Pillonel et al., 2018). Results regarding the
presence of mutations in the FAS gene encoding for a receptor of the TNF family
(Wajant, 2002) were divergent. While one study postulated its absence (Bertoni
et al., 2000), mutations have, in fact, been detected in more recent studies
(Pillonel et al., 2018, Spina et al., 2016).

In summary, no specific mutation has been identified for this entity. However, the
mutational profile is characteristic and might be helpful for the differential

diagnosis with other small B-cell lymphomas in difficult cases.
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Figure 2 Recurrently mutated pathways in NMZL. The colored bars indicate frequency of mutations in
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each pathway are cumulated. Source: (Pillonel et al., 2018).
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1.3.6 Relevant Differential Diagnosis

1.3.6.1 Follicular Lymphoma

Follicular Lymphoma (FL) is one of the most important differential diagnoses of
NMZL. It is one of the most common mature NHLs and accounts for about 10-
20% of all lymphomas (Teras et al., 2016). It is mostly found in lymph nodes but
can also occur in other sites such as the Gl tract or spleen. Recently, FLs can be
subdivided into conventional FLs (cFL) and less common subtypes. The
conventional FLs are quite unequivocal to be diagnosed in most cases.
Histologically, they show a follicular growth pattern and mostly present with the
classic t(14;18)(932;921) translocation (Xerri et al., 2022). Especially in grade 1
and 2 FLs this translocation is observed in 90% (Rowley, 1988), whereas it is less
common in grade 3B FLs (Ott et al., 2002). This translocation leads to constitutive
BCL2 expression, which can be immunohistochemically demonstrated (Leich et
al., 2016). However, of particular importance for this work are the translocation
negative FLs, which account for approximately 10-15% of all FLs (Xerri et al.,
2016). Some of these BCL2 negative FLs express CD23, which has been shown
to correlate with the presence of STAT6 mutations in over 85% of cases. In fact,
the expression of CD23 is a good surrogate marker for STAT6 mutations (Nann
et al., 2020). Because of this, the ICC recognizes BCL2 negative CD23+ FL as a
provisional entity. This entity is not recognized in the new WHO classification
(Laurent et al., 2023).

Histologically, a number of FLs show monocytoid B-cell differentiation with
monocytes in the marginal and perifollicular zone (Nathwani et al., 1999). These
are the cases that predominantly raise MZL as a differential diagnosis. In MZL on
the other hand, follicular colonization can be observed occasionally, which is
typical for FL (Camacho et al., 2003). Immunohistochemically, FL is positive for
pan B-cell markers such as CD19, CD20, CD22, and CD79a. It is also habitually
BCL2, BCL6, and CD10 positive and CD5 and CD43 negative. Germinal center
markers such as LM02 and HGAL are not routinely stained but are helpful in
differentiating it from NMZL (Menter et al., 2015, Natkunam et al., 2007). Other

important markers for distinguishing these two entities are IRTA1 and MNDA,
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which are usually positive in NMZL and negative in FL (Falini et al., 2012, Kanellis
et al., 2009).

Concerning the common genetic profile of FL, frequently mutated genes include
KMT2D, TNFRSF14, EZH2, and CREBBP (Carbone et al., 2019).

1.3.6.2 Chronic Lymphocytic Leukemia

CLL is the most common form of chronic leukemia in western countries,
accounting for about 7% of all NHLs. It is characterized by the expansion of
mature monoclonal cells in blood, bone marrow, spleen and lymph nodes. CLL
occurs more frequently in elderly patients and to date is not curable. As an
indolent lymphoma, it initially progresses insidiously. Many cases are detected by
chance in a peripheral blood routine examination. Most cases are preceded by
monoclonal B-cell proliferation without symptoms. Sometimes, however, affected
patients primarily present with lymphadenopathy or splenomegaly (Swerdlow et
al., 2017, Naresh et al., 2022)

Microscopically, the histologic picture in lymph nodes is defined by small
lymphocytes  with round nuclei, prolymphocytes, and scattered
paraimmunoblasts. Proliferation centers appear paler and are also referred to as
pseudofollicles (Lennert, 1978, Swerdlow et al., 2017). Some cases also show
plasmacytoid differentiation (Bonato et al., 1998, Lennert, 1978).

Immunohistochemically, the cells are weakly positive for typical B-cell markers
such as CD19 and CD20. Commonly, they are positive for CD23, CD5, and
CD200 and negative for CD10 (Swerdlow et al., 2017). Rarely, however, CD23
or CD5 negative cases can be observed. Especially in cases with an atypical
immunophenotype, other B-cell neoplasms such as NMZL should be considered
as differential diagnosis (Criel et al., 1999, Matutes et al., 1996).

Concerning genetic alterations, the most prevalently mutated gene in CLL is
NOTCH1 in 4-20% of all cases. Other frequently found genetic alterations
concern the genes FBXW?7, TP53, ATM, POT1, BIRC3 and MYD88 (Bosch and
Dalla-Favera, 2019), which are all included in the customized panel for analyzing
NMZL in this thesis.
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1.4 Mutational Analysis using Next Generation Sequencing

Sequencing technologies can be divided into 3 generations. First generation
sequencing, known as the Sanger method, is replaced steadily by more
advanced and high-efficiency technologies. Nevertheless, Sanger Sequencing
marks the beginning of decoding the human genome and is still applied in some
domains. The principle of this method is the incorporation of dideoxy nucleotides
which lack a 3’'OH group into a DNA chain. However, this chemical group is
indispensable for the DNA polymerase to bind the next nucleotide to the growing
chain. Thus, in Sanger sequencing, chain terminates when a ddNTP is bonded
to the DNA chain. Since these modified NTPs are labeled, they can be detected
and the sequence subsequently decoded (Sanger et al., 1977). A major
disadvantage of this method is that only one reaction can be analyzed at a time
and the allelic frequency should be >15% in order to be detected. That problem
was mastered in more advanced technologies of second and third generation
sequencing, where millions of reactions run in parallel at the same time (Tucker
et al., 2009). While the second generation still requires amplified DNA for
sequencing, this is no longer necessary with the third generation, which means
that individual molecules may be sequenced with these technologies (Heather
and Chain, 2016). Next generation sequencing, which was the method of choice
in this thesis, is a second-generation technology and will be explained in more
detail below. In NGS, many short clonally amplified DNA or RNA molecules are
sequenced in parallel. The best-known technologies here were developed by
lonTorrent and lllumina, the former being used in this work and visualized in
Figure 3. In several steps, sample libraries are created from extracted DNA. First
core step is a physical, chemical or enzymatic DNA fragmentation to reach
optimal size. The ends of those fragments are then repaired to enable adapter
ligation. These are used for recognition of fragments in the instrument and contain
an individual barcode sequence for each sample that serves for identification
when samples are brought together later. For higher quality sequencing, the
pools are then purified and concentrated which is essential for optimizing the
process. In the subsequent clonal amplification, the DNA fragments are captured
in numerous micelles, each with adapters, dNTPs, primers and DNA polymerase,
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creating a micro PCR reactor in each individual micelle. On a semiconductor chip,
each micelle is dropped into a microwell. This chip is then flooded with the bases,
adenine, cytosine, guanine and thymine one after the other. As soon as one of
these bases is incorporated into the growing chain of a fragment, a hydrogen ion
is chemically released, which is detected by a pH sensor and finally translated
into digital data (Hu et al., 2021a, van Dijk et al., 2014, Liu et al., 2012). Since
this takes place in many reaction chambers simultaneously, a very large amount
of data is generated, which must be analyzed in a multilevel system. In primary
and secondary analysis, the quality of the data is analyzed by the instrument itself
and the coverage is assessed. Moreover, the data is aligned to a human
reference genome and upon those differences, variants are called. In tertiary
analysis, the variants are categorized and interpreted using different tools to
evaluate its significance (Hu et al., 2021a).

DNA Isolation Library Generation Library Quantification

Sequencing lon Clonal Amplification
GeneStudio S5 Prime and Enrichment lon Chef

Figure 3 Next-Generation Sequencing Workflow. The process of NGS using the lonTorrent technology
is shown in the diagram above. Starting with isolating DNA from desired material, generating and then
quantification libraries prepared from extracted DNA, clonally amplifying and sequencing them and finally
analyzing the digital data (exemplary workflow Institute of pathology Tibingen).
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1.5 Aim of this Thesis

Many hematologic neoplasms have been investigated precisely in the past by
numerous studies with large patient collectives using different methods. This
allowed to collect data concerning genotype, pathology and clinical presentation,
which led to better and more targeted therapy. This is not the case for NMZL, as
it is considered a rare entity, and therefore, few studies have been published due
to the small patient numbers. Even the existing studies usually have a very small
number of patients, which makes it difficult to attain statistically significant results.
Especially with respect to genetic information, there is a lack of sufficient data.
NMZL is considered in the group of small B-cell lymphomas. While FL and CLL
have a characteristic phenotype, which facilitates their diagnosis in routine
practice, NMZL lacks specific markers, and therefore, is considered a diagnosis
of exclusion. There is currently a great interest in researching the genetics of this
entity in more detail and compare the results with other disease entities to
facilitate the diagnosis in difficult cases.

The aims of this study were:

1. To identify all cases with the diagnosis or differential diagnosis of NMZL in
the last ten years from the archives of the Institute of Pathology, University
Hospital Tubingen

2. To review all cases morphologically and phenotypically to confirm the
diagnosis of NMZL. Those cases where a differential diagnosis with other
small B-cell lymphoma was still entertained were included in the study.

3. All cases with available material will be analyzed using Next Generation
Sequencing with a custom panel containing 78 genes. The results will be
compared to the mutational landscape reported in other entities.

4. To compare the genetic characteristics with the morphology and
phenotype of the tumors in order to recognize possible subgroups.

The final aim of the study is to facilitate the diagnosis of this disease, ease its
distinction to other similar small B-cell lymphomas and help to discover novel
therapeutic strategies.
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2 Material and Methods

2.1 Material

2.1.1 Patient samples

For the selection of the patient collective for this study, a search was performed
using the current digital program in the Institute of Pathology -Nexus. The
search was performed from 2010 to June 2021 looking for cases with the
diagnosis or differential diagnosis of nodal marginal zone lymphoma. All existing
sections of these cases were then retrieved from the archive. Most of them
could be found in the archives of the Institute for Pathology and Neuropathology
at the University Hospital Tubingen. For some of the consult cases, material
was requested from the archives of the University Institute of Pathology
Salzburg or Stuttgart. For the following DNA extraction, rolls and slides of 5um
were cut by experienced technicians. In some cases, DNA was already
available and extracted for previous diagnostic analysis. The study was
approved by the Ethics Committee of the Medical Faculty of the University of
Tubingen (211/2021B0O2).

2.1.2 Chemicals and Reagents

Chemicals and Reagents Company
Agencourt AMPure XP Beckman Coulter
dNTP Thermo Fisher Scientific
Ethanol absolute AppliChem
HighPrep Biozym
Invitrogen™ UltraPure™ Distilled Water Thermo Scientific
Hamatoxilin Il Roche

Blueing reagent Roche
TRIS/Borat/EDTA Puffer (Cell Conditioning I, | Roche

CCB1)

Protease 1 Roche
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Antibodies for Immunohistochemical Staining:

Antibody (clone) Company Dilution

CD20 (L26) Agilent Dako 1:1000

CD5 (SP19) Medac 1:100

CD10 (SP67) Roche Ready to use

BCL6(GI191E/A8) Roche Ready to use

BCL2 (100D5) DCS 1:20

IgD (poly rabbit) Agilent Dako 1:1000

Ki67 (MIB-1) Agilent Dako 1:400

Cyclin D1 (SP4) Roche Ready to use

CD3 (2GV6) Roche Ready to use

CD23 (SP23) Roche Ready to use

Kappa (poly rabbit) Agilent Dako 1:25.000

Lambda (poly rabbit) Agilent Dako 1:25.000
2.1.3 Kits for Genetic Analysis

Kit Company

AmpliTaq Gold® DNA Polymerase

lon 530™ & lon 540™ Kit — Chef

lon 530™ Chip & lon 540TM Chip — Kit
lon AmpliSeq™ Library Kit 2.0 - 96LV
lon Library TagMan™ Quantitation Kit

OptiView Amplification Kit
Maxwell® RSC FFPE Plus DNA Purification KIT

QlAxcel DNA Kit

Qubit™ dsDNA HS Assay Kit
Qubit™ dsDNA BR Assay Kit

2.1.4 Oligonucleotide Sequences

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Roche

Promega Corporation
QIAGEN

Thermo Fisher Scientific

Thermo Fisher Scientific

PCR Primer to assess DNA integrity (van Dongen et al., 2003):

18



Primer Sequence (5°-3 orientation)
AF4/X3U GGAGCAGCATTCCATCCAGC
AF4/X3L CATCCATGGGCCGGACATAA
AF4/X11U CCGCAGCAAGCAACGAACC
AF4/X11L GCTTTCCTCTGGCGGCTCC
PLZF/X1U TGCGATGTGGTCATCATGGTG
PLZF/X1L CGTGTCATTGTCGTCTGAGGC
RAG1/X2U TGTTGACTCGATCCACCCCA
RAG1/X2L TGAGCTGCAAGTTTGGCTGAA
TBXAS1/X9U GCCCGACATTCTGCAAGTCC
TBXAS1/X9L GGTGTTGCCGGGAAGGGTT

lon Xpress™ Barcoding Adapters (example):

lonXpress_030: CGAGGTTATC

Single Amplicon Primer (example):

These primers were used to validate mutations with low allelic frequency.

Red sequence is the adapter, green the barcode, black marks sequence for

distinguishing barcode from sequence specific part, blue part genome sequence

for PCR amplification.

Primer

Sequence (5°-3 orientation)

KLF2_E318_BC70_A_F

KLF2_E318_BC70_A_R

KLF2_E318_trP1_F

KLF2_E318_trP1_R

CCATCTCATCCCTGCGTGTCTCCGACTCAG
GAT

CCATCTCATCCCTGCGTGTCTCCGACTCAG
GAT

CCTCTCTATGGGCAGTCGGTGAT

CCTCTCTATGGGCAGTCGGTGAT
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2.1.5 Devices

Utilization Device Company

Staining BenchMarkULTRA staining Roche
automate

Centrifuge Combi-Spin FVL-2400N Peqlab

DNA Extraction
Electrophoresis
Fluorometer
NGS system

Microscope
Pipettes

Spectrophotometer
Thermal Cycler

Thermoshaker
Vortexer

Workstations

Heraeus Multifuge 1L-R
PerfectSpin Mini centrifuge
Maxwell® RSC Instrument
QIAxcel Advanced Instrument
Qubit® Fluorometer

lon Torrent lon Chef™ System
lon Torrent lon S5™ System
Axiostar 2

PIPETMAN® Classic
Research® plus

NanoDrop™ 2000
GeneTouch Thermal Cycler
Mastercycler® nexus
X2/GX2e LightCycler® 480 I
Thriller®

Vortex-Genie™ 2
HERAsafe™ biological

safety cabinet

Thermo Fisher Scientific
Peqglab

Promega Corporation
QIAGEN

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Carl Zeiss

Gilson

Eppendorf

Thermo Fisher Scientific
Biozym

Eppendorf

Roche

Peqglab

Scientific Industries SI™

Thermo Fisher Scientific

UV Sterilizing PCR Peqlab
workstation
2.1.6 Software
Utilization ‘ Software ‘ Company
Citation/Reference | EndNote™ 20.4 Clarivate Analytics
management
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Electrophoresis
analysis

Genomics Viewer
Patient/Sample
management

Primer Design

Data analysis

Writing

QlAxcel ScreenGel Software QIAGEN

Integrative Genomics Viewer Broad Institute
(v.2.8.0)

PAS.net Nexus

Primer3 (v.4.1.0) Whitehead Institute for

Biomedical Research
lon Torrent Suite Software (v.5.12 Thermo Fisher Scientific

and v.5.16.1)

lon Reporter (v.5.16.0.2 and Thermo Fisher Scientific
v.5.18.2.0)

Word 2021 (v.16.48) Microsoft

2.1.7 Consumable supplies

Supplies for laboratory routine such as pipette tips, reaction tubes and medical

examination gloves were provided by the following companies: Abena, Biozym,

Eppendorf, Falcon, Greiner, Neolab and Sarstedt.

2.1.8 Companies

Company Headquarter

Abena Aabenraa, Denmark

Agilent Dako Santa Clara, United States of America
AppliChem Darmstadt, Germany

Beckman Coulter Brea, CA, United States of America
Biozym Oldendorf, Germany

Carl Zeiss Oberkochen, Germany

Clarivate Analytics

Philadelphia, PA, United States of

America
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DCS Hamburg, Germany

Eppendorf Hamburg, Germany

Falcon Corning, NY, United States of America

Gilson Middleton, WI, United States of
America

Greiner Kremsmunster, Austria

Microsoft Redmond, WA, United States of
America

Medac Wedel, Germany

Neolab Heidelberg, Germany

Nexus Villingen-Schwenningen

Peqlab Erlangen, Germany

Promega Corporation Fitchburg, WI, United States of
America

Qiagen Venlo, Netherlands

Roche Basel, Switzerland

Sarstedt NUumbrecht, Germany

Scientific Industries SI™ Bohemia, NY, United States of
America

Thermo Fisher Scientific Waltham, MA, United States of
America

2.2 Study Design

Firstly, cases with diagnosis or differential diagnosis of NMZL mentioned in any
of the documents found in the program Nexus/Pathologie (PAS.net) were
preselected and evaluated if suitable for the study. People under the age of 18
and cases where a different diagnosis has been established have been excluded.
Cases in which enough material was available, were morphologically evaluated
and if considered suitable, were further analyzed using NGS. Finally, a
morphological reevaluation took place (Figure 4).
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Collecting potential cases with
Diagnosis/Differential Diagnosis NMZL in PAS.net

» Exclusion of cases

Study criteria?

CEEE—

Retrievent of available Material from Archives

Availability? » Exclusion of cases

*

Microscopial Evaluation

» Exclusion of cases

Evaluation

Cm—

DNA Extraction

<4==

NGS Conduction

Data Quality? » Exclusion of cases

m—

NGS Data Analysis

l

Microscopial Reevaluation

Figure 4 Flowchart of approach to the study and sample selection. After collecting a preselection of all
cases in which NMZL was mentioned in any of the documents, available material of suitable remaining cases
was retrieved. After microscopical evaluation, DNA extraction and NGS conduction took place. Samples with
sufficient quality were analyzed and reevaluated under the microscope.
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2.3 Microscopy

To assess all cases morphologically prior to genetic analysis, all available
retrieved slides from the archives were evaluated together with Prof. Dr. Leticia
Quintanilla Fend and Dr. Dominik Nann. Slides included HE and a range of
immunohistochemical stainings for each case. In most cases, more
immunohistochemical markers were necessary for better evaluation, and
therefore, stained by technicians from the Institute upon request. Samples were
only approved to subsequent analysis if after histological assessment, NMZL was
still considered as a probable differential diagnosis. if they were still suitable for
the study after histological assessment.

2.4 Immunohistochemical Staining

The BenchMark ULTRA fully automatic stainer was used for all the
immunohistochemical staining. The following steps were performed automatically
in the machine according to the manufacturer's protocols.

First, the slides were deparaffinized.

Next, the slides were pretreated with different reagents for antigen retrieval. For
the stains CD20, CD5, CD10, BCL6, BCL2, IgD, Ki67 (MIB-1) and Cyclin D1, the
slides were boiled in a TRIS/Borate/EDTA buffer (Cell Conditioner 1; CC1) for 64
minutes, for CD3 and CD23 for 32 minutes. For kappa and lambda staining
Protease 1 was used as pretreatment; for kappa for 8min, for lambda for 4min.
The next steps were conducted using the OptiView Amplification Kit. First, H202
was applied to all slides to block background staining. The next step was the
staining with the respective primary antibody, again using different incubation

times and temperatures:

Antibody Temperature Duration
CD20, CD5, CD10, BCL6, BCL2, IgD, | 37°C 32min
Ki67 (MIB-1), Cyclin D1, CD23, kappa

CD3 Room temperature | 20min
Lambda Room temperature | 16min

24



The bridging antibody (hydroxyquinoline xylene) was then added, followed by the
secondary antibody (HRP (Horseradish peroxidase) multimer). Finally, H202,
copper and the DAB (Diaminobenzidine) were added. The treatment with the
OptiView kit was then completed. For counterstaining, hematoxylin Il was
incubated for 20 minutes and a bluing reagent for 8 minutes. The slides could
then be removed from the machine. Finally, the sections were washed,
dehydrated and covered for airtight sealing.

2.5 DNA extraction

2.5.1 Preparation of the samples for the following DNA extraction

To perform a mutation analysis of paraffin embedded samples, one first must
extract the DNA from the samples for further experiments. At first, the selected
FFPE samples (rolls) were centrifugated briefly. Then, 180ul incubation buffer
was added to each sample, followed by 20yl proteinase K. After that, the samples
were transferred to a thermocycler to be incubated overnight at 70°C to let
proteinase K digest the proteins. The preparation of the samples was performed

in several runs.

2.5.2 Extraction of the DNA

For the automated extraction of DNA from FFPE samples, the Maxwell RSC
Instrument was used. One cartridge and one 0,5mL elution tube per sample were
placed in the Maxwell RSC Cartridge Rack. As the next step, 60uL nuclease-free
water was added into each elution tube. The overnight incubated samples were
now transferred from the thermocycler to a centrifuge and centrifuged for 10s to
get all contents to the bottom of the tube and avoid losing any DNA when opening
the lids. 400pl lysis buffer was added to each sample. Each sample was
transferred individually into the first well of the cartridge. Then, the loaded rack
was placed into the Maxwell instrument. The following automated process of
extracting the DNA took 24min. After that, the elution tubes were centrifugated
briefly and placed on a magnetic stand to isolate the magnetic beads from the
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eluate. The eluate without magnetic beads was transferred into the new labeled
1,5mL tubes. To extract DNA from all samples, all steps above were performed

in several runs.

2.5.3 Determination of nucleic acid concentration

To determine the concentration of DNA in the samples, two methods were used.
Firstly, all DNA (single and double strand) in the samples was measured using
NanoDrop 2000, then only intact double stranded DNA was measured using the
Qubit Fluorometre 3.0.

To calibrate the NanoDrop 2000 instrument, 1 uL of distilled water was added to
the lower pedestal and measured. To measure the nucleic acid concentration of
the samples, 1uL of the respective sample was added to the lower pedestral and

measured.

For the double strand DNA quantification using Qubit 3.0, a working solution was
prepared at first. Therefore, Qubit dsDNA HS reagent had to be thawed protected
from light. To dilute the Qubit dsDNA HS reagent, 199uL Qubit dsDNA HS buffer
per sample and 1uL reagent per sample were combined. Into new tubes, 199uL
of the working solution and 1L of the respective sample were added, resulting
in a total of 200pL per tube. To measure the samples, the program “dsDNA High
Sensitivity” was selected. One by one, each tube was inserted into the Qubit

fluorometer and the concentration measured.

2.5.4 PCR to analyze integrity of the DNA

Extracted DNA from paraffin embedded tissue can be quite fragmented. For
further experiments, it is important to determine the length of fragments of the
extracted DNA to estimate it's integrity. Therefore, a multiplex PCR with
amplification of gene products of different lengths was performed with all
samples. When performing PCR it is very important to respect a strict separation
of rooms for preparing the PCR mix and adding the extracted DNA to avoid any
contamination of PCR materials. To ensure that all equipment was free of DNA,
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PCR tubes, water, buffer, tube for PCR mix and MgCl2 was UV-irradiated for
30min. While material was being irradiated, dNTPs and primermix was thawed
protected from light. After irradiation was done, the PCR master mix was
prepared:

Tabular protocol for PCR mix per sample:

Reagent Volume
ddH20 16,8uL
10x Buffer Il 2,5uL
25mM MgCl2 2uL
AmpliTaq Gold DNA Polymerase (5U/uL) | 0,2uL
dNTPs (10mM) 0,5uL
Primer mix (Primer AF4/X3 2,5uM, all | 2uL
others 1,25uM)

Total 24pL

One PCR master mix was prepared for all samples combining the contents listed
above. Before adding the DNA Polymerase, it is important to centrifugate only
briefly to avoid destroying the enzymes. 24puL of the PCR master mix was added
to each PCR tube. Then, 50ng of the extracted DNA was added to the respective

PCR tube. The tubes were then inserted into the Thermocycler.

Tabular PCR program:

Temperature (°C) Duration
95°C 7min

35 cycles:

95°C 45s

60°C 45s

72°C Tmin

72°C 4min

16°C Until removal
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To perform gel electrophoresis to assess length of the DNA fragments, QlAxel
Advanced was used. Therefore, 15uL of each sample was transferred into new
PCR tubes and put into the QIAxel Advanced, where the automated gel
electrophoresis was performed.

2.6 lon Torrent Next-Generation Sequencing

2.6.1 Oncomine Lymphoma lll Panel

On all cases, NGS was conducted using the Oncomine Lymphoma Ill Panel
which is an Oncomine tumor specific custom panel by Thermo Fisher Scientific.
It was designed using the AmpliSeq Designer (v.7.49) and covers 78 which are
listed in the table below (Table 1).

The former mutation MYD88 p.L265P under the reference number NM_002468
is now referred to as MYD88 p.L252P under the reference number NM_002468.5.
For clarity, the old nomenclature is used throughout this thesis as this was still

the valid one at the time the results were analyzed, and the thesis was written.

Table 1 Oncomine Lymphoma lll Panel. Customized panel for the analysis of nodal marginal zone
lymphoma. All genes are listed with transcript number and region (Hotspot= only hotspot region is covered;

CDS= 95.80% of the complete coding sequences is covered).

Gene Transcript Region Gene Transcript Region
ALK NM_004304.5 Hotspot CREBBP NM_004380.3 CDS
ARAF NM_001654.5 Hotspot CXCR4 NM_001008540 CDS
BRAF NM_004333.6 Hotspot EP300 NM_001429.4 CDS
BTK NM_000061.3 Hotspot ETV6 NM_001987.5 CDS
CARD11 NM_032415.6 Hotspot EZH2 NM_004456.5 CDS
CBL NM_005188.4 Hotspot FAS NM_000043.6 CDS
CCND1 NM_053056.3 Hotspot FBXW7 NM 033632.3 CDS
CD79B NM_001039933.3 | Hotspot GNA13 NM:006572.6 CDS
DDR2 NM_006182.4 Hotspot | H1-4 (HIST1H1E) NM 005321.3 CDS
GATA2 NM_032638.5 Hotspot HLA-B NM:00551 4.8 CDS
H3C2 (HIST1H3B) NM_003537.4 Hotspot ID3 NM 002167.5 CDS
IKBKB NM_001556.3 Hotspot IRF4 NM:002460.4 CDS
KRAS NM_033360.4 Hotspot JAK2 NM 004972.4 CDS
MAP2K1 NM_002755.4 Hotspot JAK3 NM:00021 5.4 CDS
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MTOR NM_004958.4 | Hotspot KLF2 NM 016270.4 CDS
MYD88 NM_002468 Hotspot KMT2D NM_003482.4 CDS
PAX5 NM_016734.3 | Hotspot MEF2B NM 0011457852 | CDS
RHOA NM_001664.4 | Hotspot myc NM_002467.6 CDS
SF3B1 NM_012433.4 | Hotspot NFKBIA NM 020529 3 CDS
STAT3 NM_139276.2 | Hotspot NOTCH1 NM_017617.5 CDS
STAT5B NM_012448.4 | Hotspot NOTCH2 NM 024408.4 CDS
XPO1 NM_003400.4 | Hotspot PIM1 NM_002648.4 CDS
ARID1A NM_006015.6 CDS PLCG2 NM 0026615 CDS
ARID1B NM_001371656.1 | CDS POT1 NM_015450.3 CDS
ATM NM_000051.3 CDS PRDM1 NM_001198.4 CDS
B2M NM_004048.3 CDS REL NM_002908.4 CDS
BCL2 NM_000633.2 CDS SGK1 NM_001143676.1 | CDS
BCL6 NM_001706.5 CDS SMARCA4 NM_001128849.3 | CDS
BCL10 NM_003921.5 CDS socs1 NM_003745.1 CDS
BCL11A NM_022893.4 CDS SPEN NM_015001.3 CDS
BIRC3 NM_182962.3 CDS STAT6 NM_003153.5 CDS
BTG1 NM_001731.3 CDS TCF3 NM_001136139.4 | CDS
BTG2 NM_006763.3 CDS TERC NR_001566 CDS
CCR4 NM_005508.5 CDS TET2 NM_001127208.2 | CDS
cD28 NM_006139.4 CDS TMSB4X NM_021109.4 CDS
CcD70 NM_001252.5 CDS TNFAIP3 NM_001270507.2 | CDS
CD79A NM_001783.4 CDS TNFRSF14 NM_003820.3 CDS
CDKN2A NM_001195132.1 | CDS TP53 NM_000546.5 CDS
CHD2 NM_001271.4 CDS TRAF3 NM_003300.4 CDS

2.6.2 PMZL Panel

In 33 cases we analyzed the PTPRD gene in addition to the 78 genes included

in the Oncomine Lymphoma Il panel. For this purpose, an existing AmpliSeq

custom panel by Thermo Fisher Scientific, which was originally designed for

PMZL and contains the PTPRD gene, was used. The preparation of the samples

for this panel was performed by Rebecca Braun and Franziska Mihalik. It covers

the 6 genes which are listed in the table below (Table 2).
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Table 2 PMZL Panel. Panel originally designed for the analysis of PMZL including the PTPRD gene. The 6
genes are listed with transcript number and region (Hotspot= only hotspot region is covered; CDS= 93.53%
of the complete coding sequences is covered).

Gene Transcript Region
KLF2 NM_016270.4 CDS
NOTCH3 NM_000435.3 CDS
PTPRD NM_002839.4 CDS
TET2 NM_001127208.3 CDS
TBL1XR1 NM_024665.7 CDS

BRAF NM_004333.6 Hotspot

2.6.3 Generation of Amplicon Libraries

The AmpliSeq™ Library Kit 2.0 - 96LV was used to generate Amplicon libraries
for NGS. All steps were performed following the manufacturer’s instructions.
Initially, all samples were diluted to a DNA concentration of 5ng/uL with water.

2.6.3.1 AmpliSeq PCR

For decontamination, all tubes and aliquoted water was UV-irradiated for 30min.
At first, a PCR MasterMix was prepared for each sample, containing 3,5uL of
ddH20 and 5pL HiFi Mix, which had to be thawed on ice. To that mix, 4L of the
respective sample was added, resulting in a total of 12,5uL. Then, one PCR tube
with 5uL of primer pool 1 and one PCR tube with 5uL of primer pool 2 of the
Oncomine Lymphoma Il was filled for each sample. As the next step, SuL of the
PCR mix of the respective sample was added to each of the two PCR tubes with
pool 1 and 2, now containing a total of 10uL. Afterwards they were put into a
ThermoCycler and the first PCR with the following program was performed:

Temperature (°C) Duration

99°C (Initial Denaturation) 2min
17/18 cycles:

99°C (Denaturation) 15s
60°C (Annealing/Extension) 8min
10°C (Hold) Until removal
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2.6.3.2 Primer Digestion and Barcode ligation

For Primer digestion, 2uL of FuPa reagent was added to each library and then

vortexed carefully. In a ThermoCycler, libraries were incubated for another 40min.

After that, ligation with barcoding sequencing adapters was performed and

libraries were incubated again.

Tabular Barcode ligation protocol:

Reagent Quantity
Switch Solution 4uL
DNA Ligase 2uL
Barcode 2uL
Digested Amplicons 22uL
End volume 30uL
Incubation protocols are shown below:
Primer Digestion:
Temperature (°C) Duration
50°C 10min
55°C 10min
60°C 20min
10°C Until 1h
Barcode Ligation:
Temperature (°C) Duration
22°C 30min
68°C 5min
72°C 5min
10°C Until 1h
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2.6.3.3 AMPure Purification

To purify the libraries, AMPure XP magnetic beads were used.

First, 45uL of AMPure reagent was added to each library and incubated for 5min
at room temperature. After incubation, tubes were placed on a magnetic rack and
incubated for another 2min at room temperature. Then, 70uL of the supernatant
was discarded carefully from the tubes without damaging the magnetic beads. In
the following, 200uL of 70% Ethanol was added to each tube and they were
rearranged on the magnetic plate to let the magnetic beads walk through the
alcohol. Beads should not touch Ethanol longer than 30s to avoid destroying the
DNA. 200uL of the Ethanol supernatant was then discarded and the last step was
repeated again with 200uL Ethanol. After Ethanol was removed again, beads
were dried at room temperature. When beads were dry but not cracked already,
35uL of LowTE buffer was added to each tube and incubated for another 5min at
room temperature on the normal rack, followed by 2min incubation on the
magnetic rack. As the last step, 30uL of the supernatant were then transferred to
new tubes. The whole purification was then repeated a second time for all

libraries.

2.6.4 Quantification of Amplicon Libraries
To quantify amplicons after purification, a real-time PCR was performed using the
lon Library TagMan™ Quantification Kit.

For subsequent calculation, standard concentrations are necessary. Therefore,
three dilutions of Escherichia coli DH10B with 6,8pM (1:10), 0,68pM (1:100) and
0,068pM (1:1000) were prepared using the E.coli stock solution and ddH20.
Libraries were diluted 1:500 with ddH20. Hereafter, a PCR MasterMix consisting
of 5uL of 2X lon TagMan Master Mix and 0,5uL of 2X lon TagMan Assay per
sample was prepared in a tube. When calculating the volumes of the reagents, it
had to be considered that PCR of libraries was always being conducted in
duplicates. 5,5uL of the PCR Master Mix was then transferred into each used well
of a 98-well-plate. Then, 4,5uL of diluted library, E.Coli dilution or ddH20 as
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negative control was added to the respective wells and mixed into the PCR

MasterMix using the pipette. Pipetting layout is shown in the table below:

A E.coli 6,8 Sample 2
B E.coli 6,8 Sample 2
C E.coli 0,68 Sample 3
D E.coli 0,68 Sample 3
E E.coli 0,068 Sample 4
F E.coli 0,068 Sample 4
G Sample 1 NTC

H Sample 1 NTC

LightCycler real-time PCR program can be seen in the following:

Temperature (°C) Duration
50°C 2min
95°C 20s

40 cycles:

95°C 1s

60°C 20s

2.6.5 Pooling and Sequencing the libraries

Before chip loading, all libraries were diluted to 30pM, using 4uL of DNA with the
calculated quantity of water to reach the desired dilution. 3,3uL of each dilution
was then combined in one tube, which resulted in a Librarypool of 29,7uL since
nine samples were put on one 540er chip. Subsequently, 22,9uL of the
Librarypool was combined with 2,1uL of ddH20, being the final pool with a
volume of 25,0uL. This was then transferred into the cartridge of the lon Torrent
lon Chef™ System for clonal amplification, where amplicons are being annealed
to lon Sphere™ Particles of the lon 540™ Kit — Chef, as well as enrichment and
loading the lon 540™ chip. After that, the chip was transferred into the lon S5
Prime System by Thermo Fisher Scientific, where sequencing was being
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conducted. Hereafter, raw files were uploaded onto the lon Torrent server for

further analysis.

2.7 Genetic Analysis

The raw data was genetically analyzed with lon Torrent Suite Software (versions
5.12. or 5.16.1). To match reads to the human reference sequence built 38
(hg19), the Torrent mapping alignment program was used, which is already
integrated in the software. Genetic alterations were analyzed with the lon
Reporter Software (versions 5.16.0.2 or 5.18.2.0) and visualized with the
Integrative Genomics Viewer to distinguish artifacts from real mutations. Besides,
the open-source online tools VarSome, ClinVar, COSMIC, dbSNP, OncoKB,
cbj.jax as well as SIFT PolyPhen-2 and CADD Scores were used to evaluate
whether the mutations found were SNPs or known somatic mutations. Depending
on the quality of the samples, variants were filtered with a threshold allele
frequency between 5% and 10%. In three cases (3, 11, 28) variants were filtered
with a threshold allele frequency of 19%. Regarding the coverage threshold,
variants > 200 reads were considered, with the exception of a few variants <200
reads but convincing VAF. In general, only variants noted as “pathogenic”, “likely
pathogenic” or “uncertain significance” in Varsome were taken into account.

Results of the PMZL Panel were analyzed by Vanessa Borgmann.

2.8 Validation of low frequent Mutations

In 9 cases, one or two mutations had to be validated due to a low allelic frequency
and/or a low coverage using the Amplicon Library Preparation (Fusion Method)
technology by Thermo Fisher Scientific or a different customized panel. Cases
are listed below. Therefore, single amplicons of about 200-300bp in size covering

the respective gene locus were designed for each mutation using Primer3

Software.
Sample ‘ Genes with questionable variants

NM9 ‘ KLF2, POT1
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NM13 SMARCA4
NM23 SMARCA4
NM31(2) CXCR4

NM35 KLF2

NM39 BRAF, KRAS
NM41 BTG1

NM45 STAT5B, KLF2
NM57 NOTCH1

2.8.1 Generation of Single Amplicons

First, all PCR tubes which were needed later on were UV-irradiated for 30min.
For each single amplicon, 4 primers were needed. Since primers come in
lyophilizated form, they must be diluted first. Therefore, the calculated quantity of
ddH20 was added to each original tube to achieve a 100uL dilution. After that,
primers were diluted again to a concentration of 10uL (1:10). Then, Primer Mix 1
and Primer Mix 2 were being prepared as shown in the following:

Primer Mix Primer Total volume

Primer Mix 1 3uL F-Primer with Barcode Adapter + | 6uL
3uL R-trP1 Primer
Primer Mix 2 3uL R-Primer with Barcode Adapter + | 6uL
3uL F-trP1 Primer

As the next step, 2 pools were prepared for each single amplicon, one with Primer
Mix 1, one with Primer Mix 2. Therefore, 22,5uL of the Phusion PCR Super Mix
HiFi was mixed with 0,5uL of the respective Primer Mix and 5pL of the respective
DNA, which was diluted to a 5ng/puL concentration beforehand. This resulted in a
total volume of 28uL for each pool. Pools were then incubated in a ThermoCycler.
PCR protocol is shown below:
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Temperature (°C) Duration
94°C 3min

40 cycles:

94°C 30s

58°C 30s

68°C Tmin

16°C Until removal

After 2h and 10min of Incubation, PCR products were purified using the Magbio
HighPrep PCR magnetic beads. First, 54pL of HighPrep was added to each
product, then vortexed and centrifugated carefully and incubated at room
temperature for 5min on a plastic rack. After 5min, tubes were placed on a
magnetic plate and incubated for 2min at room temperature. Then, the
supernatant was discarded carefully without damaging the magnetic beads. For
purification, 200uL of 80% Ethanol was added into each tube and discarded again
after a maximum of 30s. This washing step was repeated one more time. After
Ethanol supernatant was removed for the second time, beads were dried at room
temperature for about 2min. After that, 35uL of low-TE buffer was added to the
dried beads to dissolve the DNA products from the magnetic beads. They were
then incubated for 5min at room temperature. As the next step, tubes were placed
on the magnetic rack again and incubated for another 2min. Lastly, 30pL of the
supernatant, the purified DNA products, was transferred to freshly labeled PCR

tubes.

2.8.2 Quantification and Dilution of Single Amplicons

To assess quantity of the purified products, contained double strand DNA was
measured using Quibit 3.0 as described above in 2.3.3. Then, products were
diluted 1:100 by adding 2uL of libraries to 198uL of H20. To reach the final
dilution of 5pM, the needed quantity of H20 was calculated and 2L of the 1:100
dilution was added to the respective tube with H20.

After that, products were sequenced and analyzed as described earlier.
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3 Results

3.1 Sample Selection

Initially, a collective of 78 cases was selected. After reviewing all existing
documents on these cases with Prof. Dr. Quintanilla Fend, 16 cases were
excluded from the study. In these cases, NMZL was only mentioned as one of
the differential diagnoses in the report but then were classified as a different
entity. From the remainder 62 cases, 13 cases were excluded because either
there was not enough material available for the DNA extraction (7 cases) or
because after rereviewing the cases, it was considered that a different diagnoses
was more likely (6 cases). NGS was performed on these remaining 49 cases. For
one patient, 2 different samples from different lymph nodes were available and
analyzed separately. The most recent sample was diagnosed as DLBCL most
probably a transformation from the pre-existing lymphoma. Five cases needed
to be excluded due to poor quality of the DNA and NGS data. This resulted in a
final collective of 44 patients with 45 samples that could be fully examined
histologically and genetically (Figure 5).
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78 cases with Diagnosis/Differential Diagnosis
NMZL

Study criteria? » 16 cases excluded

Retrievent of available Material from Archives
-> 62 cases

Availability? » 7 cases excluded

Microscopial Evaluation of 55 cases

Evaluation l » 6 cases excluded

DNA Extraction ->49 cases, 50 samples

!

NGS Conduction ->49 cases, 50 samples

NGS Quality » 5 samples excluded

NGS Data Analysis -> 45 samples

l

Mutation Validations if necessary (14 samples)

l

Microscopial Reevaluation and Allocation into Groups

Figure 5 Selection process of NMZL cases for NGS analysis and reevaluation. From a collective of 78
cases, a total of 29 cases had to be sorted out because they were classified as a different or material was
not available. On the remaining 50 samples, NGS was conducted. Finally, 45 were analyzed after 5 had to
be excluded due to insufficient data quality. Moreover, 10 of these 45 cases had to be validated laboratory
before reevaluation took place.
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3.2 Patient Characteristics

The collective consisted of 23 females (52%) and 21 males (48%). The mean age
of the patients was 66 years (range of 36 — 86 years) at the time of diagnosis.
The median age at diagnosis of the 29 cases assigned to the NMZL group was
66 years as well (range of 36 — 85 years) (see Table 3).

All samples were lymph node biopsies. The most common were inguinal, axillary
and cervical lymph nodes. The exact biopsy sites are listed in Table 3 and

illustrated in Figure 6.

O } Head and neck: 27%

Axilla: 20%

Retroperitoneal: 11%

Groin and legs: 29%

Unknown: 13%

Figure 6 Tumor biopsy sites. The illustration shows the distribution of the biopsy sites of the tumor lymph
nodes investigated in this study with respective percentages. Most biopsies were taken from lymph nodes
in the groin and legs (29%), followed by the neck and head region (27%). 20% came from the axilla and 11%
were retroperitoneal lymph nodes. In 13% of cases, the exact localization was unknown.
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3.3 Immunohistochemistry

As part of the diagnostic work-up, all cases have already been
immunophenotyped. CD20 staining was performed in all cases. It was strongly
positive in 42/45 (93%) of the cases and weakly positive in 3/45 (7%). CD5
staining was performed in 43 cases, of which 6 cases (14%) were positive, one
was weakly positive, the rest of the tumor samples (36/43, 84%) were CD5
negative. CD3 was stained in all cases, one showed a slight positivity in the tumor
cells. CD23 immunohistochemistry was performed on 43 samples and was
positive in 4 cases (9%), weakly positive in 3 (7%) and otherwise negative (84%)
in the neoplastic cells. 4 (10%) of the 39 CD10 stained cases were positive, one
was weakly positive and 34 (87%) were negative. BCL6 was stained in 37
samples, was negative in 70% (26/37), weakly positive or positive in 8/37 (22%)
and could not be clearly assessed in 3 cases. Only 3 of the 35 BCL2 stained
samples were negative for this marker, while 3 were difficult to evaluate; the
remaining 29 cases were positive. IgD immunohistochemistry was performed on
40/45 samples, 22 showed negativity, 17 weak positivity or positivity and one was
challenging to assess. MIB-1 staining to determine the tumor cell proliferation
was performed on 40 samples. Overall, the collective revealed a rather low
proliferation rate with values between 1% and 40% (mean: 15%). An overview of
all the immunohistochemical results is shown in Table 3.
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Table 3 Immunohistochemical profile and key data of the final collective. All cases are listed with
respective age and sex (M= male, F= female) and biopsy site of the sample (LN= lymph node). A plus sign
represents an observed positive staining for the respective marker, (+) marks a weak positivity, a minus sign
a negativity for the marker and nd means that the staining was not performed on that sample.

Case Sex Age,y Biopsy site CD20|CD5|CD3|CD23|CD10] BCL6 BCL2 IgD MIB1, %
3 M 86 Renal hilar LN + + - - - - + - 10
5 M 46 Inguinal LN + - - - - nd nd - nd
6 M 64 Obturator LN + - - - - - + (+) <5
7 M 47 Retroperitoneal LN + - - - - - + - <5
8 M 85 Axillary LN + + - - nd nd nd (+) <5
9 F 61 Cervical LN + - - - nd - (+)/- - <5
10 E 60 Inguinal LN (+) + - - - - (+) nd 30
11 F 73 Axillary LN + - - - = - (+) - 1
12 F 49 Intraparotid LN + - - - - - (+) - <10
13 M 82 Inguinal LN + + - - nd nd nd - 5
15 M 83 Cervical LN + - - - - - + - 5-10
16 F 62 Cervical LN (+) - - nd - - (+) - 50
19 F 83 Axillary LN + + - -? - - + nd 1-30
20 F 46 Inguinal LN + - - + + + - - 30
22 M 67 Inguinal LN + - - - - ? ? - 30
23 F 72 Retroperitoneal LN + - = = = = + + 15
24 M 69 Orbita + - - - - - nd - 5
25 M 68 LN + - - - nd nd nd i3 <5
27 F 55 Pelvis i - - - - - i - 10
28 F 60 Flank LN + - - - - - (+) + 10-15
30 F 76 Inguinal LN i - - - nd nd nd i nd

31 (1) F 47 Inguinal LN + - - (+) + ? ? ? 15

31(2) LN s - - (+) < nd i nd 40
32 F 82 LN + nd - - - - - + <5
33 M 66 Axillary LN + - - + + +/- nd - 10
35 M 47 Mesenteric LN + - - nd - - + - nd
38 & 36 Submandibular LN + - | ) - - - + + 5-10
39 F 73 Paracaval LN + - - - - - + + 20
41 M 77 Axillary LN + nd - - - - + (+) nd
44 F 46 Inguinal LN + - - - - - + + <5
45 M 60 Axillary LN + - - - - = + - 5-10
46 M 67 Axillary LN + - - + (+) (+) (+) - 15-20
47 M 61 LN + - - - - (+) + - 30
48 F 84 Axillary LN + - - - - - + nd <5
51 M 38 Perineal LN + - - - - - + + 5
52 F 60 Cervical LN + - - - - + + - 30-40
53 M 75 Inguinal LN + - - - - - - - 5-10
54 M 67 LN (+) - - - - + nd + 5
55 F 71 Cervical LN + - - - - (+) + (+) 30
56 F 62 Parotid LN + - - - - nd nd + <5
57 M 68 Cervical LN + + - - - - + + 5
59 M 71 Supraclavicular LN b - - bl - (+) i3 - 10
60 F 91 Cervical LN + - - - nd nd nd nd nd
61 F 64 Axillary LN + (+) ] - (+) - - + + 10-15
62 F 77 LN + - - - - (+) + - 10
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3.4 DNA Integrity

In all samples (50/50, 100%), adequate concentrations of DNA could be retrieved.
In 24/50 cases, DNA was already extracted before for diagnostical reasons. In
these cases, DNA was retrieved from the archives and used for further
experiments. In that group, the DNA integrity ranged between 300bp to 600bp.
Concerning the remaining 26 cases, quantifiable concentrations of DNA were
extracted and amplified by PCR. To investigate the DNA quality, gel
electrophoresis has been performed (Figure 7). Maximum amplicon size in this

group ranged between 200bp to 400bp.

[bp]

1900 =
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400
300 —
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100 — —1

15 — —15

Figure 7 Representative picture of product sizes visualized by QlAxcel ScreenGel 1.4.0. After PCR
had been performed on the extracted DNA, products were transferred into QlAxcel where gel
electrophoresis took place completely automated. Results could be viewed digitally. As an example, a
picture of representative results are shown above. While C01 and C12 are non-template controls with
water, the other columns show 17 different samples. Green lines mark maximum (1000) and minimum (15)
bp size readable. While some samples show a peak size of 200bp, others are of higher integrity with a
peak size of 400bp.
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3.5 Genetic Analysis

On 50 samples from a total of 49 patients, NGS was conducted. With the help of
the Integrative Variant Caller Software, possible mutations were analyzed from
the amplicon library data and displayed with the Integrative Genomics Viewer
(IGV). An example is shown in Figure 8. 45/50 samples (90%) were analyzed
successfully while 5/50 (10%) could not be evaluated due to poor data quality.
The remaining 45 cases were separately reviewed concerning all 78 genes listed
in Table 1 above. Since the relevant genes PTPRD, TBL1XR1 and NLRP14 were
not covered in the customized panel, relevant cases were examined with another,
already existing panel originally designed for pediatric marginal zone lymphoma
containing these genes. It is visualized in Table 2. This was pipetted by lab
technicians with routine lab work and evaluated by Vanessa Borgmann. The
results of both panels are listed in Table 4. Since the genes KLF2, BRAF and
TET2 were part of both panels, some mutations in these genes could be
confirmed in 10 cases. The number of mutations per case varied between 0 and
9 with an average of 2.6 mutations per case. Mutations were found in 39 samples
(87%). The coverage of the mutations detected varied in a range from 254 to
122577 with an average coverage of 4884 per gene mutation. Concerning allelic
frequency, the values varied between 3% and 74% with a mean frequency of 31
per mutation. 6 samples (13%) did not show any mutations in examinated genes
and are labeled as wildtypes.

In 42/78 genes, mutations were detected in one or more cases, while 36/78 genes
were not mutated in any of the cases. A detailed table with all genetic findings,
their locus and DNA integrity values is illustrated in Table 4.
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Figure 8 Representative mutational finding in the Integrative Genomics Viewer (IGV). Shown is a locus
of the KLF2 gene of two different cases. A chromosome map is displayed at the top of the image, the red
line marks the current locus. A KLF2 mutated case is shown at the top, a non-mutated case at the bottom
for comparison. The horizontal gray lines each show a sequence read. These are compared with the
sequence of the reference genome hg19, which is shown in the colored letters at the bottom of the images.
The white letters in the blue bar below the colored letters show which amino acid the 3 bases code for. If a
different base is read than the reference genome, the letter of the base can be seen in color in the gray bars,
in this example the base is adenine (A). Next to the graphs the exact chromosomal location, the number of
amplicon reads and how often the corresponding base was read is listed. The plus and minus signs in the
brackets show the distribution of reads in sense (+) and antisense (-) strands. The example above shows a
variant with an Adenine (A) bult in instead of Guanine (G) in 8% of the reads, which results in a KLF2
mutation.
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Table 4 Genetic variants. For each case, DNA integrity and all mutational findings are with gene name,
locus, change on cDNA and protein level, coverage and allelic frequency. If a variant has been verified and
how is listed on the very right. The 6 wildtype cases (NM8, 38, 45, 48, 54, 60) are not listed since no
mutations were detected.

Sample ID DNA Integrity Gene Chr Position (hg19) cDNA change | Protein change Coverage Allele frequency | Verification
NM3 200bp P53 17 7578222-7578223 ¢.626_627del p.R209Kfs*6 2447 42
P53 17 7578203 .646G>A p.V216M 2461 38
NM5 400bp TBL1XR1 8 176755901 ¢.1107C>G p.D369E 5297 13
NM6 300bp ATM 1 108183212 ©.5993G>T p.G1998V 3528 58
MYD88 3 38182641 C.794T>C p.L265P 1946 43
NM7 200bp KMT2D 12 49441774 ¢.4210T>G p.Y1404D 2448 33
CREBBP 16 3788606 €.4348T>G p.Y1450D 6506 40
KMT2D 12 49427093 ¢.11395C>T p.Q3799* 679 55
MYC 8 128750938 c.475C>T p.L159F 4719 55
P53 17 7577115 ¢.823T>C p.C275R 6891 70

NM9 300bp POTY 7 124482912 c.1112C>T p.P371L 2996 8 single amplicon
KLF2 19 16437726 .952G>A p.Q318K 456 8 single amplicon

NM10 300bp KLF2 19 16436813 ©.862C>A p.H288N 3761 20 pMZL panel
HLA-B 6 31324576 .232C>T p.Q78* 1723 22
TBL1XR1 3 176767799 .688T>C p.S230P 7882 49
NM11 300bp NOTCH2 1 120458147 c.7198C>T p.R2400* 2072 39
KMT2D 12 49438241 ¢.5027del p.P1676Lfs*46 4523 51

KLF2 19 16436711 c.761del p.E254Gfs*36 1084 73 pMZL panel
FAS 10 90771831 .644T>A p.L215* 802 40
TBL1XR1 3 176755899 c.1109A>G p.D370G 4279 37
NM12 300bp D3 1 23885677 c.241C>T p.Q81* 5878 37
NM13 300bp BCL10 1 85742008 c.28G>A p.E10K 3127 31
TRAF3 14 103371738 ¢.1324A>G p.S442G 2706 12
NM15 400bp NLRP14 11 7064719 ¢.1462G>C p.A488P 3926 22
NM16 300bp CXCR4 2 136872623-136872624 |  c.886_887dup p.F2965fs*2 3584 22
socs1 16 11349314 ¢.22G>C p.ABP 1467 25
socs1 16 11348813 .523C>T p.Q175* 1032 33
socs1 16 11349071-11349079 | c.257_265del p.V86_G88del 2985 32
D3 1 23885758 ¢.160C>G p.L54V 6723 27
D3 1 23885777 c.141C>A p.CAT* 6701 29
ARID1A 1 27023408 c.514C>T p.Q172* 254 32
ARID1B 6 157522485 ©¢.5006C>T p.T1669M 3506 48
TBL1XR1 3 176765158 .794A>C p.H265P 1462 48
NM19 600bp TRAF3 14 103338283-103338284|  ¢.275_276del p.Q92Rfs*5 1733 12
TRAF3 14 103336551-103336560 | c.14_23del p.K5Ts*12 1043 14
TRAF3 14 103342009-103342017| ¢.346_354delinsA|  p.Y116Kfs*2 1420 12
NM20 300bp TNFRSF14 1 24912712491272 | c.316_317insCGC | p.L105_R106insP 2270 14
STAT6 12 57496661 c.1256A>G p.D419G 908 14
CREBBP 16 3781324-3781326 | ¢.5039_5041del p.S1680del 2222 33
NM22 400bp KMT2D 12 49432710 c.8429del p.L2810Yfs*41 2496 29
CREBBP 16 3788633 c.4321del p.R1441Gfs*18 10241 31
KMT2D 12 49434844 ¢.6709C>T p.Q2237* 2670 31
ARID1A 1 27094367 ¢.3076del p.R1026Vfs*13 1727 32
FAS 10 90773105-90773106 | c¢.657_658del p.V220Gfs*6 4295 30
NM23 300bp BCL10 1 85733594 c.418G>T p.E140* 9835 19
NM24 400bp TNFAIP3 6 138196171 c.486del p.N163Tfs*53? 6184 17
NOTCH2 1 120480519 ¢.3298G>A p.V1100M 3752 50
NM25 300bp MYD88 3 38182641 €.794T>C p.L265P 3995 45
SMARCA4 19 11094928 c.101C>T p.P34L 2375 55
NM27 400bp MYD88 3 38182641 €.794T>C p.L265P 2973 37
BTG2 1 203274789 ¢.55T>C p.F19L 3233 39
P53 17 7578370 ¢.559+1G>A p.? 1441 57
NM28 300bp TMSB4X X 12994364 c.16-1G>C p.? 8395 27
ARID1B 6 157527866-157527866| c.5843_5844del p.51948* 4212 30
CREBBP 16 3799626 .3836+2T>G p.? 2322 30
CREBBP 16 3794922 ©.3955C>T p.R1319* 3276 36
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c.4436T>G
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c.111_133del
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©.5317C>T

¢.1255G>A

c.1936T>A

©.5446G>T

C.490G>A

€.14515+1G>A

p.Q24*

p.S2910Rfs*32

p-R465P

p.N421K
p.S782F

p.E2371G

p.K1308T

p-L1479R

p.Q3645*
p.R3336W

p.D38Gfs*49

p.R353Q

p.P78L

p.E440Gfs*9

p.GT2Afs*19
p.Q1773*
p.D419N

p.Y646N

p.E1816*
p.A164T

p.?

485
3645

5640

38

39

pMZL panel

28
51 pMZL panel
34

1586 18
1098 51
492 16 pMZL panel

9159

2454

938
1652
848

939

12202

3500

5160

1277

single amplicon

148508727 c.1937A>T

400bp EZH2
BRAF

NM62 400bp

140453133 c.1799T>A

p.Y646F 7351 18
p.V600E 6316 40 pMZL panel

KMT2D 12 49426285 ¢.12203C>G p.S4068* 1816 9
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3.6 Integrative Results of Inmunohistochemistry and Genetic Findings
By combining the molecular biological and histological data collected, the cases
were assigned into different groups. In 29 cases, the diagnosis of NMZL was
confirmed. 11 of the cases were reassigned to either FL (6 cases) or CLL (5
cases), and 5 remained that could not be assigned to any of the 3 aforementioned
entities. The 29 cases of NMZL were further subdivided in 3 subtypes: the classic
NMZLs (22 cases), the NMZLs with splenic type (3 cases) and the CD5+ NMZLs
(4 cases). These groups are described separately below.

3.6.1 Immunohistochemical and Genetic findings in the NMZL Group

The diagnosis of NMZL was confirmed in 29 cases. This group was divided into
3 subgroups: classic type NMZL (22/29, 76%), splenic type NMZL (3/29, 10%)
and CD5 positive cases (4/29, 14%).

Immunohistochemical analysis: All cases in this group were CD20 positive. Four
of the cases were CD5 positive, corresponding to the subgroup of CD5 positive
NMZL. CD3 was negative in the neoplastic cells in almost all (28/29, 97%)
samples, only in one case there was a weak aberrant expression in the tumor
cells. CD23 was stained in 27/29 cases, only one was positive. The CD23 positive
sample showed CD5 negativity. CD10 was negative in all samples performed
(25/29). BCL6 was stained in 24 of the cases, showing mild positivity in 4 cases,
one was difficult to assess, and 19 cases were BCL6 negative. BCL2, on the
other hand, was positive or slightly positive in 88% (21/24) of the cases, while
one case was unclear and 2 were negative. IgD was performed on 26 of the 29
tumor samples, and was negative in 15 (68%), and positive in 11 (42%). The
proliferation rate, as demonstrated with MIB-1 staining, mostly showed a rate of
5-10%, with an overall range between 1 and 30%. An example of histology and
immunohistochemistry, one of each subgroup, is visualized in Figures 9-11

below.

Genetic analysis: The most frequent mutation identified in this group was KLF2,
which was present in 8/29 cases (28%) and could not be found in any of the other
groups. It was striking that 88% (7/8) of this mutation occurred in women and only
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12% (1/8) in men. One of these cases showed two KLF2 mutations. The allelic

frequency varied from 4% to 73% (median: 16%).

The second most frequent mutation in this group was KMT2D, which was mutated
in 7/29 cases (24%), the allelic frequency varying between 9% and 51% (median:
31%). In two of these 7 cases, 2 mutations were identified per case with similar
allelic frequencies. KMT2D mutations were also found in 50% (3/6) of the FL

cases.

The next most common mutated genes in this group were TBL1XR1 and MYD8S8,
which were found to be mutated in 4/29 (14%) cases each. For TBL1XR1 the
median allelic frequency lied at 42,5% with a range from 14% to 49% while for
MYD88 it was 32% with a range from 18% to 38%.

Genes ARID1A and CREBBP were mutated in 3 cases (10%) each. Concerning
SPEN, NOTCH2, BCL10 and HIST1H1E we found mutations in 2 cases each.

Only 2 cases (7%) carried TRAF3 mutations, and it was remarkable that these
were both CD5 positive. Moreover, ARID1B, ID3 and FAS mutations were
demonstrated in 2 cases (7%) each, all being part of the classic-type NMZL
subgroup. Concerning the following genes, mutations were found in only one
case each: PTPRD, CXCR4, EZH2, BRAF, STAT6, TNFRSF14, ATM, TP53,
BIRC3, NLRP14, SOCS1, TNFAIP, BTG2, BTG1, ETV6, FBXW7, HLA-B,
NFKBIA, POT1, TET2, TMSB4X, NOTCH1. An overview of mutant genes is

shown in the matrix below (Figure 12).
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Figure 9 Representative histology and immunohistochemical stainings of NMZL (NM11). The top left
picture shows an overview image of the sample. The lymph node architecture is disrupted, showing a
predominantly monotonous proliferation with interspersed follicular structures. Top right is a higher
magnification showing numerous monotonous cells with relatively dense chromatin and partially
plasmacytoid morphology. The CD23 staining is shown at the bottom left; the neoplastic cells are negative,
but irregularly configured FDC (follicular dendritic cells) networks can be observed. The BCL6 staining at the
bottom center shows the residual germinal centers cells and the colonized germinal centers by BCL6
negative tumor cells. There is kappa light chain restriction.
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Figure 10 Representative histology and immunohistochemical stainings of splenic type NMZL
(NM56). In the overview image at the top left, a lymph node with a nodular pattern can be seen, containing
small, regressive-looking germinal centers with an expanded marginal zone. The magnified image to the
right shows the expanded marginal zone with monotonous, rather small cells with mature chromatin. In the
Giemsa stain, the slightly loosened chromatin and small nucleoli can be observed. In the CD20 staining at
the bottom left, the neoplastic cells stain positively. The CD10 staining marks the small germinal center
structures, the remaining cells are negative. CD23 reveales the follicular dendritic cell networks in the small
regressive germinal centers, the marginal zone remains negative. IgD stains the cells of the mantle zone
strongly positive and the neoplastic cells.
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Figure 11 Representative histology and immunohistochemical stainings of CD5 positive NMZL
(NM10). The overview at the top left shows a lymph node with an effaced architecture and a relatively diffuse
pattern. The higher magnification upper left shows cells with mature, clumped chromatin with small,
inconspicuous nucleoli, overall a monotonous image with only some interspersed larger cells. Individual cells
show plasmacytoid differentiation. CD5 in the upper right corner shows a strong positive staining of the T
cells and a weak positive aberrant co-expression of the B cells. CD20 bottom left shows some B cells; MUM1
shows many positive cells, indicating plasmacytoid differentiation of the cells. The kappa and lambda
stainings show kappa light chain restriction.
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Figure 12 Mutated Genes in the NMZL samples sorted into the 3 subgroups. Each column represents one of the cases,
on the left the genes are listed according to the frequency of mutations. A dark blue box means that the case carries a
mutation in the respective gene, gray that we detected none and blank boxes indicate that the gene was not analyzed in this
case. The cases are divided into their subgroups; at the top the sex of the patient is coded by pink = female and blue = male.
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3.6.2 Genetic and immunohistochemical findings in the FL Group

Prior to genetic analysis, FL was entertained as a differential diagnosis in 17 of
45 samples. After immunohistochemical and genetic analysis, 6 cases could be
diagnosed as BCLZ2 translocation negative FLs.

Immunohistochemically, all 6 cases were CD20 positive and CD3 and CD5
negative. CD23 and CD10 were each positive or slightly positive in 4/6 samples
and negative in 2 cases. BCL6 staining was performed on all 6 biopsies, but 2
were difficult to assess while 3 were positive and one negative. One case
expressed neither CD10 nor BCL6 but was positive in the BCL2 staining. BCL2
was slightly positive or positive in 3 of the 4 stained cases, one was negative. The
IgD staining was negative in all samples. MIB-1 demonstrated a proliferation rate
between 5 and 40%. An example of histology and immunohistochemistry is

visualized in Figure 13.

It was remarkable that none of these cases carried a KLF2 mutation, which was
the most common mutated gene in NMZL. While in the NMZL group, KMT2D was
the second most mutated gene (24% of all cases), it was also found mutated in
3/6 (50%) cases of FL. One of these cases showed 2 KMT2D mutations. The
median allelic frequency varied between 11% and 55%, its median frequency
being 40%.

However, the most frequent mutated gene was STAT6, present in 4/6 (67%) of
the cases, allelic frequency varying between 14% and 48% (median: 23,5%). All
these cases also expressed CD23. In 50% of the samples (3/6), CREBBP was
mutated with an allelic frequency ranging between 10% and 40 % (median: 22%).
In one case, 2 CREBBP mutations were detected. In the group of NMZL,
CREBBP mutations were identified in 3/29 of the cases (10%).

In 2/6 FL cases (33%), mutations within TNFRSF14 could be detected, this only
applied to one case of the NMZL group. Concerning the genes SPEN, EZH?2,
TP53, BIRC3, SOCS1, TNFAIP3, BTG2, JAK3, MYC and CD79B, mutations

were only found in one or two cases each.

An overview of mutant genes is shown in the matrix below (Figure 14).
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After diagnosis, the question was raised of whether the FL cases carried the
typical t(14;18) chromosomal translocation and could therefore have been
identified directly if suspected. Therefore, analysis with break apart probes (BAP)
was performed by Barbara Mankel for BCL2 to detect a possible translocation. In

none of the 6 cases a BCL2 translocation has been found.

Figure 13 Representative histology and immunohistochemical stainings of FL (NM20). The overview
image at the top left shows a diffuse infiltration of a lymphatic population in the lymph node. The two images
top right with higher magnification show small to medium sized centrocytoid cells with slightly loosened
chromatin with partially irregular nuclei. The CD20 and CD10 staining at the bottom left are positive, BCL6
at the bottom center is heterogeneously positive. The staining at the bottom right reveals aberrant CD23
coexpression of the tumor cells.
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Figure 14 Mutated genes in the FL and CLL group and of the remaining cases. Samples are sorted into
their assigned group: FL, CLL and remaining cases. Diagnosis of the remaining cases is explained in detail
below. At the top the sex of the patient is coded by pink = female and blue = male. All mutated genes are
listed on the left. Dark-blue boxes show that the gene was found mutated in the respective case, gray that
we detected none. Blank boxes clarify that these genes were not examined on that sample.
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3.6.3 Genetic and immunohistochemical findings in the CLL Group
Before NGS analyses, a differential diagnosis of CLL was considered in 8 cases.
After the comprehensive assessment, 5 cases were ultimately classified as a CLL

with aberrant immunohistochemical expression pattern.

First of all, the immunohistochemical results. The CD20 and BCL2 staining was
positive in all 5 cases while CD3, CD10 and BCL6 were negative in all samples.
Furthermore, we observed negative staining for CD23 in 4 of the 5 cases, with
only one showing slight positivity. CD5 was slightly positive or positive in 3 of the
cases and negative in the two remaining. IgD staining was also performed on all
5 cases, with one IgD negative and 4 slightly positive or positive tumor samples.
Using MIB-1, we determined a proliferation rate between 5% and 20%. An

example of histology and immunohistochemistry is visualized in Figure 15.

Concerning their mutational profile, none of the cases showed mutations in genes
KLF2 and KMT2D, which were typical for NMZL. Instead, 60% of the cases (3/5)
revealed ATM mutations with an allelic frequency ranging between 34% and 58%.
Furthermore, mutations in genes MYD88, ARID1A, CXCR4, BRAF, TP53,
BIRC3, NLRP14, NOTCH1 and KRAS could be detected in one case each.

An overview of mutant genes is shown in the matrix above (Figure 14).
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Figure 15 Representative histology and immunohistochemical stainings of CLL (NM39). In the
overview image at the top left, a vaguely nodular pattern characteristic of proliferation centers. At a higher
magnification in the top center of the figure, a monotonous population of small lymphoid cells (CLL) and
some medium-sized cells “paraimmunoblasts and prolymphocytes” can be recognized in the proliferation
centers.. The CD20 staining on the top right is positive. The MIB-1 staining on the lower left shows increased
proliferative activity in the proliferation centers. CyclinD1 (CycD1) staining shows no aberrant expression of
this marker in the tumor cells, however, some cells in the proliferation centers and the endothelial cells are
positive. CD23 is also negative in the neoplastic cells. There is no clear co-expression of CD5, only T-cells
stain positively. The staining at the bottom right indicates IgD expression of the tumor.
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3.6.4 Remaining cases

Five cases were analyzed but could not be further classified into one of the well-
recognized discrete entities. Immunohistochemically, all 5 cases were CD20
positive and CD3 and CD5 negative.

NMS5 only showed one mutation in total in TBL1XR1 with an allelic frequency of
13%. Combined with its histological picture, a possible differential diagnosis
considered was a pediatric-type —FL.

Case NM25 carried a MYD88 mutation. Retrospectively the morphology and
immunophenotype, together with the molecular results confirmed the diagnosis
of lymphoplasmacytic lymphoma. In addition to MYD88, SMARCA4 was found
mutated.

NM 31(2) was diagnosed as a DLBCL, and was included in the study since the
patient had a questionable NMZL before, which raised the possibility of
transformation (31(2). NM31(1) was finally diagnosed as a follicular lymphoma,
BCL2-R negative transformed to 31(2) DLBCL. The two tumors had three shared
mutations including SPEN, STAT6 and JAK3. Additionally, the DLBCL acquired
3 private mutations during transformation (TNFRSF14, CXCR and MYC).

Cases NM54 and NM60 were wildtype, as no mutations could be detected in any
of the exanimated genes. The final diagnosis in these two cases remained

elusive.

58



3.7 Examination of normal tissue

Many variants showed an allelic frequency of around 50%, which makes them
suspicious for being germline variants. Non-hematopoietic tissue was available
in 3 cases. DNA was extracted from these and NGS conducted using the
Oncomine Lymphoma Panel Ill (Table 4). In case NM46, the TET2 mutation,
which was found in the lymphoma tissue with a VAF of 53% was also present in
the associated healthy tissue. Suspicious KMT2D and STAT6 variants of NM61
existed in both lymphoma and normal tissue with comparable VAFs. Furthermore,
the prediction of Varsome suggested benign moderate, benign supporting or
benign strong for these variants. However, the Minor Allelic Frequencies (MAF)
are quite low, meaning the variants do not occur frequently in the population. In
conclusion, despite the low MAFs, these variants are likely indicative of infrequent
SNPs. Concerning the two H7-4 mutations in NM55, they could not be detected
in the patient’s normal tissue. These variants could be interpreted as tumor-
specific mutations which aligns with their low MAFs. Results are shown in Table

5 below.

Table 5 Evaluation of germline variants. In 3 cases, DNA of non-hematopoietic tissue was extracted and
evaluated using NGS. Samples derived from duodenum in 2 cases and mucosa of the tongue in the third
case. Exanimated gene variants with locus, dbSNP rs-number, MAF (Minor Allelic Frequency) and Varsome
predicition (“-“ means Varsome was not checked) are demonstrated. In the last column, respective variant
allelic frequency for both lymphoma and corresponding normal tissue are listed.

Sample ID| Gene | Tissue Type Mutation rs-Number dbSNP MAF Varsome predicition Allele
frequency
NM46 TET2 Lymphoma p.P985S ¢.2953C>T rs1053689215 T=0./0 (ALFA) Beningn moderate 53
Duodenum p.P985S ¢.2953C>T 50
NM55 H1-4 Lymphoma p.A163V c.488C>T rs748517682 T=0.000071/1 (ALFA) 25
I S Mucosa tonguel _p.A163V c488OT | S _|__notfound |
H1-4 r Lymphoma p.A164T c.490G>A rs201935674 A=0.000031/1 (ALFA) - 24
Mucosa tongue| p.A164T c.490G>A not found
NM61 KMT2D Lymphoma [ p.R746Q c.2237G>A rs371911838 T=0.000054/1(ALFA) Beningn strong 43
I S Duodenum _1p.R746Q.c.2237G>A1 [ | ________ I 1
STAT6 r Lymphoma [ p.G397C c.1189G>T rs372158354 T=0./0 (ALFA) Bening supporting 64
Duodenum | p.G397C c.1189G>T 45
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4 Discussion

4.1 Summary of Results

In this thesis, a collective of 44 samples with diagnosis or differential diagnosis of
NMZL was examined genetically and morphologically to explore NMZLs
mutational landscape and distinguish the cases from phenotypically similar
entities, mostly being FL and CLL. Additionally, we analyzed one DLBCL to
examine whether it developed from a low-grade B-cell lymphoma, potentially
NMZL. After analyzing all samples genetically and putting this information
together with morphology and immunohistochemical data, cases were sorted into
four groups: NMZL (29 cases), FL (6 cases), CLL (5 cases) and remaining cases
(5 cases). NMZL has three subgroups being the typical NMZL, the CD5+ NMZL,
and splenic type NMZL. Overall, the most commonly mutated gene was KLF2,
which only occurred in the NMZL group, followed by KMT2D, TBL1XR1, MYD88,
SPEN, ARID1A, NOTCHZ2 and CREBBRP for this group. A summarizing illustration
of the mutations is shown in Figure 16 below. Concerning the FL group, the
majority of cases showed STAT6 mutations as well as KMT2D, CREBBP and
TNFRSF14. As for the CLL cases, the only mutation occurring in more than one
case was ATM. The roles of the genes in the development of tumors as well as
their importance for differentiating the entities will be discussed in detail below.
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Figure 16 Summary of the main affected pathways in NMZL. The illustration schematically shows all
pathways affected from mutations in our group of NMZL. Affected pathways in are displayed with the mutated
genes listed underneath. The frequency of the mutation is featured next to each gene.

4.2 Patient Collective

4.2.1 Patient Characteristics

The first question is whether the patient collective of this study is representative
concerning age and gender distribution compared to already published data. The
median age at diagnosis of the final collective of 44 cases was 66 years. The
median age at diagnosis of the 29 cases assigned to the NMZL group was 66
years as well. This seems to be in line with other studies where median age
ranges between 50 and 64 (Arcaini et al., 2009, Khalil et al., 2014, Thieblemont
et al., 2011). The gender distribution in the NMZL collective showed a female
predominance with 17/29 females (59%) and 12/29 male patients (41%).
Published data are equivocal since some studies observed a male predominance
while others described female predominance. Nevertheless, a very recent review
stated a male predominance in NMZL (Rossi et al., 2022), which we could not

confirm in our research.
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4.2.2 Sample Quality

An amplifiable amount of DNA could be extracted from all samples. However, in
5 samples, NGS did not give informative results. 4 of these 5 samples revealed
DNA integrity of 200bp and 1/5 of 300bp, which is normally the lower limit for
NGS analyses. The remaining 45 samples were successfully genetically
assessed with DNA integrity raging from 200bp to 600bp, although 93% (42/45)
showed DNA integrity of 300bp or above. These results indicate that with a DNA
integrity of at least 300bp, it is safest to achieve reliable results from NGS

analyses.

4.3 Mutated genes in NMZL and their function

The diagnosis of NMZL was confirmed with mutational and morphological
evaluation in 29 cases. Four of these were CD5+ whereas 3 were identified as
splenic-type NMZL. No correlation between phenotype and mutational spectrum
was found, therefore, the whole group will be discussed together. Of note, the 2
subgroups showed particularly low mutational burden with a maximum of 1

mutation per case.

4.3.1 KLF2

Kruppel-like factor 2 (KLF 2), also known as lung Kruppel-like factor (LKLF), was
the most commonly mutated gene identified in NMZL. Of the 29 cases, 8 cases
(28%) showed KLF2 mutations. KLF2 could also be detected in other studies, but
never as the most frequent mutated gene of this entity. In a study by Spina et al.,
15% (5/35) of the NMZL showed KLF2 mutations (Spina et al., 2016). In another
study, KLF2 mutations were detected in 12% of the cases (3/25), although it
should be noted that the collective was slightly smaller (Pillonel et al., 2018). In
both studies mentioned above, the mutations discovered in NMZL were
compared to mutations in a group of SMZL, that demonstrated that KLF2 is not
an exclusive marker for NMZL but was also present in 21% and 8% of the SMZL
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samples, respectively (Pillonel et al., 2018, Spina et al., 2016). It is even
considered to be one of the typical mutations of this entity (Bonfiglio et al., 2022,
Piva et al., 2015, Rossi et al., 2012b), making it inappropriate as an indicator to
distinguish these two entities.

However, we could neither find KLF2 mutations in the FL nor the CLL sample
group, which are important differential diagnoses of NMZL. Thus, this mutation

might be relevant to distinguish questionable NMZL from these two lymphoma
types.

KLF2 mutations are usually inactivating mutations (Clipson et al., 2015). The
protein KLF2 belongs to the mammalian Kruppel-like transcription factor family.
These bind to GC-rich DNA domains via 3'terminal zinc fingers (Pearson et al.,
2008). It was originally discovered in the lung and is known to be important for
cardiac function (Kaczynski et al., 2003). In addition; however, it also controls
proliferation and differentiation of various cell types. In lymphocytes, KLF2 plays
a role in differentiation, trafficking, functional capacity and is crucial for regulation

at especially late maturation stages (Hart et al., 2012).

In T-cells, the transcription factor is firstly upregulated in single positive T-cells,
afterwards downregulated once these cells are activated and mature and lastly
re-expressed in T memory cells. Thus, they enter a “resting stage” in which no
proliferation occurs, and in which the cells are relatively resistant to apoptosis
(Buckley et al., 2001, Kuo et al., 1997). Loss of function of KLF2 would therefore
be expected to result in the thymocytes not entering the resting stage and being
activated uncontrolled and subsequently resulting in programmed cell death (Di
Santo, 2001, Hart et al., 2012, Kuo et al., 1997). A report from the Leiden group
showed exactly this: deficiency of KLF2 caused increasing T-cell activity markers
and in the following loss of peripheral T-cells (Kuo et al., 1997). However, further
studies on this topic discussed this hypothesis and showed that several other
factors contribute to this process and that KLFZ2 is not always solely responsible
(Hart et al., 2012). In conclusion, KLF2 plays a certain role in establishing the
quiescent state of T-cells and ensuring their viability in the periphery.
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In general, B-cell development is strongly driven by the expression of
transcription factors and signaling molecules and components. The transcription
factor KLF2 also plays a certain role in this context. These interactions are crucial
to comprehend the effect of loss of function mutations as observed frequently in
our study. Therefore, it is important to distinguish between the 3 subgroups of B-
cells: follicular, marginal and B1 cells, which possess different functions and
phenotypes. It is already known that KLF2 is a target gene during early B-cell
development of pre-BCR signaling (Schuh et al., 2008). Microarray studies
examining the expression pattern of KLF2 found that it is upregulated in resting
B-cells, plasma cells and memory cells and downregulated upon mitogenic
activity. This suggests that KLF2 is important for B-cell quiescence, as it is
already described in T-cells (Bhattacharya et al., 2007, Glynne et al., 2000,
Winkelmann et al., 2011). With this information, Winkelmann et al. hypothesized
that Pre-B cells lacking KLF2 would lead to hyperproliferation. However, this
could not be confirmed in vivo, as it is likely that other members of the KLF family,
especially KLF4, compensate for the loss (Hart et al., 2012, Winkelmann et al.,
2011). Thus, for hyperproliferation to occur, other genetic aberrations must be
present. In knockout experiments, however, the loss of KLF2 led to an increase
in the marginal zone cell subset, whereas it had little effect on follicular cells (Hart
etal., 2011, Hoek et al., 2010, Winkelmann et al., 2011). Furthermore, expression
studies using retroviral expression constructs for KLF2 were performed. These
showed that retroviral transduced KLF2 leads to increased cell cycle inhibitors
p21 and p27 and decreased MYC levels. Thus, overexpression of KLF2 blocks
Pre-BCR induced proliferation and triggers apoptosis (Winkelmann et al., 2014).

On a molecular level, KLFs are considered master regulators of several pathways
controlling proliferation, differentiation and apoptosis (Zhang et al., 2023).

One of the regular functions of KLF2 in lymphocytes is to inhibit the NF-kB
signaling pathway, whose overactivation is known to contribute to the
development of cancer. It accomplishes so by binding the promoter and inhibiting
the recruitment of certain key coactivators of the pathway, regulating their
expression. In addition, KLF2 prevents germinal center B-cells from migrating to

the marginal zone (Spina and Rossi, 2017). Thus, if the transcription factor is
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functionally restricted by a mutation, it cannot translocate to the nucleus where it
can inhibit NF-kB and its coactivators. As a result, the pathway is constitutively
activated by upstream signaling such as the BCR and TLR pathways (Spina and
Rossi, 2016). Furthermore, subsequent gene expression reinforces migration of
cells into the marginal zone (Clipson et al., 2015). KLF2 also exerts influence via
the NOTCH pathway. Wang et al found that KLF2 normally inhibits oncogenesis
by inhibiting the HIF-1a/NOTCH1 signaling axis. A loss-of-function mutation
therefore leads to overactivation and thus promotes the development of cancer
(Wang et al., 2017, Zhang et al., 2023).

All'in all, it can be assumed that a loss of function of KLF2 together with other cell
cycle disorders occurring in parallel disturbs B and T cell homeostasis and leads
to activation of several pathways involved in oncogenesis and therefore support

the occurrence of certain types of lymphoma such as NMZL.

4.3.2 Chromatin remodeling and transcriptional regulation mutated genes
and their function
Overall, we found the highest number of mutations in genes involved in chromatin
remodeling and transcriptional regulation in the 29 cases examined. Among
these, KMT2D mutations were found as the second most frequent mutation of all
(in 24%), followed by TBL1XR1 in 14% and ARID1A and CREBBP in 10% each.
Mutations in HIST1H1E and ARID 1B were found in 2 cases each, while those in
TP53, TETZ2, and ATM were identified in 1 case each. This clustering of mutations
in chromatin remodeling and transcriptional regulation genes could also be
confirmed in other studies. In the research by Spina et. al. and Pillonel et. al.,
KMT2D was even the most frequent mutation of all, found in 34% and 28% of the
cases, respectively. In both studies, this was further compared with a cohort of
SMZL. In both, KMT2D mutations were found markedly less frequently in the
SMZL group, namely in only 8% each (Pillonel et al., 2018, Spina et al., 2016).
This suggests that when deciding between NMZL and SMZL for diagnosis,
KMT2D mutations should rather lead one to think in the direction of NMZL.
However, this mutation is less suitable for the differentiation from other differential
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diagnostic entities: in our group of FL, we could detect the mutation in 3/6, i.e. in
50%. Pillonel et al. also examined a group of LPL and EMZL for comparison,
where KMT2D mutations were detected in 27% and 13% of cases, respectively
(Pillonel et al., 2018).

TBL1XR1 mutations have been identified in 12-14% of the cases of comparable
research (Pillonel et al., 2018, Spina et al., 2016), which aligns with our results.
They could not be detected at all in the SMZL comparison group (Pillonel et al.,
2018). In a study by Ganapathi et. al., a group of dural marginal zone lymphomas,
a recognized but rather rare primary site of occurrence of marginal zone
lymphoma, was investigated. Here, TBL1XR1 mutations could even be indexed
in 29%, while KMT2D mutations were much rarer with 14% (Ganapathi et al.,
2016). Striking in the studies of Pillonel et. al. was that TET2 and CREBBP
mutations with 20% each were considerably more frequent than in our study
(Pillonel et al., 2018). However, the TETZ2 is a typical mutation of thyroidal MZL
(Rossi et al., 2022, Vela et al., 2022). Overall, the results in recent publications

are comparable to ours.

The role of some of the gene mutations found involved in epigenetic modification
will be discussed below.

Chromatin remodeling protein complexes reorganize chromatin and thus play an
essential role in the regulation of a variety of cellular processes in the human
body. Especially important in this context are histone enzymes. These modify a
part of the histone structure post-translational, which causes an alteration of the
nucleosome structure, leading to increased or decreased recruitment of proteins.
These processes play an important role in the development of diseases,
especially in the development of cancer. If components of these complexes are
abnormally altered, oncogenesis-promoting genomic reprogramming and altered
protein expression can occur (Zhang and Li, 2022). Thus, sequencing studies
have shown that somatic mutations in epigenetic modifiers such as methyl-,
acetyltransferases or histone proteins are crucial for the development of various
lymphomas. Hereby, early driver mutations in chromatin remodeling genes are of
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particular interest (Morin et al., 2011, Okosun et al., 2014, Pasqualucci et al.,
2011, Zhang et al., 2015).

A key group of enzymes in this regard are histone lysin methyltransferases,
abbreviated KMTs (Martin and Zhang, 2005, Sims et al., 2003). Among others,
these include KMT2D (previously known as MLL2), which was the second most
frequently mutated gene in NMZL in our study and even the most frequently
mutated gene in comparable studies (Pillonel et al., 2018, Spina et al., 2016).
KMT2D is the major methyltransferase of H3K4, whose methylation is particularly
important for epigenetic regulation (Shilatifard, 2012, Strahl et al., 1999). This
enzyme is mutated in various types of cancers, including lymphomas. Mutations
in the gene encoding KMT2D most often result in loss of function, arguing for
KMT2D as a tumor suppressor gene. However, the exact events on a molecular
level are not entirely understood and require further research (Dhar and Lee,
2021). In lymphomas, the role of KMT2D has particularly been investigated in
DLBCL and FL as it a common early mutation in these two entities (Ortega-Molina
et al., 2015, Zhang et al., 2015, Morin et al., 2011). It has been shown that early
mutations cause decreased enzyme activity, leading to decreased methylation of
H3K4 in germinal center B-cells. This in turn results in proliferation of germinal
center B-cells and increased B-cell development in general (Zhang et al., 2015).
That process is enhanced through KMT2D mediated activation of BCL2.
Nevertheless, it has been shown that deficient KMT2D is able to trigger B-cell
malignancy even in the absence of BCL2 (Ortega-Molina et al., 2015). In addition,
KMT2D regulates the expression of other key regulators of signaling pathways
such as the CD40, Toll-like, and B-cell receptor pathway. Other target genes are
TNFAIP3, SOCS3, SGK1, TRAF3, TNFRSF14 and ARID1A, which are less
expressed when KMT2D is mutated and thus their product can no longer fulfill
their function as a tumor suppressor (Ortega-Molina et al., 2015). Recapitulating,
functioning KMT2D suppresses the development of lymphomas by inhibiting
survival and proliferation genes and activating pro apoptotic genes, whereas
mutation in the gene encoding this enzyme promotes the development of B-cell
lymphomas (Dhar and Lee, 2021).
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Another histone modifying enzyme is CREBBP. This gene was found mutated in
10% (3/29) in our group of NMZL and is particularly known to be mutated in FL
and DLBCL (Zhu et al., 2023). In fact, 50% (3/6) of the FLs we identified carried
CREBBP mutations. CREBBP stands for CREB binding protein which is an
acetyltransferase and transcriptional cofactor that affects gene expression by
regulating the acetylation levels of histones. It is closely related to EP300.
CREBBP has various DNA and protein binding domains. In the context of this
study, the HAT domain, which is responsible for the interaction with histones, is
of particular interest (Zhu et al., 2023). By modifying histones, CREBBP regulates
critical cellular functions such as DNA repair mechanisms (Ding et al., 2019, Dutto
et al., 2018), apoptosis (Ogiwara et al., 2016), and proliferation and differentiation
(Dutta et al., 2016, Garcia-Carpizo et al., 2018). It is essential for normal
hematopoiesis, where it acts as a tumor suppressor. Moreover, it plays a role in
the homeostasis of hematopoietic microenvironment. Especially in GC B-cells,
CREBBP/EP300 regulates key mechanisms of differentiation. Thus, mutations in
one of these acetyltransferases can lead to the development of tumors (Zhu et
al., 2023). As a matter of fact, in a mouse model, it was found that CREBBP
deactivation leads to an increased incidence of hematologic malignancies later in
life (Kung et al., 2000). In FL and DLBCL, mutations mostly affect the HAT domain
and inactivate it, which has generally been linked to development of lymphomas
(Pasqualucci et al., 2011). The exact mechanisms behind this are being
investigated, particularly in germinal center derived lymphomas such as FL and
DLBCL.

The so called BCL6/SMRT/HDAC repression complex is of special interest in this
context since it acts as a CREBBP counterpart. The complex and CREBBP both
influence histone H3K27. While CREBBP acetylates it, the HDAC repression
complex is responsible for its deacetylation. Physiologically, there exists a
balance in which H3K27 remains largely acetylated. This leads to the activation
of important enhancers that promote terminal differentiation of GC cells into
plasma cells and control immune signaling programs in mature B cells. In the
case of CREBBP/EP300 being mutated and inactivated, the balance is disturbed
and the BCL6/SMRT/HDAC complex deacetylates the corresponding enhancers.
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As a result, the differentiation of GC B-cells is disrupted, this cell line expands,
malignant transformation can occur and eventually HDAC-dependent lymphomas
develop (Hopken, 2017, Jiang et al., 2017, Zhu et al., 2023). In FL and DLBCL, it
has also been observed that CREBBP mutations frequently occur together with
KMT2D mutations (Jiang et al., 2017). In our NMZL cohort, 2 of the 3 CREBBP
mutated cases additionally carried a KMT2D mutation. KMT2D affects CD40
signaling, which normally terminates the activity of the BCL6/SMRT/HDAC3
complex. On the other hand, if KMT2D is mutated, the corresponding enhancers
respond to KMT2D in a reduced manner and the activity of the repression
complex cannot be terminated (Ortega-Molina et al., 2015). It is still necessary to
conduct further research to determine if these processes described in DLBCL
and FL, also have a similar influence on the development of NMZL.

TBL1XR1, which belongs to the TBL1 gene family (Yan et al., 2005), was found
mutated in 14% of our study. Like KMT2D and CREBBP, it is involved in
transcriptional regulation. Its overexpression has been associated with poor
prognosis in various cancers (Pray et al., 2022). In aggressive DLBCL, where it
is frequently mutated, it has been associated with extranodal manifestations,
contributing to a poorer prognosis (Chapuy et al., 2018, Schmitz et al., 2018).
Knowledge of the exact role of TBL1XR1 is limited, but it is known to be part of
the SMRT/NCOR1 transcriptional repression complex which has already be
mentioned above regarding CREBBP (Yoon et al., 2003). This complex includes
enzymes that bind chromatin and thereby modify histones and DNA (Li et al.,
2000, Yoon et al, 2003). A key component is HDAC, which enables
transcriptional repression of the SMRT/NCOR1 complex (Hatzi et al., 2013). In
GC B-cells, the complex is bound and recruited by BCL6, which is important for
GC formation while inhibiting differentiation to plasma cells (Hatzi et al., 2013,
Venturutti et al., 2020). Venturutti et al. investigated a collective of DLBCL and
found that mutations in TBL1XR1 lead to a switch from BCL6 to BACHZ2, another
transcriptional regulator gene, in the SMRT/NCOR1 complex. This results in an
expansion of pre-malignant B cells, which in turn promotes lymphomagenesis
(Venturutti et al., 2020). Furthermore, mutations in TBL1XR1 have been related
to activating mutations in BCR and TLR pathway genes (Chapuy et al., 2018,
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Schmitz et al., 2018). Analogous to DLBCL, these changes could also play a role
in NMZL. It is also known that the wild-type NCoR complex represses important
pathways via interaction with transcriptional factors like NF-KB (Ghisletti et al.,
2009, Li et al., 2015). In a study by Jung et. al., the localization and effects of
TBL1XR1 mutations in ocular marginal zone lymphomas have been studied in
detail. They are often localized in the WD40 domain of the gene, where
alterations led to simplified binding of TBL1XR1 to the NCoR protein. This in turn
resulted in increased degradation of said complex and by that in overactivation
of the NF-KB and c-Jun pathways (Jung et al., 2017). This demonstrates that
TBL1XR1 mutations could also contribute to lymphomagenesis by effecting
pathways like NF-KB which are known to be altered in lymphoma.

ARID1A and ARID1B, which were mutated in 17% of our studied cases, belong
to the ARID family, which stands for AT-rich interaction domain (Wilsker et al.,
2004). They are part of the SWI/SNF chromatin remodeling complex (Mathur,
2018). This complex plays a part in various types of cancer since genes encoding
for subunits are mutated in 20% of all human malignancies (Helming et al., 2014).
Hereby, ARID1A mutations are particularly relevant, as they are present in 6% of
all cancers (Jiang et al., 2020), for example in DLBCL and SMZL (Spina et al.,
2016, Zhang et al., 2013)

The SWT/SNF complex regulates the accessibility of the respective DNA to
transcription factors and the transcription apparatus. This is achieved via ARID1A
and ARID1B, the DNA-binding subunits (Mathur, 2018, Tang et al., 2010). Hence,
the two proteins participate in various pathways and signaling cascades,
including various DNA damage repair pathways such as the nonhomologous end
joining repair pathway, the PISK/Akt/mTOR and KRAS pathway and immune
function (Mullen et al., 2021, Shen et al., 2015, Watanabe et al., 2014). In
addition, they regulate the expression of important cell cycle control genes (Nagl
et al., 2005, Nagl et al., 2007). Moreover, ARID1A is involved in homologous
recombination, an important repair mechanism in proliferating cells (Shen et al.,
2015, Watanabe et al., 2014). Another interesting function of ARID1A in the
context of cancer is it's regulation of TERT (telomerase reverse transcriptase)

since maintenance of telomere length is essential for tumor survival in the human
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body (Suryo Rahmanto et al., 2016). Overall, ARID1A and ARID1B are involved
in numerous different cascades and their loss of function can support tumor

formation.

HIST1H1E is another gene that affects chromatin remodeling and influences
lymphomagenesis (Yusufova et al., 2021). In our study, it was mutated in about
7% (2/29) of cases, comparable to results of other studies (6%-12%) (Pillonel et
al., 2018, Spina et al., 2016). HISTTH1E encodes for H1.4, a linker histone
protein of the H1 family. Linker histones restrict access to chromatin and thus
influence gene expression (Wolffe, 1997). H1, as one of these linker histones,
acts as a transcriptional repressor, achieving this repressive activity through a
variety of molecular mechanisms. On the one hand, it binds the nucleosome and
ensures that the chromatin is folded into higher-order three-dimensional
structures (Allan et al.,, 1986, Bednar et al., 2017, Fyodorov et al., 2018).
Furthermore, H1 bound to DNA presents an additional obstacle, both of which
make it more difficult for binding proteins such as transcription factors to interact
with the DNA (Laybourn and Kadonaga, 1991). H1 is accumulated in silenced
chromatin domains and is associated with various silencing marks (Fyodorov et
al., 2018). These include hypoacetylation of core histones (Reczek et al., 1982,
Schroter et al.,, 1981). H1 is thought to negatively regulate HATs (histone
acetyltransferases) and to enhance activity of one of the human histone
deacetylases, SIRT1 (Herrera et al., 2000, Vaquero et al., 2004). Another
important silencing marker is the methylation of H3K27, again linked to H1 (Martin
and Zhang, 2005). In addition, H1 can hinder HMTs (histone methyltransferases)
from binding histones, which further accelerates chromatin silencing (Fyodorov
et al., 2018, Yang et al., 2013). H1 has also been found to be crucial for genetic
stability as it regulates important parts of the DNA damage response and repair
factors (Thorslund et al., 2015). These functions emphasize that mutations in the
genes encoding for H1 can have significant consequences. In B-cell ymphomas,
HIST1H1B-E mutations are quite common and act as driver mutations (Yusufova
et al.,, 2021). Consequently, when function of the protein is impaired, the
chromatin loosens its highly folded structure, changing from a compact to a
relaxed state. This results in a variety of epigenetic changes such as loss of
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silencing markers such as methylated H3K27. Subsequently, genes that are
normally silenced at early stages of development are upregulated (Yusufova et
al., 2021). In studies using mice with loss of the H1e allele, increased fitness and
self-renewal in GC B-cells was noted (Yusufova et al., 2021, Zhang et al., 2012).
With other genetic alterations, DLBCLs were mimicked in mice, and an expansion
of monoclonal B-cells was observed. In conclusion, H1 is an important
biochemical effector of chromatin structure and epigenetic programming, and
mutations in the gene promote malignant transformation in lymph nodes by de-
repression of important genes with stem cell properties (Yusufova et al., 2021).

In summary, genes participate in chromatin remodeling and transcriptional
regulation appear to be essential in the pathogenesis of NMZL and contribute to
the development of lymphoma in various ways.

4.3.3 NOTCH pathway mutated genes and their function

The NOTCH pathway is a highly conserved pathway that links cell membrane
signaling to transcriptional regulation. Mutations in proteins of this signaling
cascade are found in many different types of cancer, whereby the mutations can
have a wide variety of effects and impair virtually all hallmarks of cancer (Aster et
al., 2017). In our study of NMZL, we found several mutations in genes associated
with this pathway. These include the genes SPEN, NOTCHZ2 and CREBBRP. First,
a brief overview of this pathway is described in order to understand the role of
the gene mutations. Via cell-cell contacts, the NOTCH pathway enables cells to
respond to signals from neighboring cells by means of controlled proteolysis with
the expression of certain genes (Kopan and llagan, 2009). First condition for this
to happen is contact of one of the NOTCH receptors with an appropriate ligand
of a neighboring cell. NOTCH receptors are transmembrane proteins, of which
there are 4 different ones in mammals; NOTCH 1-4, each encoded by a different
gene. Five ligands for these receptors are currently known; 3 from the delta family
(DII1, DII3, DlI4) and 2 from the serrate giant family (Jag 1&2) (Aster et al., 2017).
Usually, the NOTCH receptor is maintained in an inactivated state by the
juxtamembrane NOTCH regulatory region (NRR) (Gordon et al., 2007). However,
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when it binds one of its ligands, this inhibition of NRR is abolished. As a result,
the receptor is cleaved by 2 enzymes, first by an ADAM metalloprotease and then
by a gamma secretase, releasing the NOTCH intracellular domain (NICD) (Brou
et al.,, 2000, Mumm et al., 2000, Schroeter et al., 1998). This domain then
translocases to the nucleus and, together with DNA binding factor RBPJ (also
known as CSL) and coactivators, forms the NOTCH transcription complex (NTC),
which binds to NOTCH regulatory elements and ultimately initiates transcription
of various NOTCH target genes. Termination of the NOTCH signal is achieved
through phosphorylation of the PEST domain, a subunit of the intracellular region
of the NOTCH receptor, ultimately leading to degradation of NICD (Aster et al.,
2017, Kopan and llagan, 2009). However, this whole cascade can have wide-
ranging consequences. On the one hand, this is achieved by different signal
strength (Gama-Norton et al., 2015) and signal dynamics (Nandagopal et al.,
2018). On the other hand, in addition to the well-studied canonical core pathway,
a non-canonical pathway is suspected which additionally regulates NICD. Thus,
interaction with downstream regulators and NICD presumably leads to
communication between the NOTCH pathway and others such as the Wnt, TGFR
and hypoxia-dependent pathway (Aster et al., 2017, Blokzijl et al., 2003,
Gustafsson et al., 2005, Jin et al., 2009). Generally, the NOTCH pathway is more
complex than at first glance due to a wide variety of variations and interactions.
Overall, NOTCH signaling generally regulates cell proliferation, cell death and
differentiation programs in adult tissue, including lymphocyte development
(Kopan and llagan, 2009, Tanigaki et al., 2003). NOTCH ligands are
physiologically expressed in bone marrow (BM) on the surface of developing B-
cells and BM stromal cells (Bertrand et al., 2000, Tokoyoda et al., 2004).
Furthermore, the NOTCH pathway is crucial for maturation of MZ B-cells and
development of B1-cells (Saito et al., 2003, Tanigaki et al., 2002, Witt et al.,
2003). In addition, NOTCH signaling promotes the activity of the BCR pathway
and co-stimulatory signals and thus contributes to B-cell activation and terminal
differentiation (Santos et al., 2007, Thomas et al., 2007). Knowing these various
functions of NOTCH signaling in lymphocytes, it is obvious that aberrations of it
can lead to the development of hematological malignancies (Arruga et al., 2018,
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McCarter et al.,, 2018). In T-ALL, the role of activating NOTCH mutations is
particularly well understood since occurring in approximately 50% of all T-ALL
(Weng et al., 2004). However, NOTCH associated mutations also present an
issue in many B-cell malignancies, for example in CLL, FL, DLBCL and also MZL.
In the latter, NOTCH pathway is known to be one of the most frequently mutated
(Arruga et al., 2018). In SMZL, NOTCH related mutations are even the most
frequent; in total in 30-40% of all SMZL (Spina et al., 2016). Of the 4 NOTCH
receptors, NOTCH2 is of particular interest in the emerge of MZL since it is
considered to be the master regulator of MZ B-cell differentiation. In our study,
we detected mutations in 2 of 29 cases (7%), whereas in other studies those were
found with a frequency of 4% and 20%. NOTCH2 is specifically expressed on
mature peripheral B- cells (Saito et al., 2003). In this context, it is essential for the
maturation of MZ B-cells. Upon knockout of NOTCHZ2 in murine B-cells, no MZ
B-cells were able to develop, whereas all other B-cell lineages remained
unaffected (Saito et al., 2003, Tanigaki et al., 2002). Moreover, NOTCH?Z2 plays a
key role in the development of B1-cells (Witt et al., 2003). NOTCH receptors
generally consist of an extracellular and an intracellular domain. Part of the latter
forms the C terminal degron domain, more precisely the PEST domain.
Phosphorylation of that domain leads to proteasomal receptor degradation and
therefore terminates NOTCH signaling (Aster et al., 2017, Kopan and llagan,
2009). Depending on the cancer type, different mutation patterns of NOTCH
receptors exist. In B-cell lymphomas, the affected domain is mostly PEST.
Mutations in it leads to increased stability of the domain and thus to reduced
degradation of the receptor (Aster et al., 2017, Rossi et al., 2012b, Spina and
Rossi, 2017). This ultimately results in increased NOTCH2 activity and therefore
increased signaling for MZ differentiation.

SPEN, also known as SHARP or MINT, also affects the NOTCH signaling
cascade and its gene was mutated in 2 of 29 cases (7%) in our study. In
comparable studies, mutations were detected in 8-11% (Pillonel et al., 2018,
Spina et al., 2016). However, mutations are also present in SMZL. In a study with
117 SMZL cases they could be identified in 5% of the cases (Rossi et al., 2012b).
SPEN is known to suppress NOTCH signaling by forming a high affinity complex
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with  RBPJ, inhibiting its function (Kuroda et al., 2003, Li et al.,, 2005,
VanderWielen et al., 2011, Yuan et al., 2019). RBPJ, as described above, is a
DNA-binding factor that forms the NTC with NICD and other proteins when
NOTCH signaling is activated. That ultimately results in the transcription of
NOTCH target genes (Aster et al., 2017, Kopan and llagan, 2009). Deficiency of
RBPJ in B cells has been shown to lead to an almost complete loss of MZ cells
and an increase of follicular B-cells, demonstrating that activation of NOTCH
increases MZ B cell and decreases follicular B-cell differentiation (Tanigaki et al.,
2002). In a mouse model with SPEN-deficient B cells, it was observed that the B-
cells differentiated mainly into MZ cells, suggesting that SPEN inhibits the activity
of RBPJ. Thus, physiologically, functional SPEN inhibits the differentiation of B
lymphocytes into MZ B cells (Kuroda et al., 2003). In a large study with SMZL,
the SPEN mutations were characterized in more detail and found to be mainly
inactivating mutations affecting the SPOC domain, which is important for
interaction of SPEN with proteins (Rossi et al., 2012b). However, this on/off model
is still somewhat more complicated. SPEN or the SPEN/RBPJ complex
additionally interacts with the corepressor NCor and the coactivator KMT2D.
These two compete for the SPOC binding domain of SPEN and a balance is
created in which NCor binding tends to steer the balance towards chromatin
repression, while KMT2D binding steers the balance towards chromatin
activation. Deducting from this model, SPEN mutations disturb this balance and
thus lead to dysregulation of NOTCH target genes (Oswald et al., 2016).
Concluding, the exact mechanisms of the function of SPEN as a NOTCH
signaling repressor and thus as a SMZL/NMZL tumor suppressor need to be
investigated in more detail.

When CREBBP, encoding an acetyltransferase that is involved in chromatin
remodeling, which has been discussed previously, is mutated, it can also affect
the NOTCH pathway. In DLBCL, CREBBP/EP300 mutations are typically
associated with a poorer prognosis (Juskevicius et al., 2017). These were
investigated in more detail in a study, and it was discovered that mutations in the
CREBBP/EP300 gene are able to activate the NOTCH pathway (Huang et al.,
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2021). This is accomplished by inhibition of FBXW7, an important repressor of
this pathway (Huang et al., 2021, Yeh et al., 2018).

4.3.4 NF-KB pathway mutated genes and their function

Genes affecting the NF-KB pathway were less affected in our study than those of
chromatin remodeling and the NOTCH pathway. This is also consistent with other
studies (Pillonel et al., 2018, Spina et al., 2016). In our study, the most frequent
mutated NF-KB pathway genes were BCL 10 with 7% (2 of 29) and MYD88, which
affects the pathway via kinases (Deguine and Barton, 2014), with 14% (4/29). In
comparable research, BCL10 was mutated in 4% and 11% (Pillonel et al., 2018,
Spina et al., 2016). MYD88 mutations, which are typically found in LPL, have
been detected with a frequency of 4-9% (Pillonel et al., 2018, Spina et al., 2016,
van den Brand et al., 2017). However, in one of these studies, cases with the LPL
typical L265P MYD88 mutation were excluded beforehand (Pillonel et al., 2018).
Strikingly in the comparative studies, TNFAIP3 was one of the most frequent NF-
KB related mutated genes in NMZL with a frequency of 12-50% (Ganapathi et al.,
2016, Pillonel et al., 2018, Spina et al., 2016, van den Brand et al., 2017). On the
contrary, we identified a mutation in only one of our NMZL cases. TNFAIP3 is a
protein that negatively regulates the NF-KB pathway (Wertz et al., 2004) and
leads to impaired B-cell maturation in the mouse model when deleted (Chu et al.,
2011). In marginal zone lymphomas, it is most commonly mutated in EMZL
(Pillonel et al., 2018). Multiple important processes in the body, including cell
maturation, stress and immune response and cell survival depend on NF-KB
signaling. Thus, when dysregulated, the pathway can be engaged in oncogenesis
(van den Brand et al., 2017). In B cells, the NF-KB signaling physiologically
serves the maturation and maintenance of MZ B-cells (Allman and Pillai, 2008).
Overactive NF-KB signaling has been observed in a range of tumor types, making
it a desirable therapy target (Karin, 2009). Related genes are also affected in
many lymphomas, including DLBCL, SMZL and EMZL (Compagno et al., 2009,
Du, 2011, Rossi et al.,, 2011). A canonical and a non-canonical pathway are
distinguished. The canonical pathway is activated by cytokines, growth factors
and tyrosine kinases. Hereby, signals from various receptors are involved,

including the BCR, tumor necrosis factor receptor (TNFR), IL-1 receptor (IL1R)
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and the toll like receptor (TLR). All of them ultimately activate the inhibitor of
kappaB kinase (IKK) complex (Liu et al., 2017). NF-KB is usually located in the
cytoplasm, bound to inhibitors and is thus inactive. The activated IKK complex
phosphorylates those NF-KB inhibitors (NFKBIs), which are then degraded in the
proteasome. As a result, the nuclear localization signal on the NF-KB dimers is
exposed and they translocate into the nucleus and bind to DNA. As transcription
factors, they regulate the expression of various genes (Dolcet et al., 2005, Spina
and Rossi, 2017, van den Brand et al., 2017). One important target are apoptosis
genes, through which NF-KB can inhibit cell death. On the one hand, this is
achieved through increased expression of apoptosis inhibitors (IAPs), which
inhibit the extrinsic and intrinsic cell death pathway directly via caspases
(Deveraux et al., 1998, Wang et al., 1998). Furthermore, the expression of some
genes of the BCL2 family, which inhibit important proapoptotic proteins, is
increased (Dolcet et al., 2005, Lee et al., 1999). In addition, NF-KB affects
proliferation by increasing the expression of genes encoding cell cycle cyclins,
cell adhesion molecules and COX-2 (Dolcet et al., 2005, Guttridge et al., 1999).

BCL10, mutated in 2 cases in our study, is crucial for activation of NF-KB
transcription factors via T- and B-cell receptor pathway. Once an antigen binds
to a B-cell receptor, a cascade is initiated in which the tyrosine residues of CD79A
and CD79B are phosphorylated. This leads to the activation of several other
kinases, which finally phosphorylate CARD11. CARD11 changes its
conformation allowing BCL10 and MALT1 to bind. These 3 proteins form the CBM
complex, which links upstream BCR signaling to the NK-KB pathway. The
complex then interacts with various regulators, including TRAFs, ultimately
activating the IKK complex through a chain of phosphorylation and ubiquitination,
and initiating NK-KB signaling as described above (Lucas et al., 2001, Ruland
and Hartjes, 2019, Sommer et al., 2005, van den Brand et al., 2017, Zhou et al.,
2004). BCL10 is thus an important part of this cascade. It has been shown that
overexpression of BCL10 can lead to abnormal maturation and functioning of B
lymphocytes through constitutive activation of NF-KB signaling (Li et al., 2009).
In MALT lymphomas, BCL10 is frequently affected by one of the typical
translocations. Hereby, BCL10 is moved under the control of an IgH enhancer,
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which has effects on the NF-KB pathway (Bertoni et al., 2018, Thome, 2004), and
thus contributes to antigen-independent tumor progression (Ruland and Hartjes,
2019, Xue et al., 2003). In experiments with transgenic mice showing aberrant
human BCL10 expression, it was observed that both the canonical and the
noncanonical NF-KB pathway were constitutively activated in the B-cells. The
gene expression pattern showed that BAFF (B-cell activating factor) was
overexpressed (Li et al., 2009). BAFF is able to activate the pathway via both
pathways and furthermore enhances survival and expansion of the MZ B-cell
lineage (Enzler et al., 2006, Thien et al., 2004). Therefore, it provides a positive
feedback loop of aberrant BCL10 signaling. In fact, a significant increase in the
MZ B-cell population was observed in the animals. Some of the mice, but not all
developed lymphomas. This demonstrates that although altered BCL10
expression contributes to the development of lymphoma, it is not sufficient on its
own and that other genetic aberrations are required for cancer to arise (Li et al.,
2009).

14% (4/29) of our cohort showed mutations in MYD88, a gene encoding for the
eponymous protein which also impacts the NF-KB pathway. It functions as an
adapter protein in the signaling of TLR and IL-1/IL18 receptors, activating NF-KB
transcription factors (Medzhitov et al., 1998). Therefore, like BCL10, it is indirectly
involved in physiological MZ B-cell differentiation in healthy organisms (Wang et
al., 2014). By regulating and promoting the production of pro- and anti-
inflammatory cytokines, it is considered a key element in inflammatory signaling
(Deguine and Barton, 2014, Oda and Kitano, 2006). The protein is composed of
3 domains: the toll IL-1R (TIR) domain, the death domain (DD) and the
intermediate domain (INT) (Burns et al., 1998, Medzhitov et al., 1998, Muzio et
al., 1997). These each fulfill different functions. The c-terminal TIR domain
interacts with the intracellular TIR domain of TLR and is therefore crucial for
further signal transduction (Rossi, 2014). Thereby, the n-terminal DD domain is
able to oligomerize with the respective DDs of threonine kinases IRAK 1-4.
Together, these form a multimeric complex, also called myddosome, which is
then able to amplify and expatiate the signal (Motshwene et al., 2009). This
ultimately initiates NF-KB signaling, controlling the respective target genes.

78



Additionally, some studies have shown that MYD88 can interact TIR
independently with downstream receptors, including the INF-y receptor and
members of the TNF receptor family (He et al., 2010, Sun and Ding, 2006).
Dysfunctional or lack of MYD88 in this cascade causes impaired expression of
certain genes, which leads to a loss of MZ B-cells in the organism (Wang et al.,
2014). In contrast, overexpression of MYD88 leads to gain of function of the
protein, resulting in accordingly opposing effects, which is relevant for the genesis
of many lymphomas (Ngo et al., 2011, Spina and Rossi, 2017). In LPL,
approximately 90% of cases carry the L265P MYD88 mutation, which is located
in the TIR domain and leads to persistent NF-KB and STAT3 activation (Wang
and Lin, 2020). Rarely, somatic MYD88 mutations are also identified in SMZL,
NMZL and CLL (Swerdlow et al., 2016, Martinez-Lopez et al., 2015). They are
mostly located in the TIR domain, more specifically in the beta-beta loop, and led
to a change of the MYD88 structure. As a result, IRAK1 & 4 were recruited
spontaneously, leading to uncontrolled formation of the myddosome complex und
thus constitutive NF-KB activation (Spina and Rossi, 2017). MYDS88 is able to
serve as an oncological driver mutation in various lymphomas (Kraan et al.,
2013). Since mutations of MYD88 occur much more frequently in LPL, but
sometimes also in NMZL, differentiating between these two entities in the lymph
node remains challenging and requires other factors such as clinical

presentation, morphology and immunohistochemistry to allow a diagnosis.

4.4 Genetic landscape of t(14;18) negative FL compared to NMZL

Prior to genetic analysis, FL was entertained as a differential diagnosis in 17 of
45 samples; finally, 6 cases were classified as t(14;18) negative FLs. These FLs
that do not carry the chromosomal t(14;18)(q32;921) translocation, account for
about 10-15% of FLs (Laurent et al., 2023). The differential diagnosis between
NMZL and BCL2-neg FL can be cumbersome, and many times genetic analysis
is performed and needed to resolve the problem. In our 6 cases, we detected
mutations in 13 of the total 81 genes examined. The most frequently mutated
gene among them was STAT6, which was mutated in 4/6 cases. The presence
of STAT6 mutation supports the diagnosis of BCL2-negative FL that although not
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specific is very characteristic. In contrast, we could not find any in the 29 NMZL
cases. In addition, we identified KMT2D and CREBBP mutations in 3 cases each,
which, in comparison, were found in 7 and 3 of the NMZL cases, respectively.
TNFRSF14 mutations were demonstrated in 2 cases, while one of those could
be detected in only one NMZL case. Nevertheless, the presence of KMT2D
variants does not help in the differential diagnosis, whereas the presence of
CREBBP and TNFRSF14 variants supports the diagnosis of FL but does not
exclude the possibility of NMZL. Mutations in EZH2, CD79B, MYC, JAKS,
TNFAIP3, SOCS1, BIRC3, TP53 and SPEN could be found in one case each.

The findings in our study are in perfect agreement to what was reported by Nann
et al in a series of BCL2-negative FL(Nann et al., 2020). As in our cohort, STAT6
mutations were the most frequent (567% of the cases), which in comparison can
only be observed in 11-12% of the conventional FL cases according to the
literature (Okosun et al., 2014, Yildiz et al., 2015). Similar to our findings,
CREBBP mutations were the second most frequent (49%), followed by KMT2D
aberrations (27%). Striking was the frequent simultaneous presence of STAT6
with CREBBP mutations, which is characteristic of the BCL2-neg FL confirming
further this diagnosis (Nann et al., 2020, Yildiz et al., 2015, Zamo et al., 2018,
Salmeron-Villalobos et al., 2022). While mutant inactivated CREBBP supports
lymphoma development through epigenetic modifications in GC B-cells, mutant
STATG6 provides additional survival-promoting signals via the JAK-STAT pathway
(Erdogan et al., 2022, Zhang et al., 2017). In our study, two of the four STAT6
mutated cases showed an additional CREBBP mutation. Furthermore, in the
work of Nann et. al. TNFRSF14 mutations were detected in 39% and EZH?2
mutations in 18% of the cases. In summary, the genetic landscape we were able
to identify in the few cases is very similar to that of this study (Nann et al., 2020).
In 2009, Katzenberger et. al. already described a subgroup of follicular
lymphomas with a diffuse growth pattern and 1p36 chromosomal deletion that
lacked the classic t(14;18) translocation. These were also distinctive in being
immunohistochemically CD23 positive and often showed a loss of CD10
(Katzenberger et al., 2009). In further studies this subgroup of lymphomas was
investigated concerning it's mutational landscape. All of them detected STAT6
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as the most frequent mutation in about 82% of the cases, followed by other
already mentioned mutations of CREBBP, KMT2D (Siddiqi et al., 2016, Zamo et
al., 2018). Since STAT6 mutations are substantially less common in conventional
FLs, they may be particularly important to determine a diagnosis (Morin et al.,
2011, Pasqualucci et al., 2014). In 2022, this subgroup of FL was proposed as a
provisional entity by the ICC (Campo et al.,, 2022), while the 5th WHO
classification of hematologic neoplasms did not recognize it as such (Alaggio et
al., 2022). Of our six cases, four could also fit well into the above mentioned
subgroup, as they showed a distinct CD23 positivity in immunohistochemistry, in
addition, to the typical mutation spectrum as they all carried STAT6 mutations,
whereas it is unclear if a typical 1p36 chromosomal deletion is present. In the
following, the role of the mutated genes will be discussed. The function and effect
of mutations of CREBBP and KMT2D have already been explained above. Signal
transducer and activator of transcription 6 (STAT®6), the key gene in this context,
encodes for STATG, which is part of a family of 7 transcription factors (Erdogan
et al., 2022). Physiologically, it modulates key biological processes including the
differentiation of Th2 cells and the proliferation and maturation of B cells via gene
expression (Kaplan et al., 1996, Schindler et al., 2007). It accomplishes this via
the JAK STAT pathway, a crucial signal transduction pathway for a variety of
autoimmune diseases and malignancies (O'Shea and Plenge, 2012, O'Shea et
al., 2015). The canonical pathway is activated when a ligand, in the case of
STAT6 mainly being the cytokines IL-4 and IL-13, binds to a receptor on the cell
surface. As a result of the following receptor dimerization, JAK is
transphosphorylated. This in turn allows STAT to bind to its docking site, which
is then also phosphorylated. Subsequently, STAT dissociates and forms homo-
or heterodimers. These translocate to the nucleus where they bind DNA
promoters and affect gene expression (Hu et al., 2021b, Erdogan et al., 2022).
Significant processes affected include hematopoiesis, tissue repair, apoptosis,
inflammation and immune fitness (Owen et al., 2019). In addition, a non-canonical
pathway, which is much more complicated, exists. This pathway is responsible
for maintaining the stability of heterochromatin (Li, 2008, Shi et al., 2006). Thus,
it is comprehensible that a disordered function can contribute to tumor
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development due to instability of heterochromatin (Shi et al., 2008). Moreover,
the JAK/STAT pathway is able to crosstalk to other central pathways at various
levels, including the NF-KB, TGFR, NOTCH and MAPK pathways (Hu et al.,
2021b). In hematologic neoplasms, STAT6 mutations typically result in a gain of
function of the respective protein; for instance, approximately 80% of all classical
Hodgkin lymphomas carry such a mutation (Guiter et al., 2004, Skinnider et al.,
2002).

HVEM/TNFRSF14, on the other hand, physiologically functions as a tumor
suppressor and is encoded by TNFRSF14 or HVEM, another frequently altered
gene in t(14;18) - FL. Loss of its function can lead to autonomous activation of B
cells (Boice et al., 2016).

Therefore, translocation-negative FLs are a challenging diagnosis since the
typical translocation is lacking. Moreover, it is particularly difficult to distinguish
these FLs from other small B-cell lymphomas such as NMZL (van den Brand et
al., 2016). As no STAT6 mutations were found in our cohort of NMZL, our study
confirm that STAT6 mutations may be the most important factor in the
differentiation to NMZL. KMT2D and CREBBP mutations should be considered
with caution because, although they are more common in FL, they are also
among the most frequent mutations in NMZL. Mutations in TNFRSF14 / HVEM
should steer the diagnosis more towards FL, as they are very rarely seen in
NMZL. Overall, mutation analysis seems to contribute to establish a diagnosis.

4.5 Genetic landscape of CLL compared to NMZL
Before NGS analysis, CLL as a differential diagnosis was considered in 4 cases.
After histological and mutational evaluation, 5 cases have been classified as CLL.
Immunohistochemically, the neoplastic cells lacked the classical strong CD23
expression. CD5 was also negative in the tumor cells.

In total, we detected 10 mutations in the 81 genes examined in these 5 cases.
The most frequently mutated gene was ATM in 3 samples. Mutations in MYD88,
CXCR4, BRAF, TP53, BIRC3, NLRP14, NOTCH1, and KRAS, were found in only
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one case each. However, since the number of cases is only five, the results are
only moderately representative. ATM, TP53, BIRC3, NOTCH1 and MYD&8 are
known mutations in CLL, which is why these will be discussed in more detail
below.

ATM was the most frequent mutated gene in the CLL group which was not
detected in any of the 29 NMZL cases. It is considered a tumor suppressor, which
is why its deletion or inactivation contributes to tumorigenesis. In 10% of CLL
patients, the ATM gene is affected by deletions of the short arm of chromosome
11 (Bosch and Dalla-Favera, 2019). It has been demonstrated that these
monoallelic ATM deletions lead to an advantage of survival of the affected cells,
which are therefore able to proliferate. Subsequently, clones with a second hit in
the remaining allele of ATM expand preferably (Landau et al., 2015). Thus, about
1/3 of patients with a 11p deletion hold a mutation in the second ATM allele.
Taken together, deletions of 11q and ATM mutations occur in 9-18% of all CLL
patients at primary diagnosis (Bosch and Dalla-Favera, 2019, Fabbri and Dalla-
Favera, 2016). Physiologically, ATM serves as an upstream regulator of TP53
and therefore has tumor suppressive effects (Banin et al., 1998, Siliciano et al.,
1997). It belongs to the PIKK family and consists of 3 functional domains which
are obligatory for its functionality. In response to DNA double-strand breaks, the
protein manages to activate specific signaling cascades. On the one hand, this
leads to the assembly of a complex of proteins which subsequently recognize the
DNA damage, enable relaxation of the surrounding chromatin and ultimately
repair the damaged strands (Goodarzi et al., 2008, Stankovic and Skowronska,
2014). On the other hand, ATM interacts with cell cycle regulators and initiates

cell cycle arrest and apoptosis via activation of TP53 (Barlow et al., 1997).

TP53 itself, also a tumor suppressor, was mutated once in both the NMZL group
and the CLL group in our study. In CLLs, TP53 s frequently affected in the context
of 17p13 deletions. In 90% of cases with this deletion, a missense mutation in the
remaining TP53 gene is also present and in 65% of cases with a TP53 mutation,
a deletion of this region can be found (Bosch and Dalla-Favera, 2019,
Catherwood et al., 2019). This indicates that biallelic inactivation is presumably

required to have an impact on tumor development (Landau et al., 2015).
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Furthermore, it is of importance that in treatment naive patients, TP53 mutations
are present in only about 10% whereas they can be identified in up to 25-50% of
treatment-resistant patients. This suggests that the mutation is acquired during
the course of the disease and provides for certain resistance mechanisms that
cause chemoresistance (Catherwood et al.,, 2019, Gonzalez et al., 2011).
Physiologically, p53 encoded by the TP53 gene is a DNA-binding protein that
affects transcription and thus regulates cellular proliferation. Upon DNA damage
or activation of oncogenes, it is reflexively upregulated and p53 levels in the
affected cells increase (Peller and Rotter, 2003). As mentioned above, this
process is preceded by ATM. In the presence of genotoxic stress, ATM
phosphorylates p53 and thus initiates cell cycle arrest via CDKN1A and induces
apoptosis through members of the BCL2 family (Barlow et al., 1997, Burns and
El-Deiry, 2003, Clarke et al., 1993). Aberrations in one or both tumor suppressors
thus support the development and progression of CLL through increased
genomic instability. Especially TP53 mutations are associated with advanced
disease and a short survival time (Dohner et al., 1995, Rossi et al., 2009, Zenz
et al., 2008).

NOTCH1 was mutated in 1 of our 5 CLL cases. According to literature, it is one
of the most frequently mutated genes in primary diagnosis of CLL in 4-20% of
cases (Bosch and Dalla-Favera, 2019). It serves as a transmembrane receptor
and initiates a signaling cascade which leads to activation of several genes
involved in survival, proliferation and metabolism, including the oncoprotein MYC
(Guruharsha et al., 2012).

BIRC3 and MYD88 mutations, each of which were present in one of our CLL
cases, are known to be mutated in approximately 2-4% of all CLLs (Bosch and
Dalla-Favera, 2019). Both ultimately cause constitutive NF-KB activation. BIRC3
mutations in CLL lead to loss of the C terminal RING finger domain (Rossi et al.,
2012a) whereas MYD88 is mostly affected by the typical L265P mutations that
have already be mentioned above (Wang and Lin, 2020).

Interpreting these results, mutational analysis of certain genes using NGS could

be helpful in differentiating CLL from NMZL in unclear cases. In this context, ATM
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mutations seem to be of great importance and should lead the diagnosis in
direction of CLL since they could only be identified in CLL cases and have not
been found in NMZL.

4.6 Conclusions and Outlook

The main objective of this work was to characterize the genetic landscape of
NMZL, a rather rare entity. Because of its rarity, the number of cases in previous
studies has often been relatively small. An additional aspect of this project was
to investigate whether genetic analysis using NGS is helpful to differentiate
NMZLs from other small B-cell lymphomas, since the diagnosis of NMZL is still
considered a diagnosis of exclusion. Discussed differential diagnoses in our
project were t(14;18) negative FLs, atypical CLLs with atypical mutational or
immunohistochemical profiles and LPLs. For this purpose, we performed NGS on
a collective of a total of 45 samples using a customized panel. Concerning patient
characteristics such as age at diagnosis and gender distribution the collective
seems to be appropriately representative. The spectrum of affected genes and
pathways was rather heterogeneous. Nevertheless, we observed that numerous
altered genes are engaged in processes of epigenetic regulation and chromatin
remodeling. In addition, pathways such as NF-KB and NOTCH, which
physiologically play an important role in the regulation of B-cell homeostasis,
were frequently affected by mutations.

These results are consistent with comparable studies in many aspects, but not in
all. Some previous studies identified accumulated mutations exclusive to NMZL,
which in our study were only detected in individual cases. In the work of Spina et
al, these were PTPRD mutations, which occurred in 20% of the cases. To
examine this in our collective, we performed mutation analyses for this gene in a
group of cases but identified only one case with this aberration. Moreover, Pillonel
et al described BRAF mutations in 16% of NMZL cases in their study whereas a

BRAF mutation was present in one case in our study.

However, the results of our study demonstrate that some mutations in fact are

useful in differentiating NMZL from FL and atypical CLL. Of particular importance
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are KLF2 mutations, which may serve well to differentiate NMZL from other non-
marginal zone lymphomas such as FL or CLL. On the other hand, STAT6
mutations should guide the diagnosis towards FL in cases that are difficult to
assess, as they are almost never observed in NMZL. Concerning
immunohistochemical evaluation, markers have been suggested to help
differentiate these two entities, namely IRTA1 and MNDA. Previous studies have
described a much stronger positivity of these markers in MZL compared to FL
(Wang and Cook, 2019). In subsequent experiments, it would be interesting to
stain the cases we have assigned to the NMZL and FL groups with those markers

and evaluate if the results match the genetic ones.

In cases with CLL as a differential diagnosis, the detection of ATM mutations
could be important, in addition to the histopathological evaluation. These

mutations occur more frequently in CLL and have not yet been detected in NMZL.

In summary, the results of the project have helped to provide a better insight into
the histology and genetic background of NMZL compared to other lymphomas.
Nevertheless, many questions have been left unanswered and need to be
clarified in additional studies and experiments. For instance, in a few cases we
were not able to detect gene mutations with the 78 analyzed genes. It is possible
that other mutated genes that have not yet been documented could be involved
in the pathogenesis of NMZL. Furthermore, neither alterations in splicing variants
nor introns and deviations in copy number have been investigated in this study.
These issues could be addressed in further studies such as whole genome
analyses and microarray analyses. In cases without mutations, other possible
pathogenetic mechanisms such as acetylation and methylation patterns need to
be discussed. In addition to further genetic studies, a shift to functional assays
would also be valuable to gain a better insight into the pathogenesis of NMZL.
Furthermore, the analysis of clinical data could be of interest. It could be explored
whether certain mutations have an impact on the course of the disease and
whether specific alterations in genes such as TP53 have led to therapy resistance
in the collective. In the future, mutation analysis could also open the possibility of
personalized therapy for patients depending on their mutation status. Thus,

therapy approaches for some of the genes are already being tested. Commonly
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mutated genes in NMZL are CREBBP and KMT2D, which result in reduced
acetylation and methylation activity of the respective proteins. The negative
effects of this reduced activity could be counteracted by restoring the
physiological acetylation and methylation patterns of the affected DNA
(Pasqualucci et al., 2011). Therefore, so-called histone deacetylase inhibitors
(HDACIs) have been developed, which prevent the removal of these acetyl
groups (Finnin et al., 1999, Singh et al., 2010). Analogously, there are H3K4
demethylase inhibitors, which may be able to reverse the effects of KMT2D
mutant cells (Ortega-Molina et al., 2015). Such targeted therapies may represent
the future of treatment for NMZL patients. However, more research is still
necessary, each of which, including this one, provides a better insight into the
NMZL entity.
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5 Summary (English)

Nodal Marginal Zone Lymphomas (NMZL), along with Splenic Marginal Zone
Lymphoma (SMZL), Extranodal Marginal Zone Lymphoma (EMZL) and primary
cutaneous Marginal Zone Lymphoma (PCMZL), belong to the group of marginal
zone lymphomas, which are mature small B-cell lymphomas. MZL account for
approximately 6% of all lymphoid neoplasms. NMZL, as the rarest entity in this
group, thus corresponds to only 1.5-1.8% of all lymphoid neoplasms. The
diagnosis of this lymphoma presents a constant challenge in clinical practice.
There are usually several differential diagnoses, including BCLZ2 negative
follicular lymphoma, chronic lymphocytic leukemia and lymphoplasmacytic
lymphoma. NMZL frequently is a diagnosis of exclusion. Accurate
histopathologic, immunophenotypic, and genetic analysis is essential. To date,
no specific treatment exists for this type of lymphoma, which is why the
therapeutic principles of other, more common indolent B-cell lymphomas are
being adopted. Histologically, the growth pattern and morphology of the
malignant cells is heterogeneous. In addition, the immunophenotype is rather
unspecific, which makes a reliable diagnosis difficult. Mutation analysis may be
an important pillar of diagnosis. In the past, some studies on the genetic
background have been performed, but their validity is often limited by the low
number of cases. The main objective of this thesis was to gain a more detailed
insight into the genetic background of this entity by analyzing a large number of
NMZL cases. For this purpose, all cases with differential diagnosis of NMZL from
2010 to 2023 were histologically evaluated and DNA integrity was assessed using
PCR, and subsequently subjected to NGS. Five cases had to be excluded from
mutation analysis due to poor quality, with a final cohort of 44 cases. After
obtaining the mutation analysis, these cases were again subjected to
histopathological evaluation and then divided into 3 groups: NMZL, t(14;18)
negative FL, and CLL with atypical immunohistochemical profiles. The former
comprised 29 cases, which were subdivided into 3 histological subgroups: 22
cases corresponded to the classic presentation of NMZL, 4 were CD5 positive,
and 3 could be assigned to the splenic subtype. Overall, KLF2 was the most
frequently mutated gene. Physiologically, this factor is crucial for the development
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of B cells and is usually associated with a loss-of-function mutation in lymphomas.
Since this mutation occurs frequently in MZL and rather rarely in other small B-
cell lymphomas, its occurrence could facilitate the diagnosis of NMZL.
Furthermore, it can be assumed that aberrations in chromatin remodeling and
epigenetic regulation play a particularly important role in the development of
NMZL, since genes involved in these processes were mutated most frequently,
including KMT2D and TBL1XR1. Moreover, we observed that NF-KB and
NOTCH signaling pathways, which are essential for normal B-cell development
and maturation, were often affected by mutations. These results seem to be in
close agreement with comparable studies. Overall, the mutational pattern is very
similar to that of SMZL, which is why other aspects are more relevant to
distinguish NMZL from SMZL. However, for the differential diagnoses with FL and
CLL, mutation analysis is of value as demonstrated in this study. In summary, we
identified STAT6 mutations in BCL2-negative FLs and ATM mutations in CLL,
each of which were not observed in the group of NMZL. Nevertheless, the number
of cases was too small to draw a substantiated conclusion. Because of the size

of the panel we were unable to identify mutations in all cases.

Our study demonstrates that not a single mutation is exclusive to any disease;
however, the mutational profile was very helpful to increase the accuracy in the
diagnosis.

In the future, this could help to achieve the overall goal of providing NMZL
patients with a targeted therapy tailored to their specific mutation profile.
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6 Zusammenfassung (Deutsch)

Nodale  Marginalzonenlymphome (NMZL) gehdoren mit  splenischen
Marginalzonenlymphomen (SMZL), extranodalen Marginalzonenlymphomen
(EMZL) und primar kutanen Marginalzonenlymphomen (PCMZL) zu der Gruppe
der Marginalzonenlymphome, die den reifen kleinzelligen B-Zell Lymphomen
angehoren. MZL etwa 6% aller lymphoiden Neoplasien aus. Das NMZL als
seltenste Entitat dieser Gruppe entspricht damit nur 1,5-1,8% aller lymphoiden
Neoplasien. Die Diagnose dieses Lymphoms stellt immer wieder eine
Herausforderung im  klinischen Alltag dar. Meist stehen viele
Differentialdiagnosen im Raum, darunter das BCL2 negative follikulare Lymphom
und die chronisch lymphatische Leukamie. Das NMZL ist oft nur eine
Ausschlussdiagnose. Umso wichtiger ist also eine genaue histopathologische,
immunophanotypische und genetische Analyse. Bisher existiert keine spezielle
Therapie fur diese Art der Lymphome, weshalb die Therapieprinzipien anderer,
haufigerer indolenter B Zell Lymphome ubernommen werden. Histologisch
gestaltet sich das Wachstumsmuster und die Morphologie der malignen Zellen
heterogen. Dazu kommt, dass der Immunophanotyp recht unspezifisch ist, was
eine sicherer Diagnosestellung erschwert. Die Mutationsanalyse stellt einen
wichtigen Pfeiler der Diagnosefindung dar. In der Vergangenheit wurden schon
einige Studien zum genetischen Hintergrund durchgefihrt, deren Aussagekraft
jedoch oft durch die niedrige Zahl an Fallen eingeschrankt ist. Das Hauptziel
dieser Arbeit war die Analyse einer grolRen Zahl von NMZL Fallen um einen
detaillierteren Einblick in den genetischen Hintergrund dieser Entitat zu erlangen.
Dafur wurden alle Falle mit der Differentialdiagnose NMZL von 2010 bis 2023
histologisch evaluiert und die DNA Integritat mittels PCR Uberpruft. Anschlie3end
fuhrten wir Next Generation Sequencing mit den Proben durch. Funf Falle
mussten aufgrund von mangelnder Qualitdt von der Mutationsanalyse
ausgeschlossen werden mit einem finalen Kollektiv von 44 Fallen. Nach der
Mutationsanalyse wurden diese Falle erneut einer histopathologischen
Evaluation unterzogen und anschliel3end in 3 Gruppen eingeteilt: NMZL, t(14;18)
negative FL und CLL mit atypischem immunhistochemischem Profil. Erstere
umfasst 29 Falle, wobei diese wiederum in 3 histologische Untergruppen
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unterteilt wurde: 22 Falle entsprachen dem klassischen Bild eines NMZL, 4 waren
CD5 positiv und 3 konnten dem splenischen Subtyp zugeordnet werden.
Insgesamt war KLF2 das am haufigsten mutierte Gen. Dieser ist physiologisch
wichtig fur die Entwicklung von B-Zellen und geht in Lymphomen meist mit einer
loss of function Mutation einher. Da diese Mutation gehauft in MZL und eher
selten in anderen kleinzelligen B Zell Lymphomen vorkommt, konnte das
Auftreten dieser die Diagnosestellung NMZL vereinfachen. Des Weiteren Iasst
sich vermuten, dass Aberrationen im Chromatin Remodelling und der
epigenetischen Regulation eine besonders wichtige Rolle fur die Entstehung von
NMZL spielen, da Gene die an die diesen Vorgangen beteiligt sind am haufigsten
mutiert waren, darunter KMT2D und TBL1XR1. Zudem war zu beobachten, dass
die Signalwege NF-KB und NOTCH, die im gesunden Organismus essenteil fur
die Entwicklung und Reifung von B Zellen sind, oft von Mutationen betroffen
waren. Diese Ergebnisse scheinen gut mit vergleichbaren Studien
Ubereinzustimmen. Insgesamt ahnelt das Mutationsmuster sehr dem von SMZL,
weshalb zur Unterscheidung von diesem eher andere Aspekte eine Rolle spielen.
Fir die Unterscheidung zweier weiterer wichtiger Differenzialdiagnosen, FL und
CLL, zu NMZL haben die Mutationsanalysen laut unserer Ergebnisse einen
wichtigen Stellenwert. So konnten wir in BCL2 negativen FLs gehauft STAT6
Mutationen und in CLL ATM Mutationen identifizieren, die jeweils nicht in der
Gruppe von NMZL zu beobachten waren. Um eine fundierte Aussage zu treffen
war hier jedoch die Anzahl der Falle zu niedrig. Aufgrund der Grolie des Panels

konnten wir nicht in allen Fallen Mutationen identifizieren.

Mit unserer Studie konnten wir demonstrieren, dass keine einzelne Mutation
exklusiv einer einzigen Entitat zuzuordnen ist, jedoch ist die Kenntnis des

Mutationsprofils sehr hilfreich in der Prazision der Diagnosestellung.

In Zukunft konnte damit das Ubergeordnete Ziel erreicht werden, NMZL Patienten
eine zielgerichtete, auf das jeweilige Mutationsprofil zugeschnittene Therapie zu
bieten.
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