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SUMMARY

Marginal zone lymphoma (MZL) is a rare tumor that accounts for only 7%-8% of all

lymphoid neoplasms; however, the incidence rate has increased in recent years.1 The median

age at disease onset is 60 years, with a 5-year overall survival (OS) rate of 85%. Depending

on the MZL subtype, different treatment options are available. New personalized therapy is a

promising approach to increase the effectiveness of anti-tumor treatments in MZL

lymphomas. However, the heterogeneity of MZL subtypes makes it challenging to have a

single treatment approach for patients with MZL. These challenges are also due to an

unexplored genetic landscape and a lack of understanding of the molecular pathogenesis of

MZL tumor development.

In my doctoral thesis, I characterized the genetic landscape of two marginal zone lymphoma

subtypes in two independent patient cohorts. The first cohort consisted of 34 patients with

ocular adnexal marginal zone lymphomas (OMZL) and the second comprised 28 patients with

primary pulmonary marginal zone lymphomas (PMZL). We used a customized

high-throughput sequencing gene panel covering 146 genes to study the most common

nucleotide-level alterations in both study cohorts. In OMZL, we frequently saw mutations in

genes related to the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)

pathway like TNFAIP3 were; on the other hand, in PMZL, we detected higher frequencies of

chromatin modifier-encoding gene mutations, like KMT2D. We compared the mutational

profiles with other lymphomas as well as lymphoproliferative and reactive lesions from the

same anatomic region. We detected a different mutational composition of pulmonary diffuse

large B-cell lymphoma (DLBCL) compared to PMZL, suggesting that there is no

transformation from PMZL to DLBCL. Further, we found recurrent PTEN mutations in

reactive lesions, these might play an important role in diagnostics. In addition, we performed

pathway analyses of the three main affected pathways, namely chromatin modifiers, the

NF-κB pathway and the NOTCH pathway, to identify cluster patterns. We did not find any

association between Chlamydia spp. infections and OMZL in the Basel cohort. Furthermore,

we studied genetic evolution patterns in relapsing OMZL. To get a complete picture of the

1
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mutational landscape across all MZL, we performed a comparative meta-analysis of reported

genetic variants in various MZL subtypes.

1. INTRODUCTION

1.1 Development of B-cells

The human immune system reacts to foreign pathogens in two different manners. First,

pathogens induce a fast but a non-specific innate immune response by preformed immune

cells such as macrophages and neutrophils with germ-line encoded receptors. By contrast, the

second is a slower but more specific adaptive immune response. Here, B-lymphocytes are

referred to as “B-cells”, and T-lymphocytes (“T-cells”) fight the invading pathogens.2

B-cells originate from the bone marrow, where they derive from hematopoietic stem cells

(HSCs) (Figure 1). B-cells detect antigens by their B-cell receptor (BCR), a membrane-bound

immunoglobulin (Ig). The diverse repertoire of BCR is generated during B-cell development,

a process that involves interaction with bone marrow stromal cells as well as cytokines. The

first phase of B-cell development takes place in the fetal liver and bone marrow. Afterwards,

the maturation continues in secondary lymphoid organs such as the spleen, lymph nodes, and

mucosa-associated lymphoid tissue (MALT). B-cell development results in either memory

B-cells or antigen-specific plasma cells.3

B-cell development starts when HSCs in the fetal liver differentiate to form progenitor cells.3

HSCs migrate to the bone marrow, a dynamic microenvironment that provides a niche where

the primary site of B-cell development occurs.4

2
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Figure 1. Interactions between haematopoietic stem cells (HSCs) and B-cell progenitors in the

bone marrow. HSCs enter the bone marrow from the blood (left) and start to develop close to the

osteoblasts (top). Progenitor cells seek contact with CXCL12-expressing stromal cells (purple) to

mature into pre-pro B-cells. Then, the cells locate and receive signals from IL-7-producing stromal

cells (blue) to proceed to the pro-B-cell stage. After completing differentiation, the pre-B-cells

become immature B-cells and leave the bone marrow. Image from ref.3

The first stage of development is the pre-pro B-cell stage. During this stage, pre-pro B-cells

show elevated expression of CD45R and early B cell factor (EBF1).5 Stromal cells supply

these developing B-cells with CXCL12 chemokine signals for further development.4 The

transcription factors EBF1 and E2A bind to the Ig heavy chain (IGH) gene. Together they

promote accessibility of the D-JH locus in preparation for the first immunoglobulin (Ig) gene

recombination. Expression of EBF1 is necessary to initiate the expression of CD79A and

CD79B, which bind non-covalently to the Ig heavy chain forming the B-cell receptor (BCR)

complex.6

The great diversity of Ig allows each antibody to bind to a specific antigen. This antibody

repertoire is generated by multiple mechanisms of gene rearrangements, recombination,

hypermutation, etc. D to JH Ig gene recombination starts in the early pro-B-cell stage.3

Pro-B-cells migrate in the bone marrow along a chemo gradient towards interleukin

(IL)-7-secreting stromal cells, as pro-B-cells require signaling from the IL-7 cytokine (Figure

2).4 The binding of IL-7 to its receptors stimulates the activation of the signal transducer and

3

https://www.zotero.org/google-docs/?Xr4ztV
https://www.zotero.org/google-docs/?KVuQPn
https://www.zotero.org/google-docs/?FpQrdc
https://www.zotero.org/google-docs/?zLohLd
https://www.zotero.org/google-docs/?X0h7NK
https://www.zotero.org/google-docs/?jogkJd


Dissertation                                                                                                                Visar Vela

activator of transcription 5 (STAT5) transcription factor, causing the upregulation c-myc

(MYC) and n-myc (MYCN) and stimulation of cell proliferation.3 When D to JH recombination

is completed, the preparation for V to D-JH joining begins with the help of the PAX5

transcription factor.

Figure 2. Transcription factors in early B-cell development. As interleukin (IL)-7 binds to its

receptor, activation of transcription factor STAT5 is stimulated. This process activates the N-myc

and C-myc proteins and stimulates B-cell proliferation. In addition, signal transducer and activator

of transcription 5 (STAT5), together with E2A, promotes the expression of early B cell factor 1

(EBF1), which induces the expression of paired box 5 (PAX5). These actions activate genes that

lead to B cell lineage specification. Adapted from ref.3

At the beginning of the early pre-B-cell stage, the VH to D-JH Ig gene recombination ends. In

this stage, the pre-B-cell receptor (pre-BCR), composed of the rearranged heavy chain with

the VpreB and λ5 surrogate light chain components, starts to be expressed.3 Pre-BCR

signaling recombination activating genes 1 and 2 (RAG1 and RAG2, respectively), which

encode enzymes, to prevent further IGH rearrangements.7 Failure to express a pre-BCR will

cause the cell to undergo apoptosis, which is the first checkpoint of B-cell development.

Progress through this checkpoint leads to proliferation.8

After several rounds of proliferation, pre-B-cells lose their pre-BCR receptor. Then,

re-expression of RAG1 and RAG2 initiates the light chain gene rearrangement. These steps

4
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mark the entry into the late pre-B-cell stage.9 Successful rearrangement of light chain genes

leads to the expression of the IgM receptor on the cell surface, characteristic of the beginning

of the immature B-cell stage. Cells without successful light chain Ig gene rearrangement are

blocked at the second checkpoint of B-cell development and undergo apoptosis.8

Immature B-cells display a functional IgM on their cell membrane. They migrate to the

spleen to complete their maturation. Upon encountering antigens, these cells re-express RAG1

and RAG2 genes and modify their light chain genes.7 If no functional BCR is expressed on the

cell surface, the cells undergo apoptosis. Immature B-cells are categorized into two subtypes

of transitional B-cells, T1 and T2 (Figure 3). These cells leave the bone marrow as T1

B-cells, enter the spleen through the central arteriole, and get deposited in the marginal

sinuses.10,11 T1 B-cells mature into T2 B-cells to enter the B-cell follicles and recirculate, or

enter the marginal zone and develop into marginal zone B-cells.12

Figure 3. Movement of immature T1 and T2 transitional B-cells. Immature T1 B-cells leave the

bone marrow, go to the bloodstream and enter the spleen via the marginal sinuses. They percolate

to the T-cell zones and differentiate to T2 transitional B-cells. Some T2 transitional B-cells develop

into marginal zone cells. Adapted from ref.3

5
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1.1.1 Structural organization and rearrangement of Ig genes

Antibodies have a Y-shaped structure composed of four polypeptide chains: two identical

light (L) chains, and two identical heavy (H) chains (Figure 4). Located at the tips are the

complementarity-determining regions where antigens (epitopes) are bound.3

There are two types of light chains, the kappa (κ) chain and the lambda (λ) chain. In addition,

there are five different main antibody classes or isotypes, defined by their heavy chain

constant regions, which affect the antibody effector functions. Antibodies with a mu (μ) heavy

chain isotype belong to the IgM class; antibodies with delta (δ), gamma (γ), epsilon (ε), and

alpha (α) heavy chain belong to the IgD, IgG, IgE, and IgA classes, respectively. The γ, δ, and

α heavy chains are 330 amino acid residues long, while μ and ε heavy chains are 440 amino

acid residues long. In addition, IgM and IgE antibodies are 20% heavier than IgA, IgD, and

IgG antibodies. The α and γ heavy chains are further classified into sub-isotypes α1 and α2,

and γ1, γ2, γ3, and γ4; these sub-isotypes encode subclasses of respective antibodies: IgA1,

IgA2, and IgG1, IgG2, IgG3, and IgG4.3

The heavy and light chains of the Ig gene are composed of two domains. First is the variable

(V) domain, where the amino acid sequence diversely varies widely among antibodies. The

second region is the constant (C) domain, where the amino acid sequences are less

variable.13 The V domain of the light chain is encoded by two gene segments, the variable

(V) gene segment, and the joining (J) gene segment, while individual exons encode the C

domain. In the case of the V domain of the heavy chain, a third gene segment, diversity (D),

is required. DNA recombination in the B-lymphocyte precursors brings these gene segments

together to create a complete variable region gene.3

6
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Figure 4. Schematic antibody structure. The general structure of the Ig gene molecule showing

the four polypeptide chains linked by disulfide bonds and the two domains. Adapted from ref.13

V(D)J recombination involves bringing together VL and JL, or VH, D, and JH gene segments to

produce an intact Ig gene with complete heavy and light chain genes.3 The entire mechanism

is initiated by recombination activating genes 1 and 2 (RAG1 and RAG2) by introducing a

DNA double-strand break (DSB). The recombination signal sequences (RSS) direct the

process by serving as the site of DNA cleavage and rearranging gene segments.14 The RSS

comprises conserved heptamer and nonamer sequences, together with a spacer of either 12 or

23 base pairs (12-RSS or 23-RSS). The recombinase RAG1/RAG2 recognizes the RSS and

forms a complex following the 12-23 rule of binding. This rule only permits the 12-RSS

flanked gene coding segment to join the 23-RSS-flanked gene coding segment to ensure no

wasteful recombination (Figure 5).15 Actions of high-mobility groups 1 and 2 (HMG1,

HMG2) proteins facilitate this process.14 The RAG1/RAG2 protein complex introduces a

single-strand nick in the DNA precisely at the 5’ junction of the RSS heptamer sequence and

the V and J coding segments. Then, the 3′-OH group of the coding sequence ligates to the

5′-phosphate group on the non-coding segment creating a DNA hairpin loop and a blunt

signal end.3 For heavy chains, the D gene segment is first joined with the J segment following

the steps above. Then, the joining of the V segment to the D-J complex ensues, completing

7

https://www.zotero.org/google-docs/?yWZIac
https://www.zotero.org/google-docs/?ioSme7
https://www.zotero.org/google-docs/?4eAqZH
https://www.zotero.org/google-docs/?eFPwML
https://www.zotero.org/google-docs/?gE6qzW
https://www.zotero.org/google-docs/?zWLPVL


Dissertation                                                                                                                Visar Vela

the V(D)J recombination. In the case of light chains, only the V-J joining takes place. Signal

joints are formed when signal ends are ligated. Next, the hairpin loop is reopened to yield a 3′

overhang, a 5′ overhang, or a blunt end, and all are left open for modifications. Finally, the cut

ends of the coding segments are repaired by the components of the DNA repair process called

non-homologous end joining (NHEJ) proteins.3,14

Figure 5. V(D)J recombinations. Joining the D and J gene segments occurs, forming the D-J

coding joint, followed by joining the V segment to the D-J complex. In the case of light chains,

only the V-J joining takes place. The 12- recombination signal sequence (RSS) is paired with the

23-RSS to avoid unintentional ligation. Adapted from ref.3

1.1.2 Isotype switching

The B-cell’s Ig production or expression can be changed from one type/class to another due to

an infection to improve the capacity to fight off the pathogen. This mechanism is called

isotype switching, Ig class switching, or class-switch recombination (CSR). The process

entails changing the constant region of the heavy chain (CH) from μ and δ with γ, ε or α via a

DNA recombination event. Thus, there is a change in surface expression from IgM and IgD to

IgG, IgE, or IgA.16

8
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Isotype switching is deletional, which means that a portion of the coding DNA is removed,

and the remaining parts are rejoined. This mechanism occurs within the switch (S) regions,

located upstream of the constant domain of the heavy chain gene segments (CH).16

Recombination begins when a DNA single-strand DNA break (SSB) is converted into a DSB,

initiated by activation-induced cytidine deaminase (AID).17 Deletion of intermediary DNA

ensues between S regions, and unwanted CH regions are removed and substituted.18 Then,

NHEJ recombines the DSBs.16

1.2 Marginal zone

The spleen is a secondary lymphoid organ that plays a significant role in the fast immune

response to antigens in the bloodstream (Figure 6). Besides blood filtration, the spleen traps

antigens and plays an important role the in response to systemic infections.3 Studies have

shown that compromised spleen function leads to high susceptibility to recurrent infections

due to a lack of antibody responses.19

9
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Figure 6. Primary and secondary lymphoid organs. A) A diagram showing the different

immune organs throughout the body. B) Illustration of the cross-section of the spleen, a secondary

lymphoid organ, with red and white pulp. C) A deeper look into the anatomy of the spleen,

identifying the significant parts associated with the role of marginal B-cells. Adapted from ref.3

The spleen has two main distinct compartments, the red pulp and the white pulp. The

marginal zone, a specialized region bordering the white pulp, separating the two

compartments, contains specialized macrophages and B-cells that serve as the first line of

defense against pathogens in the blood.3

The marginal zone is further divided into two compartments, the large inner and the small

outer compartments. These are separated by a ring of T-cells and a network of fibroblast-like

cells that express alpha-smooth muscle actin (ASM).20 The B-cell and T-cell area, called the

periarteriolar lymphoid sheath (PALS), is surrounded by the marginal sinus, bridging the

white and red pulps.21 In addition, migrating B- and T-cells enter the marginal zone sinuses

from the blood and migrate to the follicles and the PALS, respectively.3

Besides the spleen, other lymphatic tissues show marginal zones where B-cells are constantly

exposed to antigens. These areas include the skin, mucosal surfaces,22 subepithelial areas of

MALT, the subepithelial dome of intestinal Peyer’s patches, and the inner wall of the

subcapsular sinus of the lymph nodes.23–26 These areas have a similar composition to the

splenic marginal zone and serve as alternative functional niches for marginal zone B-cells.27

1.2.1 Marginal zone B-cells

Marginal zone B-cells are characterized by high-level expression of IgM and CD21 and low

expression of IgD and CD23.28 In addition, marginal zone B-cells express other clusters of

differentiation markers like CD9 and CD27 that help to distinguish them from follicular

B-cells.19,29

10
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Different signaling pathways like BCR signaling, canonical nuclear factor

kappa-light-chain-enhancer of activated B-cells (NF-κB) signaling downstream of the B

cell–activating factor receptor (BAFFR), and signaling through NOTCH2 on B-cells are

essential for marginal zone B-cell development.12 Uptake of particulate antigens and their

transport to the cluster of differentiation 1D (CD1D)-containing endocytic compartments is

aided by the BCR.19 The binding of the αLβ2 and α4β7 integrins to their ligands, intercellular

adhesion molecule, and vascular cell adhesion molecule are also essential for the marginal

zone B-cells to be retained in their niche.30

As the first line of defense, marginal zone B-cells can respond quickly and efficiently to

protein and other blood-borne antigen particulates19 and induce an antigen-specific clonal

expansion of T-cells.31 Marginal zone B-cells encompass both innate and adaptive immune

systems due to their preliminary T-cell-independent IgM production ability within a few hours

of infection.19 They also play an important role in priming splenic T-cells.19

Upon entering the spleen via the splenic artery, the blood-borne antigens and lymphocytes

interact first with the marginal zone B-cells, which generate activated effector B-cells that

differentiate into plasma cells to boost IgM and IgG antibody production.30 Reduced CD23

levels allow this rapid secretion of antibodies to help trap the antigens, enhance their

processing to T-cells or B-cells and develop T-cell-dependent IgG response.19,32–34 Toll-like

receptor (TLR) signaling mediates this immune response. It promotes marginal zone B-cell

proliferation, antibody production, and maturation, thereby increasing the expression of major

histocompatibility complex (MHC) class II, CD40, and CD86 molecules.19 Specialized

resident marginal zone B-cells, with the help of high CD21 levels, efficiently bind the

antigens to the complementary receptors.3 Then, the trapped antigens, called immune

complexes, are transported to the follicular dendritic cells traveling to the PALS, deposited on

their surfaces, or processed for direct presentation on the MHC class II molecules to naive

CD4+ T-cells.19,21,31 This action promotes T-cell proliferation, cytokine production, and

expression of high levels of CD86 on the marginal zone B-cell surface.19
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Older studies suggest that neutrophils aid marginal zone B-cells in antibody secretion.23 In the

absence of infection, these antibodies become part of the general circulation. This innate

response provides a collection of antibodies providing a systemic line of defense against

pathogens or infectious agents.3 On the other hand, marginal zone B-cells respond more

vigorously and proliferate to various stimuli such as lipopolysaccharide antigens (LPS) and

anti-CD4035 but do not need constant replenishment due to their capacity for self-renewal.3

Phospholipid receptors and adhesion molecules enable marginal zone B-cells to interact with

other cells in the marginal zone.3 These other cells include marginal zone macrophages

(MZM) that exist at the boundary of the marginal and follicular zones. Upon binding with a

pathogen, MZM directly interacts with marginal zone B-cells. These interactions are

necessary for the overall structure of the marginal zone and efficient immune response by

modulating the MZM function in capturing antigens to avoid severe infection. MZM are

scattered in several areas of the marginal zone. These cell types express MARCO, a scavenger

receptor of the class A receptor family, and the marker ER-TR9.19 Another significant

interaction of marginal zone B-cells is the activation of invariant natural killer T (iNKT) cells

to stimulate the release of  Interferon-gamma (IFN)-γ and IL-4.36

1.3 Marginal zone lymphoma

Marginal zone lymphoma (MZL) is a heterogeneous group of indolent, so–called

non-Hodgkin’s lymphomas (NHL) originating from mature B-cells of the marginal zone. As

discussed, in the previous section, marginal zone B-cells are constantly exposed to antigens

and have a reduced threshold for triggering proliferation, which makes them more vulnerable

to malignant transformation.37 MZL may begin with the occurrence of the condition called

clonal B-cell lymphocytosis of marginal zone origin (CBL-MZ), where circulating clonal

B-cells of marginal zone origin are observed. However, only a fraction of patients with

CBL-MZ progress to an overt MZL.38 The median age of presentation for MZL is 60 years, it

affects more females than males, and is in most cases it is indolent, with a 5-year overall

survival (OS) rate of 85%.39
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1.3.1 Classification of MZL

Out of all lymphomas, 7% - 8% are diagnosed as MZL (Figure 7).40,41 Of these, extranodal

marginal zone lymphoma (EMZL) accounts for 70% of the cases, followed by splenic

marginal zone lymphoma (SMZL) with approximately 20% and nodal marginal zone

lymphoma (NMZL) with roughly less than 10%.38 Classification of MZL is essential because

correct identification of the disease and its subsets would lead to accurate diagnosis and

eventually propose the best treatment course.42 According to the current classification and

definition of MZL by the World Health Organization, there are three distinct clinical entities

with unique diagnostic criteria, genetic features, clinical course, and treatment or therapy

implications (Figure 8).

Figure 7. Classification of lymphomas. A.) Marginal zone lymphoma (MZL) is a group of

indolent slow-growing so-called non- Hodgkin’s mature B-cell lymphomas (NHL), B.) accounting

for approximately 7%-8% of all NHL cases. Adapted from ref. 43,44
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Figure 8. Marginal zone lymphoma (MZL) entities. The World Health Organization has

categorized MZL into three types based on specific characteristics. EMZL is further subdivided

into different entities based on the organ affected. Adapted from ref.41

1.3.1.1 Nodal MZL (NMZL)

NMZL is a primary B-cell lymphoma of the lymph node resembling both EMZL and SMZL

without evidence of such. NMZL is located in the peripheral lymph nodes, occasionally

infiltrates the bone marrow, and may show peripheral blood involvement. Around 1.5%-1.8%

of lymphomas account for NMZL, occurring primarily in adults after 60 years of age. NMZL

affects both genders equally, but females with autoimmune disorders have been observed to

have a higher incidence. Hepatitis C virus (HCV) infection has been observed in several

cases. Most patients present peripheral lymphadenopathy in the head and neck lymph nodes.41

1.3.1.2 Splenic MZL (SMZL)

SMZL is a B-cell neoplasm wherein small lymphocytes surrounding the splenic white pulp

expand and merge with the marginal zone, infiltrating the red pulp.41 Being a rare lymphoma,

SMZL accounts for less than 2% of all lymphoid neoplasms. It is known to be a disease of the

elderly, as almost all patients are over 50 years old, with a median age of 65 years.45 Females

are slightly more predominantly affected by SMZL, where most patients have a stage 4

disease with bone marrow involvement.46,47 The lymphoma is localized in the spleen, splenic

hilar lymph nodes, bone marrow, peripheral blood, and the liver. Patients with SMZL often

have splenomegaly with associated symptoms such as anemia and the presence of peripheral

blood villous lymphocytes. This type of lymphoma is often associated with HCV infections.45

In most instances, patients with SMZL experience an indolent progression; however, around

25% of the cases take on a progressive course and cause early death.48,49

1.3.1.3 Extranodal MZL (EMZL)

Heterogeneous cell types such as small marginal zone B-cells, small lymphocytes, and other

scattered immunoblasts comprise the extranodal marginal zone tissue. These neoplasms are
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found in the marginal zones extending to the interfollicular region and the follicles. They also

form lymphoepithelial lesions by infiltrating the epithelial tissues41 and affect the bone

marrow in 20% of the cases.50 EMZL cases are mainly indolent with an 87% overall survival

rate, a 98% disease-specific survival rate, and a 76% 10-year recurrence-free rate.51

MALT EMZL is further divided into subentities depending on the site of involvement.

Roughly around 7%-8%46,52 of all B-cell lymphomas are attributed to EMZL. EMZLs can

arise at any extranodal site and can present either similar or site-specific features. The most

common location for EMZL is the gastrointestinal tract, taking accounting for 70% of the

cases, followed by the lung with 14%, ocular adnexa (OA) with 12%, thyroid with 4%, but no

incidence data for other sites such as dura mater, skin,53 breasts, and liver is reported. EMZL

often remains localized in the tissue of origin but may spread to multiple areas.37 EMZL

involves both male and female adults of around 70 years of age. Females are predominantly

affected in the thyroid, salivary glands, and soft tissues. At the same time, male incidence

rates are higher for the stomach, small intestine, and skin, whereas lung, ocular, colon, and

rectum diseases occur equally in both genders.54 Variations in MZL incidences are also

thought to be influenced by geography. For example, a 1992 study noted a significantly higher

number of gastric marginal zone lymphoma (GMZL) patients in Northeast Italy compared

with the United Kingdom.55 In ocular adnexal marginal zone lymphoma (OMZL), a large

number of cases have been reported in Japan, Italy, and Korea.56

EMZLs can arise at any extranodal site and often begin with chronic inflammation caused by

microbial pathogens. Bacterial and viral infections lead to an accumulation of extranodal

MALT in the respective organs, which serves as soil for neoplastic outgrowth.41,53

GMZL is linked to Helicobacter pylori infection. H. pylori is a Gram-negative bacterium

causing gastric mucosal atrophy and ulceration associated with gastric cancer.1 Preclinical

studies have shown that H. pylori affects lymphoma pathogenesis by acting on transformed

B-cells and other immune cells.57,58 The 120-145 kDa peptide, cytotoxin-associated gene A

(CagA), is secreted by the H. pylori and taken up by the epithelial cells.59 This protein causes

H. pylori to interact with the gastric mucosa, increasing the risk of gastric cancer pathogenesis

and peptic ulcers. CagA is also shown to be present in malignant EMZL.60–62 CagA interacts
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with tyrosine phosphatase SHP-2 Ras/MEK/extracellular signal-regulated kinase (ERK)

pathway to activate and to cause the proliferation of epithelial cells.63,64 In addition, CagA

upregulates the anti-apoptotic Bcl2 and Bcl-xL proteins, which leads to persistent H. pylori

infection.65

Another pathogen linked with EMZL is the Chlamydia psittaci, which is associated with

OMZL. Several studies came across C. psittaci in tumor tissues through

immunohistochemistry and detect bacterial DNA in tumor biopsies by polymerase chain

reaction (PCR).66,67 C. psittaci infection is caused by inhaling airborne bacteria and

contamination through the feathers and feces of infected birds.68 However, the correlation of

C. psittaci and OMZL varies significantly by factors such as geography.

Borrelia burgdorferi causes antigen stimulation that leads to cutaneous MZL (CMZL). This

association was first speculated upon observing that acrodermatitis chronica atrophicans, an

indication of Lyme disease caused by B. burgdorferi infection through tick bites, is linked to

skin B-cell lymphomas.69,70 Similarly to the C. psittaci in OMZL, B. burgdorferi in CMZL

varies greatly depending on geography.

Achromobacter xylosoxidans, a Gram-negative bacterium, is correlated with pulmonary MZL

(PMZL). A. xylosoxidans is prevalent in MALT lymphoma biopsies (46%) and in patients

with cystic fibrosis and with severe lung damage.71

Hepatitis C virus (HCV) is associated with all types of MZL, SMZL, NMZL, and EMZL.

HCV is transmitted through blood and perinatal transmission.72,73 In B-cell lymphomas, HCV

plays a significant role in binding activated B-lymphocytes to CD81 cell surface receptors,

thus stimulating polyclonal proliferation.74 HCV is prevalent in GMZL (50%), salivary MZL

(SAMZL, 47%), CMZL (43%), OMZL (36%), as well as SMZL, and NMZL.75,76

Aside from bacterial and viral infections, autoimmune diseases are also linked with EMZL.

For example, Sjögren syndrome increases the risk of SAMZL. Lymphoid tissue in the salivary

glands is activated by a local chronic antigen associated with Sjögren syndrome.

Overexpression of the B-cell–activating factor (BAFF) in conjunction with CD40/CD40
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ligand (CD40L) and BCL2 family proteins leads to uncontrolled autoantibody production and

reduced apoptosis. This process causes unrestricted B-cell proliferation.77–79 Hashimoto

thyroiditis has been proposed to be related to thyroid MZL (TMZL).80 This autoimmune

disease causes the infiltration of lymphocytes into the lymphoid tissue, which the thyroid

gland initially lacks due to the absence of lymph nodes. B-cells then appear in the tissue and

differentiate into plasma cells.80 It is estimated that 0.5% of the cases of Hashimoto thyroiditis

develop into TMZL, occurring at a 9-10 year interval.81

1.3.1.4 Diagnosis

MZL is diagnosed according to the current classification and definition of the disease set by

the World Health Organization.41 However, it is recommended that an experienced

hematopathologist confirms and reviews the diagnosis as other lymphomas and reactive

conditions mimic MZLs.42

1.3.2 Genetic abnormalities and signaling pathways

Different MZL entities do not exhibit defined phenotypes and diagnostic borders.82 However,

the three MZL entities display recurrent trisomies of chromosomes 3 and 18 and deletions at

6q23.83 In NMZL, structural alterations include chromosome 1 structural rearrangements

involving 1q21 or 1p334, and abnormalities in chromosome 3.84 In SMZL, a partial deletion

of chromosome 7, del(7)(q31), is found exclusively.85,86 Other abnormalities include 7q32 as

well as 9p34, 12q23-24, 18q, 17p, 7q22-36 deletions, 12q gains, trisomies of 3q, and frequent

complete 7q loss.49 EMZL presents gains at 3p, 6p, and 18p.83 In addition, 20%–30% of

EMZL have trisomies of chromosomes 3, 12, and 18. The t(11;18)(q21;q21) translocation that

leads to BIRC3–MALT1 fusion is linked with several EMZL. However, this translocation has

not been reported in SMZL and NMZL.87 Other chromosomal translocations detected in

EMZL and the gene fusions involved are listed in Table 1.
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Table 1. Common chromosomal translocations and genetic aberrations involved in EMZL.37,87

EMZL Entity Chromosomal
Translocation Genes involved Prevalence

GMZL

t(11;18)(q21;q21)
t(3;14)(p14;q32)
t(1;14)(p22;q32)
t(14;18)(q32;q21)

BIRC3-MALT1
IGH-FOXP1
IGH-BCL10
IGH-MALT1

23%
3%
2%
1%

SAMZL
t(14;18)(q32;q21)
t(11;18)(q21;q21)
t(1;14)(p22;q32)

IGH-MALT1
BIRC3-MALT1
IGH-BCL10

6%
2%
1%

OMZL
t(3;14)(p14;q32)
t(14;18)(q32;q21)
t(11;18)(q21;q21)

IGH-FOXP1
IGH-MALT1
BIRC3-MALT1

20%
16%
7%

PMZL
t(11;18)(q21;q21)
t(1;14)(p22;q32)
t(14;18)(q32;q21)

BIRC3-MALT1
IGH-BCL10
IGH-MALT1

45%
8%
7%

CMZL
t(3;14)(p14;q32)
t(14;18)(q32;q21)
t(11;18)(q21;q21)

IGH-FOXP1
IGH-MALT1
BIRC3-MALT1

10%
7%
4%

TMZL t(3;14)(p14;q32)
t(11;18)(q21;q21)

IGH-FOXP1
BIRC3-MALT1

50%
9%
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1.3.2.1 NF-κB pathway

Figure 9. NF-κB signaling pathway. Receptors and signaling molecules that activate both the

canonical and non-canonical NF-κB signaling pathways include the toll-like receptors (TLR),

tumor necrosis factor receptors (TNFR), interleukin-1 receptor (IL-1R), CD40, initiation of B cell

activation factor (BAFFR), and receptor activator for nuclear factor kappa B (RANK). In the

canonical NF-κB pathway, NF-κB is inhibited by the IκB by binding it to the p50–p65 heterodimer

in the cytoplasm, thus preventing it from entering the nucleus. On the other hand, IKKα is

activated in the non-canonical pathway by the upstream kinase NF-κB-inducing kinase (NIK),

which promotes the processing of p100 into the active RelB-p52 isoform of NF-κB. This pathway

does not rely on IKKβ or IKKγ (NEMO) but only needs IKKα to phosphorylate the p52 precursor,

p100. Adapted from ref.88

The NF-κB pathway regulates the expression of genes in B-cells related to the development,

survival, differentiation, and proliferation of immune cells, making it a key transcription

factor.37 The constitutive activation of this pathway plays a significant role in B-cell

transformation and progression of MZL.89 NF-κB signalling is regulated through the
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canonical (classical) and non-canonical (alternative) pathways. Both pathways are regulated

by the activation of the IκB kinase (IKK) protein complex. In the canonical NF-κB pathway,

the dimers are maintained in the nucleus. A ligand binds to a cell surface receptor such as the

tumour necrosis factor receptor (TNFR) or TLR, leading to the recruitment of adaptors such

as TNF receptor-associated factor (TRAF) to the cytoplasmic domain of the receptor. These

processes engage and activate the IKK complex, enabling the NF-κB dimers to translocate

from the cytoplasm to the nucleus, to bind to target genes, and to induce transcription. On the

other hand, the non-canonical NF-κB pathway activates the p100/RelB complex during B-cell

and T cell development. Only specific receptor signals such as the lymphotoxin B (LTβ),

BAFF, and CD40 signalling activate this pathway.90

1.3.2.1.1 Aberrations of the canonical NF-κB pathway

One of the genes that negatively regulate the NF-κB pathway include TNFAIP3 (or A20) gene

that exerts dual ubiquitin-editing functions.91 This gene also augments the TNFR, TLR/IL1-R,

and BCR signalling pathways that are critical for marginal zone B-cell development.92

Loss-of-function mutations of TNFAIP3 that occur in MZL stimulate canonical NF-κB

signalling, which reduces apoptosis and cell proliferation.93,94 TNFAIP3 knockout in mice

leads to inflammation and inability to terminate TLR-dependent NF-κB activation.95 The

NFKBIE gene also negatively regulates the NF-κB pathway.96 Patients bearing mutation in

this gene have advanced disease course.97 The TBL1XR1 gene is a regulator of the NF-κB

pathway and is highly mutated in EMZL.98 This gene is required for transcriptional activation

by various transcription factors,99 such as NF-κB and JUN, thereby contributing to the NF-κB

activity in OMZL. Therefore, mutation in this gene is linked with a poor MZL prognosis.100,101

Another NF-κB pathway inhibitor is the transcription factor KLF2, or Krüppel-like factor 2.

KLF2 modulates the recruitment of NF-κB coactivators and plays a significant role in cell

differentiation, proliferation, and activation.102–106 Unmutated KLF2 is an effective suppressor

of NF-κB activation by stimulating other signalling pathways such as TLR, BCR, BAFFR,

and TNFR.107 KLF2 plays a major role in SMZL and is associated with several other genetic

mutations, suggesting potential cell survival, tumorigenesis, and transformation.108 A large

fraction of these mutations are potentially deleterious. They are predicted to disrupt the

protein’s transcriptional function, affect its nuclear localisation to produce a truncated
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protein,109 and alter gene expression to favour homing of B-cells.110 The intracellular protein

BCL10 promotes apoptosis111 and is a marker protein in EMZL. Expression of this gene is

associated with the pathogenesis and development of lymphoma by playing a key role in

chromosomal variation112 leading to insertion, deletion, and substitution of single

nucleotides.113 BCL10 mutations activate the NF-κB signalling pathway: they cause abnormal

NF-κB nuclear translocation, leading to a loss in its capability to adjust apoptosis, and a gain

of carcinogenic abilities. This results in the formation and proliferation of MZL cells.113,114

1.3.2.1.2 Aberrations of the non-canonical NF-κB Pathway

Downregulation of the tumor suppressor gene TRAF3 causes stabilisation of the

NF-κB-inducing kinase (NIK) to activate the non-canonical NF-κB pathway.115 TRAF3

alterations have been identified in GMZL116 and SMZL.117 The gene encoding myeloid

differentiation primary response protein 88, or MYD88, stimulates TLR signalling, IL-1, and

IL-18 receptors to activate NF-κB signaling.118 The most potent MYD88 mutation is the

L265P variant located in the MYD88 TIR domain, which can interact with the TIR domains of

other receptors during the innate immune response. The L265P variant can coordinate a stable

IRAK1–IRAK4 signalling complex, which activates NF-κB. These complex favors tumor-cell

survival and is identified as a reason for the high recurrence of MYD88 mutations in

lymphomas, making it an enticing therapeutic target. In addition, MYD88 mutations can cause

Janus activated kinase (JAK)/STAT3 transcriptional responses and promote lymphomagenesis

through cooperation with chronic active BCR signalling.118 MYD88 mutations have been

identified in a variety of mature B-cell tumors by Next-generation sequencing studies. In

these indolent B-cell malignancies, MYD88 mutations occur in 90% of Lymphoplasmacytic

lymphoma (LPL) patients and 5% to 10% in MZL patients.119,120 TNFRSF14, a TNFR

superfamily member,121 is prevalently mutated in NMZL and EMZL entities.98,122 These

mutations disrupt lymphoma B-cell and T helper cell interactions via its ligand B- and

T-Lymphocyte Attenuator (BTLA), thereby affecting lymphomagenesis.123 Another genetic

mutation with possible diagnostic and pathogenic importance in MZL includes BRAF. The

majority of these mutations bear the canonical V600E hotspot mutation, and others have

damaging mutations like N58II and L597Q.107 The V600E hotspot mutation activates the

21

https://www.zotero.org/google-docs/?i2Ic89
https://www.zotero.org/google-docs/?Sm2q2F
https://www.zotero.org/google-docs/?Vkkdg2
https://www.zotero.org/google-docs/?9JmC8D
https://www.zotero.org/google-docs/?6NZu2A
https://www.zotero.org/google-docs/?cx6RaV
https://www.zotero.org/google-docs/?NgFqzt
https://www.zotero.org/google-docs/?QG9tro
https://www.zotero.org/google-docs/?Dmhu1S
https://www.zotero.org/google-docs/?FicEby
https://www.zotero.org/google-docs/?1tKhHD
https://www.zotero.org/google-docs/?gfh3iS
https://www.zotero.org/google-docs/?QTSywG
https://www.zotero.org/google-docs/?w3VU6k
https://www.zotero.org/google-docs/?o4QvUw
https://www.zotero.org/google-docs/?VCQPb1


Dissertation                                                                                                                Visar Vela

serine/threonine kinase encoded by the BRAF gene124 and represents a therapeutic target for

BRAF kinase inhibitors.125,126

1.3.2.2 NOTCH pathway

Figure 10. NOTCH signaling pathway.

Notch receptors are single-pass transmembrane proteins composed of functional extracellular

(NECD), transmembrane (TM), and intracellular (NICD) domains. Notch receptors undergo

proteolytic processing in the ER and Golgi within the signal-receiving cell through S1 cleavage

and glycosylation. Then, it is transported to the cell surface membrane. The NECD in the signaling

cell binds with the Notch ligands and is expressed by the adjacent cell, inducing the second

proteolytic step, S2 cleavage by ADAM metalloproteases. This leads to the endocytosis of the

NECD into the ligand-expressing cell, followed by the release of the Notch intracellular domain

(NICD). NICD is then freed and migrates into the cell nucleus, where it binds with transcriptional

factor CSL, increases CSL dwell time on DNA, and recruits co-factor MAM to initiate the gene

transcription. Adapted from ref.127,128
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NOTCH is a highly conserved signaling pathway that is crucial in various biological

processes.129 Mechanisms in this pathway involve communication between adjacent cells to

convey information and genetic instructions.130 Canonical NOTCH signaling starts with the

interaction of the Delta-like or Jagged ligands to the NOTCH protein resulting in a cleavage.

This pathway is associated with early development and normal cellular processes. However,

another NOTCH signaling pathway called non-canonical NOTCH signaling is associated with

immune system activation and pathological conditions such as cancer.131 The NOTCH

pathway is essential for marginal zone B-cell development.12,132,133 It has been shown that

conditional knockout of NOTCH2 in mice results in the complete absence of marginal zone

B-cells,134 leaving other B-cell subsets unaffected. The NOTCH pathway is mainly targeted

by genetic lesions such as mutations of NOTCH2, NOTCH1, and SPEN,135 which are all

relevant for normal marginal zone differentiation.12,134

NOTCH2 mutations have been identified in NMZL136 and SMZL cases.137 These mutations

are located in the exons that encode for the transactivation domain (TAD) or the PEST-rich

domain (a C-terminal region rich in proline, glutamate, serine, and threonine), leading to

constitutive activation of the NOTCH pathway.108 Patients harboring the NOTCH2 mutations

are more prone to have adverse outcomes, a shorter relapse-free survival, and the worst

patient outcome.108,138 NOTCH1 mutations found in the HD and PEST domains also play a

role in the oncogenesis of SMZL,108 and EMZL entities.139 The SPEN/MINT gene suppresses

the NOTCH signaling pathway by inhibiting the RBPJ transcription factor; thus, functioning

as a negative regulator of B-cell differentiation into marginal zone B-cells,133,140,141 it is

mutated in SMZL.142

1.3.2.3 Chromatin modifiers

Epigenetic changes occur in all human cancers and cooperate with genetic alterations to drive

the cancer phenotype. These changes include DNA methylation, histone modifiers, chromatin

remodelers and other components of chromatin. Epigenetic changes can cause mutation in

genes and are frequently observed in genes that modify the epigenome. Epigenetic silencing

deregulates the epigenetic machinery at different levels. On one hand we have inappropriate

methylation of cytosine (C) in CpG sequencing motives and on the other hand we have
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histone post translational modification. The epigenetic functional classification system

divides cancer genes into epigenetic modifiers, mediators and modulators. Epigenetic

mediators are those genes whose products are the epigenetic modifiers. Mutations of

epigenetic modifiers cause genome-wide epigenetic alterations in cancer. Most cancers harbor

frequent mutations in genes that encode for components of the epigenetic machinery that

affect gene genomic stability. Mutations in DNA methylation are common in haematological

malignancies. Disruption of the epigenome results from mutations in chromatin regulators

that affect DNA methylation, so that the active or passive process of removing DNA

methylation is promoted.143–146 These mutations may lead to the initiation and progression of

cancer. Chromatin remodeling involves modification of chromatin arrangement to open a

once condensed state allowing the DNA to be accessed by transcription factors and binding

proteins to control gene expression.147 Genes that encode for chromatin modifiers were found

to be mutated in MZL. KMT2D/MLL2, an epigenetic regulator and a gene that plays a role in

chromatin remodeling and transcriptional regulation, is a commonly mutated gene in

MZL,108,136,139 where the mutations are found along the whole length of the gene.139 The

CREBBP gene, a coactivator of several transcription factors148 involved in chromatin

remodeling and transcription factor recognition, is mutated in MZL.107,108,148 Deletion or

inactivation of the CREBBP gene causes a loss of the acetyltransferase domain,142 leading to

downregulation of the transcription of MHC class II genes, aiding lymphomagenesis and

regulation of apoptosis.149 Genetic mutations of the epigenetic regulator TET2 are also

prevalent in SMZL,107 and EMZL.122 These loss-of-function mutations inactivate the protein

resulting in hypermethylated cells.150 In addition, SMZL samples studied by Martinez et al.

harbored mutations of genes involved in this pathway. These genes comprise the histone

cluster 1 (HIST1H1D, HIST1H1E, HIST1H2BI, and HIST1H4H) that link nucleosomes; the

SMARCA2, an encoder of the SWI/SNF ATP-dependent chromatin remodeling complex; an
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the CDH2 gene, an essential protein for hematopoiesis and tumor suppression.151

Figure 11. Epigenetic events and tumorigenesis. Tumorigenesis begins with an abnormal clonal

expansion caused by the stress of renewing cells. These clones are at risk of further genetic and

epigenetic events that stimulate tumor progression. Abnormal epigenetic events play a role in

inducing the abnormal clonal expansion from within stem/progenitor cell compartments in adult

cell renewal. Chromatin modifiers repress transcription and trigger gene silencing, disrupting

normal homeostasis and preventing stem and progenitor cells from differentiating correctly.

Adapted from ref.152
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1.3.3 Treatment

1.3.3.1 NMZL

Currently, there is no specific recommendation for NMZL treatment, but therapy for follicular

lymphoma (FL) is applied.42 Treatment options are surgery, radiotherapy, and chemotherapy.

Some of the drugs used include bortezomib, veltuzumab, anti-CD20 antibody, and pegylated

IFN and ribavirin.84 Different combinations are also employed, such as

rituximab-bendamustine, rituximab-cyclophosphamide-doxorubicin-vincristine-prednisone

(R-CHOP), rituximab-cyclophosphamide-vincristine-prednisone (R-CVP), or

rituximab-fludarabine. However, the choice should depend on the patient’s fitness and

infection risks.38

1.3.3.2 SMZL

For SMZL, treatment options include splenectomy, chemotherapy, rituximab alone, or a

combination of rituximab and chemotherapy. Rituximab exhibits an 80% overall quick

response rate and 40% complete response rate.42 Other regimens include chlorambucil,

cyclophosphamide, fludarabine, and bendamustine.84

For HCV-positive cases of both SMZL and NMZL, antiviral therapy with pegylated IFNα

used in combination with ribavirin or on its own has been observed to reduce remission.153 An

Italian study noted that anti-HCV therapy is used in HCV-positive patients with indolent

B-cell NHL. Patients who achieved the HCV load clearance have exhibited a 77% diagnosis

response rate and 85% relapse response rate.154

1.3.3.3 EMZL

The first line treatment for GMZL treatment is H. pylori eradication therapy involving the use

of a proton pump inhibitor with amoxicillin and clarithromycin.84 80% of GMZL patients are

treated with antibiotics and become healed after therapy. The International Extranodal
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Lymphoma Study Group (IELSG) has reported that patients treated with a combination of

chlorambucil and rituximab have shown a significantly better 5-year event-free survival.155

Patients with C. psittaci positive OMZL patients treated with doxycycline yielded a 65%

overall response rate and a 5-year progression-free survival (PFS) rate of 68%.66 In addition,

patients with OMZL who experienced a first relapse were treated with clarithromycin and

showed a 50% partial response. Clarithromycin shows anti-tumor properties by inducing

apoptosis of tumor cells. However, further studies are needed to cement its potential.1 For

CMZL, if the patient is positive for B. burgdorferi, treatment with antibiotics such as

cephalosporins and tetracyclines is the initial recommendation.156 For other EMZL entities,

combination chemotherapy is also employed. The regimens used include

rituximab-chlorambucil and rituximab-bendamustine.38

1.3.4 Progression and histological transformation

1.3.4.1 Progression

Around 50%-70% of patients with NMZL are reported to have an overall survival of 5 years,

with an indication that the disease is not currently curable.

The median 5-year overall survival of patients with SMZL is 50%.157–160 At times, these cases

may undergo progression to lymph nodes or extranodal sites, with a median time of 3.7

years.159

Among the different lymphoma subtypes, the EMZL has a more favorable outcome. EMZL

prognosis includes a poor pathological stage (PS), bulky tumor, high levels of lactate

dehydrogenase (LDH), β2-microglobulin, and serum albumin; and a large cell component

associated with a poor outcome.161,162 Recurrence of this lymphoma involves different

extranodal or nodal sites.163
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1.3.4.2 Transformation

NMZL is a rare disease; thus, biological processes involved in its transformation remain

largely unknown. A study by Qian and colleagues164 identified a high incidence of del(20q12),

with enriched extracellular matrix proteins, growth factor receptor, DNA protein, and

signalling protein in transformed MZL compared with non-transformed NMZL.

Around 10% of SMZL cases with recurrent tumors undergo histological transformation to

diffuse large B-cell lymphoma (DLBCL). These transformations occur at either the time of

diagnosis or progression, with a transformation median time of 12-85 months.

Transformations are usually associated with B symptoms, poor performance status,

disseminated disease in nodal and extranodal locations, high LDH, and poor outcome, with a

median survival of 26 months.159,165 These transformations are seen in association with p53

inactivation and chromosomal abnormalities.166

The overall survival of more than 85%-95% of EMZL cases is at five (5) years. Around 10%

of the cases have been reported to undergo a histologic transformation during the late course

of the disease and dissemination.84,161,163,167 This transformation might result from antigenic

stimulation, which causes the B-cells to acquire genetic abnormalities and undergo

proliferation.168,169 EMZL with the t(11;18) translocation has a lower risk of transformation to

DLBCL. However, GMZL cases possessing the said translocation have more advanced

disease, are H. pylori-negative, and have a lower response rate to antibiotics.170–172 On the

other hand, those with the t(3;14) translocation are associated with transformation to

high-grade tumors.173,174
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2. AIMS

2.1 To characterize ocular adnexal marginal zone B-cell lymphomas by
targeted high-throughput sequencing

Despite multiple high throughput sequencing (HTS) studies, the molecular basis of OMZL is

not fully understood. OMZL shows inconsistent results, and the distribution of mutations in

reactive lymphoid lesions of this anatomic region has not yet been sufficiently addressed

sufficiently. Furthermore, there have been some discrepancies about the infection status in

OMZL. Data of cohorts from Italy, South Korea, Germany, and Austria suggest an association

between OMZL and infection with Chlamydia spp., whereas Japanese and Danish OMZL

cohorts were negative for Chlamydia spp. Therefore, we aimed to characterize the genetic

landscape of OMZL compared with other types of lymphomas and to determine the infectious

status of our OMZL cohort. Our study allowed us to compare chromosomal aberrations in

OMZL with previous studies, to uncover the most commonly mutated genes in OMZL, to

determine the infectious status of OMZL patients in the area of Basel, Switzerland, and to

investigate the genetic evolutionary patterns of MZL relapses.

2.2 To uncover the genetic landscape of pulmonary lymphomas

Primary lymphomas of the lung are very rare, accounting for only 0.4% of all lymphomas;

PMZL is the most common type. So far, we know that PMZL more commonly displays

structural and numeric chromosomal aberrations compared with other EMZL entities.

However, little is known about point mutations in primary pulmonary lymphomas. In this

study, we aimed to investigate and to characterise the mutational landscape of PMZL at a

larger scale. Furthermore, we aimed to compare the most affected signalling pathways in

PMZL to our previous OMZL and NMZL studies. HTS allowed us to determine the most

commonly mutated genes in PMZL. Finally, we wanted to investigate whether primary

pulmonary lymphomas like PMZL have distinct mutational patterns compared with DLBCL

and lymphomatoid granulomatosis (LyG) at the same anatomic region.
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2.3 To summarize the genetic landscape of splenic, nodal, and extranodal
marginal zone lymphomas in the dura mater, salivary gland, thyroid, ocular
adnexa, lung, stomach and skin

Because the different MZL entities do not exhibit a disease-defining phenotype, the diagnostic

borders between them are blurred. In addition, there is considerable overlap between the

genetic mutations across various MZL entities and sub-entities. Consequently, a general

overview of the mutational landscape across all MZL subtypes is still unavailable. We aimed

to conduct a meta-analysis through a systematic PubMed search for MZL sequencing studies,

where reported somatic mutations and identified variants in the different entities are gathered

and combined. Genomic information was extracted and uniformed to the GRCh38 genome by

applying the LiftOver – UCSC Genome Browser. Annotations were done using the Variant

Effect Predictor (VEP) and Annovar. The collated somatic variants were evaluated regarding

their potential diagnostic importance. Furthermore, an unbiased analysis of the genomic

landscape of MZL derived from whole exome sequencing (WES) and HTS was also done to

estimate the overlap of various mutational frequencies of different protein-coding genes.

Recognising such mutational distribution patterns may help assign MZL origin in difficult

lymphoma cases and possibly pave the way for novel, more tailored treatment concepts.
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4. DISCUSSION

4.1 The genetic landscape of ocular adnexal marginal zone lymphoma

4.1.1 Frequent TNFAIP3 alterations in OMZL

The molecular basis and the etiology of OMZL is not fully understood. In our OMZL study,

we characterized their genetic landscape and compared them to other types of lymphomas in

the same anatomic region. Prior to our work, authors of several studies have discovered that

TNFAIP3 plays an important role in OMZL. Out of a cohort comprising 34 patients, we

detected TNFAIP3 as the most frequently mutated gene. Similar to previous studies, the

majority of these mutations were either nonsense or frameshift. TNFAIP3 is a negative

regulator of the NF-κB pathway and inactivates several proteins that are necessary for NF-κB

signaling such as NEMO, TRAF6, TAK1 and receptor interacting proteins (RIP) 1 and 2.175

TNFAIP3 causes the deactivation of this pathway due to its dual ubiquitin-editing functions.91

This ubiquitination is reversible and controlled by deubiquitinases. Loss-of-function

mutations of TNFAIP3 that occur in MZL stimulate canonical NF-κB signalling, which

reduces apoptosis and cell proliferation.93,94 We know that the NF-κB pathway plays an

important role for memory B-cells leading to a neoplastic transformation and MZL

progression.176 Lee et al.177 demonstrated that in TNFAIP3 knockout mice, the NF-κB pathway

is activated constitutively, leading to an overproduction of proinflammatory cytokines and

severe multi-organ inflammation. The inactivation of TNFAIP3 is, therefore, one important

factor for the pathogenesis of OMZL.

However, these mutations might not be sufficient to initiate the NF-κB pathway signaling

activation. MZL development requires other genetic mutations. Furthermore, chronic bacterial

infections have been reported and constitutive extrinsic stimulation of the BCR may also

activate the NF-κB signaling pathway.178
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4.1.2 Genetic mutations identified in key biological pathways

One potential reason for OMZL to develop is the occurrence of genetic mutations in the

biological pathways such as the NF-κB pathway, NOTCH pathway and chromatin modifier.

Sixty-five percent of our studied cohort have genetic mutations related to the NF-κB pathway.

These include mutations of genes with “complementing-each-other character” such BCL10,

MYD88, TBL1XR1, and other several transcription factors that activate the NF-κB pathway. In

our heat map of unsupervised clustering analysis, TNFAIP3, BCL10, and MYD88 mutations

clustered together exclusively in the MZL cohort (Figure 12), suggesting that these mutations

are of diagnostic potential. Furthermore, this heatmap shows us that specific genes in the

MZL entity are recurrently mutated and clustered together. Therefore the mutational

landscape of MZL differs from other entities in the same anatomic region.

Figure 12. Heatmap of unsupervised clustering analysis. The left-handed dendrogram reflects

case clustering.
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In comparison, the minority of the cases (38% of the cohort) display mutually exclusive

mutations of genes that encode chromatin modifiers such as KMT2D, CREBBP, BCL7A,

DNMT3A, EP300, and HIST1H1E genes.

While Johansson et al.139,179 identified mutations in NOTCH1 and NOTCH2 – both of which

belong to the NOTCH pathway and are recurrently mutated in several types of B-cell NHL –

we could not detect them. For NOTCH1, this might be due to sample size bias because our

targeted panel covers all mutant exons of NOTCH1. For NOTCH2, incomplete coverage could

be an additional reason because our panel covers only the most commonly mutated exon 34,

and mutations in other exons might have been missed.

These findings are in line with our meta analysis. Here we showed that genes in the NF-κB

pathway were mainly mutated followed by the mutations in the chromatin modifiers and the

NOTCH pathway.

4.1.3 Recurrent MYD88 and BCL10 mutations in OMZL

In several OMZL studies, researchers have detected recurrent MYD88 and BCL10

mutations.176,180–182 Several ocular MZL studies show recurrent mutations of MYD88. In the

study of Cani et al. MYD88 was the most frequent mutated gene. This adaptor protein binds to

the intracellular domains of Toll-like receptors (TLRs) and IL-1 receptor on B cells which

stimulates the NF-κB signaling pathway. These reports are supported by the study of

Johansson et al.,139 who observed that patients with MYD88 mutation have a significantly

shorter disease-free survival (DFS) than those without mutations.

Similarly, BCL10 has been investigated in several OMZL studies. BCL10 is a positive

regulator of lymphocyte proliferation, and is linked to recurrent chromosomal aberrations in

MALT lymphomas.183,184 Upregulation of BCL10 causes an escape in the upstream B-cell

antigen receptor signaling, constitutively activating the NF-κB pathway.183 Expression of

BCL10 has also presented prognostic significance due to a shorter failure-free survival (FFS)

(Figure 13).185 However, to our knowledge, our study is the first to suggest the prognostic
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importance of BCL10 mutations in OMZL. Moreover, our results are limited by the relatively

small number of patients we analysed. Thus, these encouraging findings need to be validated

in an independent patient cohort and ideally in the context of a prospective trial of

homogeneously treated patients with OMZL.

Figure 13. Survival curve estimates of the studied ocular adnexal marginal zone B-cell
lymphomas according to BCL10 mutational status; CTX, chemotherapy, RTX, radiotherapy,
W&W, watchful waiting.

4.1.4 Association of Chlamydia psittaci infection and OMZL

The role of infectious agents that causes NHL has been a topic for many years. There is the

hypothesis that infectious agents may initiate chronic inflammation that leads to B-cell

transformation and lymphomagenesis.186 Besides viruses, bacteria have been shown as

carcinogens and tumor promoters. They can take part in tumorigenesis by activating various

intracellular signaling pathways, modulate apoptosis and cell proliferation.186 One potential

reason for the etiology of ocular adnexal MZL is the presence of Chlamydia psittaci. C.

psittaci is an obligate intracellular bacterium usually found in animals such as birds and cats

and is spread to humans through inhalation of aerosolized bacteria or handling contaminated

feathers or fecal matter.187

Chlamydia occurs in three forms, the elementary body (EB) - a metabolically inactive

infectious form, the reticulate body (RB) - a metabolically active intracellular growth stage,
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and the intermediate body (IB). These properties, together with its complex developmental

cycle, allows Chlamydia to establish persistent infections. In addition, this bacteria can

modify its life cycle as a response to a changing environment causing resistance of the

infected cell to apoptosis.188,189 This constant infection leads to cells gradually becoming

independent of the involvement in their microenvironment. Chronic stimulation due to C.

psittaci infection may be favored by molecular mimicry due to its ability to induce immune

reactions that cross-react with the host self-antigens, causing failure to eliminate the pathogen

and induce lymphomagenesis.186,189

Ferreri et al.190 tested the association of different NHL cohorts with C. psittaci infection.

While patients with DLBCL displayed a lower infection prevalence, patients with MZL were

more commonly infected with C. psittaci. These findings suggest the presence of different

pathways that lead to lymphomagenesis.190 In addition, these results present the possibility

that C. psittaci–positive MZL cases are more likely to undergo transformation to a more

aggressive type that is no longer dependent on antigenic stimulation. Beside C. psittaci, the

presence of other bacteria like Chlamydia trachomatis and Chlamydia pneumoniae is tested in

OMZL, but they turn out negative.190 However, in our OMZL cohort, all samples tested by

polymerase chain reaction (PCR) were negative for C. psittaci.

Since both OMZL and C. psittaci infection are rare diseases, there is no current universal

recommended therapeutic approach. These lesions are often located superficially, indolent,

and rarely progress to more malignant types of lymphoma.186 In a phase II randomized control

trials, 65% of the patients experienced regression of lesions after antibiotic therapy with

doxycycline.66

The involvement of C. psittaci infection in OMZL development is noted in only some

geographic regions. Earlier studies from Italy show the frequent presence of C. psittaci in

OMZL. However, succeeding studies present marked variation in the association between the

C. psittaci infection and OMZL in different geographic regions. This association is prevalent

in Italy, Germany, and Korea but relatively uncommon or absent in the United Kingdom,

Japan, China, and certain areas of the USA.191 Therefore, multinational studies have to be

conducted to establish or disprove this connection.
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4.1.5 OMZL and other histologically related reactive lesions

Lymphoproliferative disorders (LPDs) frequently found in the ocular adnexa include

malignant lymphoma and orbital inflammation with lymphoid hyperplasia or infiltration,

IgG4-related ophthalmic disease, and IgG4-related orbital disease. Around 24% to 49% of

these are LPDs with orbital tumors and simulating lesions. In addition, 53% to 55% of the

malignant orbital tumors account for orbital lymphoma. The IgG4-related orbital disease

accounts for 61% of benign ocular adnexal LPDs.192

Our study characterized ocular adnexal lymphomas and lymphoid lesions of the ocular adnexa

by targeted HTS. In one IgG4 patient, we detected a pathogenic KRAS G12R mutation. Upon

reassessment, the initial diagnosis was corrected to juvenile xanthogranuloma. Further, in a

47-year-old African patient initially classified as OA lymphoid hyperplasia, we detected four

mutations in three genes (KMT2D, PRDM1, and HIST1H2BK). When reassessed, the patient

actually had mucocutaneous leishmaniosis. From this data of reactive lesions and other

lymphomas of the orbit, a conclusion of particular diagnostic importance can be drawn,

namely that OA lymphoid lesions bearing mutations of NF-κB components and/or mutations

of acetyltransferase-encoding genes are highly likely to represent lymphomas. This seems not

to apply to phosphatase and tensin homolog deleted on chromosome 10 (PTEN), KMT2D,

PRDM1, and HIST1H2BK mutations, all of which can also be observed in reactive lesions.

These results point out the need for correct diagnosis.

Immunoglobulin G4-related disease (IgG4-RD) is a systemic disorder characterized by tissue

fibrosis and intense lymphoplasmacytic infiltration with IgG4-bearing plasma cells, reactive

lymphoid follicles and sclerosing fibrosis that causes progressive organ dysfunction.193,194 It is

an autoimmune disease that can affect nearly any organ. This disease can be hard to diagnose

because patients present characteristics that mimic other disorders. Therefore, the diagnosis is

based on exclusion criteria, requiring histologic confirmation.195 To diagnose IgG4-RD,

histopathological findings such as dense lymphoplasmacytic infiltration and storiform

fibrosis, are utilized including recently proposed diagnostic criteria.193,196

Several studies have identified the relationship between IgG4-related disease and OMZL. A

link between ocular adnexal IgG4-related disease and EMZL has been proposed, as clinical
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manifestations of IgG4-related disease may resemble those of EMZL, and ocular adnexal

IgG4-related disease can potentially develop to EMZL. IgG4-positive plasma cells are

thought to be a precursor or as a promoter of pathogenesis of some OMZL cases.194

Lee et al. analyzed the clinical and pathological characteristics of OMZL and accompanying

IgG4-positive cells in 50 patients, and they reported IgG4-positive plasma cell infiltration in

10% of the cases. However, the causal relationship between IgG4-related disease and EMZL

remains uncertain, as IgG4-positive lymphomas can develop independently or arise from

underlying IgG4-related disease.193 Tissue biopsy and IgG4 immunostaining are required to

diagnose IgG4-positive MALT lymphoma from LPDs.197 However, it is suggested that IgG4

may be a possible prognostic indicator in OMZL. Large-scale studies have to be conducted to

fully investigate the clinical implications of the involvement of IgG4-related disease and

EMZL.193

It is crucial to discriminate orbital lymphoma from benign ocular adnexal LPDs as it holds

different therapeutic implications.192 For example, orbital lymphoma is responsive to low-dose

radiation therapy, whereas benign ocular adnexal LPDs respond well to corticosteroid

therapy.198 Making a differential diagnosis of malignant lymphoma from benign LPDs often is

challenging. A high-resolution SNP-A is used to detect extensive genomic alterations and

discriminate ocular adnexal lymphomas from benign LPDs, including copy number variations

(CNVs) associated with the clinical features and outcome. In ocular adnexal MALT

lymphomas, the most frequent CN gain region was trisomy 3, followed by trisomy 18, 6p, and

21q. The most frequent CN loss region was 6q and 9p. On the other hand, copy number

variations were not detected in cases with benign LPDs such as IgG4-related ophthalmic

disease and reactive lymphoid hyperplasia. This report shows that differences in the

chromosomal abnormality patterns may reflect the activity of ocular adnexal LPDs.192
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4.2 The genetic landscape of pulmonary lymphomas

In our second study, we focused on primary pulmonary lymphomas, which are very rare, and

only very little information about point mutations is available in this entity. The most

common type of pulmonary lymphoma is PMZL derived from bronchus-mucosa-associated

lymphatic tissue (BALT/MALT), followed by DLBCL and LyG, an Epstein–Barr virus

(EBV)-related disorder.199 Researchers have also detected several genetic mutations in PMZL,

including in genes that encode chromatin modifiers and members of the NOTCH and NF-κB

signalling pathways.98,122 In our large cohort, we were able to examine the mutational

background of PMZL.

To expand the knowledge on the genetic landscape of PMZL, we used our in-house-designed

HTS gene panel with 146 genes to study our cohort of 28 patients with PMZL. Based on our

genetic landscape of selected EMZL entities, we were able to create an overview of the

pathways affected by mutations in PMZL compared with cohorts of NMZL and OMZL. We

extracted these data from our previous studies.92,107

4.2.1 KMT2D is highly mutated in PMZL cases

In our study, we showed that PMZL has distinct mutational and rearrangement patterns.

While OMZL showed predominant mutations in the NF-κB signalling pathway, in PMZL, we

detected KMT2D and other chromatin-modifying genes as the most common mutation in

PMZL. These mutations are also common in NMZL107,136 and GMZL,116 suggesting the

similarity of the genetic landscape between these EMZL entities. KMT2D encodes a highly

conserved protein that belongs to the SET1 family of histone lysine methyltransferases

(KMT), a group of enzymes that catalyse the methylation of lysine 4 on histone H3 (H3K4)

associated with transcriptionally active chromatin.200 Furthermore, KMT2D functions as a

non-redundant methyltransferase that controls the methylation state of a large number of

regions in the mature B-cell compartment.200 Most KMT2D mutations are postulated to

generate truncated proteins that are functionally defective due to the loss of the catalytic SET

domain.200 Besides PMZL, this epigenetic regulator is also known to be mutated frequently in
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DLBCL.201 In B lymphocytes, it acts as a tumour suppressor.202 Alam et al.203 identified this

tumour-suppressive function of KMT2D that causes indirect downregulation of glycolytic

genes via the super-enhancer activation that enhances Per2 expression. Thus, these glycolytic

pathways can be an effective therapeutic target to prevent the growth of cancer cells.203

4.2.2 Genetic mutations in key biological pathways

Mutually exclusive mutations of NOTCH1, SPEN, KLF2, and TBL1XR1 were found in PMZL

but absent in other lymphoproliferations of the lungs. These genes affect the NOTCH

pathway and are considered essential for marginal zone B-cell development.12,132,133 Mutations

of chromatin-modifying genes affect 57% of the studied PMZL cases and are mutually

exclusive to genes related to the NF-κB signalling cluster that affects 36% of the cases.

Moreover, only 29% of all PMZL cases contain mutations affecting genes related to the

NOTCH signalling pathways. The variant allelic frequency (VAF) of the mutations of

chromatin-modifying genes is always higher than the VAF of the mutations of the genes

involved in the NOTCH pathway, indicating that the mutations in chromatin modifiers

occurred prior to the mutations of genes involved in the NOTCH pathway. This result

confirms that mutations of chromatin modifiers are an early event in lymphomagenesis, as

shown in follicular lymphomas (Figure 14).204
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Figure 14. Chromatin modifier versus NOTCH pathway mutation evolution. Comparison of

variant allelic frequencies (VAF) between mutation frequencies of epigenetic modifier–encoding

genes and Notch-pathway-related genes in six patients with pulmonary marginal zone lymphoma

(PMZL). All frequencies are from 5.1% to 77.7%. Each PMZL sample displays higher frequencies

in epigenetic-modifier-encoding genes compared with Notch-pathway-related genes. This finding

confirms that mutations of chromatin modifiers are an early event in EMZL lymphomagenesis.

4.2.3 Role of PTEN in lymphomas

Surprisingly, after TP53, PTEN is the second most frequently mutated gene in human

cancers.205 Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a

phosphatase that acts as a tumor suppressor. Furthermore, PTEN is a negative regulator of the

cell growth and survival signaling pathway.206 Its protein is present in the cytoplasm and

nucleus, which can stabilize chromosomes, participate in DNA repair, and regulate the cell

cycle.206 Interestingly, mice with a B-cell-specific PTEN mutation display increased numbers

of marginal zone B-cells.207 So far, PTEN mutations have not been reported in reactive

lymphoid lesions. Furthermore, these lesions display a very similar clinical appearance to

benign neoplastic proliferation. Because of this similarity, a differential diagnosis is, in many

cases, troublesome.208

In our cohort, one patient with follicular hyperplasia showed the PTEN mutation c.834 C>G

with a predicted damaging effect. The same mutation was also detected in two other cases of

our PMZL cohort. In addition, in our previous ocular adnexal cohort, a chronic conjunctivitis

case presented with a pathogenic non-germline PTEN F278L mutation, formerly reported in

endometrial carcinoma.209 A patient with severe chronic lympho-follicular conjunctivitis with

lympho-epithelial lesions classified as OA lymphoid hyperplasia was found to have a PTEN

S360G missense mutation, a variant of unknown significance. Both of these cases underwent

reassessment that disfavored a malignant process. Immunohistochemistry (Figure 15)

confirmed the potentially damaging effect of PTEN mutations leading to loss of protein

expression in the lymphocytes of the lesion while being retained in the epithelial cells of the

lung, suggesting functional relevance of the mutation. Loss-of-function PTEN mutations play

a critical role in the pathogenesis of human cancers. These genetic alterations have been

linked to advanced disease, chemotherapy resistance, and poor survival of patients.210 This
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PTEN alteration is considered to represent a relevant somatic mutation and not a germline

variant due to a relatively low VAF and confinement to lymphoid cells. These observations

allow us to speculate whether ‘clonal lymphopoiesis’ exists and if such PTEN mutant

subclones could foster follicular hyperplasias in general and extranodal follicular hyperplasias

in particular.

Figure 15. Follicular bronch(iol)itis with PTEN mutation. Immunohistochemistry showing loss

of PTEN-expression confined to the area of follicular hyperplasia/lymphoid compartment,

confirming the functional importance of the PTEN-mutation found in the respective case.

4.2.4 Significant differences between of PMZL, LyG, and DLBCL

Until today, a lack of molecular data and a low number of specific PMZL cases have limited

the in-depth analysis of primary pulmonary lymphomas. PMZL is rather an indolent disease.

On the other hand, primary pulmonary DLBCL is much more aggressive and needs

aggressive treatment even in the early stage. So far, the diagnosis of primary pulmonary

DLBCL is very challenging because of its nonspecific presentation, a phenomenon that often

leads to misdiagnosis or delayed diagnosis.211 With our new data, we were able to compare the

genetic landscape between PMZL and primary pulmonary DLBCL. Pulmonary DLBCL is

thought to arise by transformation from primary PMZL of MALT.212 Some of its main

characteristics are programmed death receptor-1 (PD-1) overexpression and constitutional

JAK–STAT activation.213 Our immunohistochemistry and FISH results showed that MALT1

rearrangements were more prevalent in PMZL than BCL10 aberrations, but neither were

found in DLBCL. These findings disprove the assumption that the development of pulmonary
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DLBCL and PMZL is related. DLBCL cases that underwent HTS had a median of three

mutations per case, while in PMZL, we found two mutations per case. Mutations of B2M,

BRAF, SGK1, GNA13, and TP53 were seen exclusively in the DLBCL cohort. Characteristic

mutations of PMZL, such as TNFAIP3, NOTCH1, KLF2, and SPEN, were not detected in

DLBCL. NOTCH-pathway-related mutations were absent in the pulmonary DLBCL cohort.

Thus, we were also able to provide genetic evidence that shows the distinction between

PMZL and primary DLBCL of the lungs and disfavouring their relationship.

According to our knowledge, this is the first comprehensive analysis of the mutational

landscape of LyG. This angio-destructive B-cell lymphoproliferative disorder is associated

with vasculitis and various amounts of necrosis that are graded according to the grade of the

lesion.214–216 The vasculitic changes are caused by chemokine-mediated invasion of

inflammatory cells responding to EBV infection as an immune response. Furthermore, the

differential diagnosis with LYG can be challenging, especially if it involves extranodal sites.

Most often, LYG has no clear immunodeficient state that can easily be identified.217 In the

case between LyG and primary pulmonary DLBCL, both express B-cell markers; however,

large amounts of necrosis associated with vasculitis favor LyG over DLBCL.218 We found that

nearly all mutations in our LyG cases are epigenetic modifiers, while we found no mutations

in the NF-κB pathway. While all three entities PMZL, LyG, and DLBCL, share genetic

mutations like KMT2D, KMT2C, TET2, and PRDM, LyG lacks mutations associated with

immune escape, such as B2M or CD58/CD274, unlike PMZL and DLBCL (Figure 16). LyG

showed recurrent mutations in TRAF3, which encodes an important CD40-signalling protein

that interacts with LMP1 of EBV. These results confirm the tumorigenic role of EBV

infection in LyG, which may substitute for immune escape gene mutations. This may also be

a reason why LyG cases show a uniformly lower mutational load than DLBCL. Failure of the

immune escape mechanism can lead to EBV-induced B-cell proliferation where carrier

B-cells transform from latent to malignant leading to the development of lymphoma. While

being latent, EBV-infected resting memory cells evade immune recognition by limiting gene

expression.219 However, complete understanding of the immune characteristics associated

with LyG has not been met. Further studies have to be done to come up with a successful

course of therapy.
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Figure 16. Diffuse large B-cell lymphoma (DLBCL) versus pulmonary marginal zone

lymphoma (PMZL) versus lymphomatoid granulomatosis (LyG). A Venn diagram identifying

the genetic similarities and differences of three lymphoproliferation of the lung.

A. xylosoxidans is a Gram-negative bacterium closely related to the genus Bordetella.220 This

opportunistic and motile bacterium has a low virulence but a high resistance to antibiotics.

Beside cystic fibrosis, it is also associated with PMZL. Similarly to C. psittaci in OMZL, A.

xylosoxidans infection also depends on different geographical regions, with high prevalence

in Italy and low prevalence in Germany.71 However, in our study we did not test for the

presence and correlation of A. xylosoxidans with PMZL.

Furthermore, we showed that PMZL has distinct mutational and rearrangement patterns. This

knowledge might help in diagnostically equivocal cases regarding other B-cell lymphomas

and reactive lymphoid lesions in the lung.
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4.3 The genetic landscape of splenic, nodal, and extranodal marginal zone

lymphomas in the dura mater, salivary gland, thyroid, ocular adnexa, lung,

stomach and skin

Despite the various extensive efforts to study the genomic landscape of the different MZL

entities, there is still a need to define clearly the genetic mutations that will serve as

diagnostic borders due to the considerable overlap between these mutations across the various

MZL entities. Thus, we created a general overview of the MZL genomic information by

performing a meta-analysis of 25 carefully curated MZL studies. The selection includes

publications that reported somatic mutations in MZL of various origins and identified variants

with consistent and detailed annotations. The selected studies were divided according to the

different entities, and duplicates were removed, screened, and filtered using specific inclusion

criteria such as diagnosis and read-out methods. Manuscripts and supplementary data were

studied to ensure a complete list of variants with appropriate sample information and genetic

coordinates. Genomic information was extracted from 1,663 cases and was uniformed to the

GRCh38/hg38 genome by applying LiftOver – UCSC Genome Browser.221 VEP221 and

Annovar software222 were used to complete the missing information, such as genomic location

and reference sequence annotation. The mutation frequency of the different genetic mutations

was calculated and compared between the different entities using the two-tailed Fisher's exact

test.

4.3.1 Mutational profile of SMZL

SMZL studies107–110,135,137 showed a higher prevalence of KLF2 and NOTCH2 mutations.

These genes are physiologically involved in proliferation, homing of B-cells to the spleen,

and marginal zone differentiation.223 KLF2, a member of the KLF family of zinc-finger

transcription factors, regulates the expression of genes involved in apoptosis and cell

trafficking and negatively regulates NF-κB signaling. Mutations in KLF2 disrupt its nuclear

localization signal, suppressing NF-κB induction by upstream signaling pathways, leading to

orchestrated NF-κB activation.110,223 KLF2 inactivation leads to altered gene expression that

favors homing of B-cells to the marginal zone.110 NOTCH2 regulates marginal zone
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differentiation and homing of B-cells to the splenic marginal zone.224 NOTCH2 mutations in

SMZL cause truncation of the C-terminal PEST domain, impairing protein degradation and

activating NOTCH signaling.223

KLF2 mutations also occur in other indolent B-cell tumors, and they cannot be used to

diagnose SMZL. On the other hand, NOTCH2 mutations represent a biomarker specific for

SMZL because these mutations are virtually absent in other mature B-cell neoplasia and rare

in DLBCL.138,142,225 KLF2 and NOTCH2 mutations are prognostically relevant in SMZL since

these mutations become a marker for an inferior outcome.108–110,138 Therefore patients with

KLF2 and NOTCH2 mutations are at a higher risk of receiving treatment such as

splenectomy.108 NOTCH2 upregulation or KLF2 inactivation may be insufficient as single

events for malignant lymphoma transformation, thereby requiring the cooperation of other

genetic and cellular events in SMZL development. Transgenic mice that overexpress

NOTCH2 or lack KLF2 in mature B-cells do not develop lymphoma.226,227 The potential cell

survival advantage due to early KLF2 mutations allows additional genetic mutations to

promote tumorigenesis.108

In addition, TP53 is mutated considerably more often in SMZL. Mutations inactivate TP53

tumour suppressor function, as well as promote disease progression and high-grade

transformation.110 The presence of TP53 mutations is linked with poor prognosis and they are

an independent marker of short OS.108 Researchers reported that patients with TP53 deletions

had the shortest survival. All of these indicators allow the consideration of TP53 mutations as

a parameter to ascertain SMZL prognosis.49

4.3.2 Mutational profile of NMZL

BRAF is found to be highly mutated in NMZL. BRAF is a serine/threonine kinase commonly

activated by a somatic point mutation hotspot V600E which is at the same time the most

common mutation in BRAF.124 Mutations in BRAF lead to constitutive activation of kinases.

BRAF interacts with MEK and phosphorylates it which activates the phosphorylation of ERK.

This signaling promotes cellular growth and inhibits apoptosis.228 Pillonel et al.107 identified

for the first time this canonical BRAF V600E hotspot mutation in cases with strong IgD
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expression from their NMZL study cohort. Therefore it could help to discriminate NMZL

from other closely related small B-cell lymphomas. Recurrent BRAF mutations in NMZL are

of diagnostic importance and a good targeted therapeutic opportunity. The BRAF V600E

mutation can be identified by immunohistochemistry and is a known target for the BRAF

kinase inhibitors.125,126

Beside BRAF mutations PTPRD is proposed as a diagnostic biomarker in NMZL. This gene

encodes a receptor-type-protein- phosphatase that is expressed in normal germinal center

B-cells and is involved in several cell pagrams, including proliferation and cytokine signaling.

In our metaanalysis PTPRD is mutated in 12% of NMZL.132 Lesions in PTPRD damage the

tyrosine phosphatase function of the protein or remove the entire protein. Beside genetic

lesions PTPRD is also affected in its epigenome by aberrant methylation of the gene

promoters that decrease the PTPRD expression.132

4.3.3 Mutational profile of EMZL entities

The NF-κB inhibitor TNFAIP3 has been studied extensively and is mutated frequently in

EMZL entities such as DMZL229 and OMZL, 92,98,122,139,148,179 but are rare in GMZL and PMZL.

However, the mutational profile of conjunctival and periorbital OMZL cases differs. This

phenomenon makes us wonder whether OMZL of different anatomic sub-sites are linked to

different aetiologies and should generally be further sub-divided.

Notably, the epigenetic regulator TET2 is highly mutated in TMZL.98,122 These

loss-of-function mutations result in an inactive protein and a net general hypermethylated

state of the cells.150 TET2 mutations are commonly seen in myeloid neoplasms and T-cell

lymphomas230 but are generally uncommon in B-cell lymphomas. Thus, TET2 mutations can

be considered specific for TMZL and might be of diagnostic importance that sets TMZL apart

from other EMZL entities. Frameshift insertions/deletions make up a high percentage of the

TET2 mutations, making them more commonly observable than other MZL entities and

subentities.
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Despite only a few studies that have explored FAS mutations,116,229,231 FAS turned out to be the

most frequently mutated gene in CMZL.231 FAS belongs to the TNFR family. Its mutations

affect the death domain, fostering anti-apoptotic properties, leading to disrupted protein

function, and empowering cancer cells with survival advantages.231,232 FAS mutations in

CMZL are located at splice sites, establishing it as an entity with the highest proportion of

splice-site mutations. A FAS splice-site mutation renders cells insensitive to FAS-mediated

apoptotic stimuli.233 FAS is considered specific for this entity, a factor that possibly provides

diagnostic importance to help distinguish CMZL from other EMZL entities and

pseudolymphoma of the skin.

4.3.4 Preferred signaling pathways

We also analysed signalling pathways to determine whether different MZL entities rely on

different intracellular signalling conduits. In most cases, the mutations of the genes related to

the NOTCH pathway were rather mutually exclusive to genetic mutations in the NF-κB

pathway and chromatin modifiers, while the latter two showed overlap. This mutual

exclusivity was most prominently seen in SMZL and OMZL and to a lesser extent in SAMZL

and GMZL. While the mutational landscape of MZL derived from the stomach and lung

mainly involves chromosomal translocations of the NF-κB pathway, in OMZL, the somatic

mutation is the main reason that activates the NF-κB pathway. These findings underline the

heterogeneity of MZL. Recognising such mutational distribution patterns could help diagnose

MZL in challenging cases and lead to novel, more tailored treatment.

4.3.5 Further implications

Several factors might have affected the outcome of this study. In particular, some entities

come with a limited number of patients. The different cohorts were very heterogeneous due to

inconsistent clinical data, various sequencing strategies, and different bioinformatic workups.

To minimise the effects of these limitations, the published data was homogenised using

algorithms and normalised based on reference genome hg38. The nature of the material

employed, FF or FFPE tissue, could have affected the study results. However, this might not

be a significant factor, as shown by the excellent linear correlation of Pillonel et al.107,234
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between results obtained on either material for DLBCL. For future MZL studies, these

challenges could be reduced if a worldwide protocol would be set regarding sample handling,

gathering of clinical data, similar sequencing strategies, and uniform bioinformatic workups.

Information regarding infectious agents such as H. pylori in GMZL, B. burgdorferi in CMZL,

or C. psittaci in OMZL has not been provided consistently to address the interrelations

between mutational profiles and infectious aetiology. Similarly, no information on

autoimmune diseases, especially in SAMZL and TMZL, had been provided in the studies

included.

A lot of work still has to be done to define MZL diagnosis clearly and to pave the way for

more targeted treatment. For example, chromosomal aberrations linked to MZL include the

trisomies of chromosomes 3, 12, and 18, t(11;18)(q21;q21), del(7)(q31), and

t(3;14)(p14;q32).85–87 Chromosomal translocations play a more important role in MZL

differentiation and are linked with diagnostic potential.235 However, due to the restrictions of

labour- and material-intensive methodologies such as FISH, no large-scale studies have been

conducted to investigate translocations in MZL. For example, FISH results in an OMZL study

exhibited low frequency and lack of structural chromosomal aberrations in OMZL, suggesting

that FISH may have a low diagnostic yield. New methods such as RNA-based sequencing

techniques could be implemented to allow large-scale studies to investigate chromosomal

translocations related to MZL.236

In addition, despite having a comprehensive target enrichment panel in the PMZL and OMZL

studies of Vela et al.,92,237 the genetic mutations identified are limited to the 146 genes that the

panel covers. Several other genetic mutations might have been identified if the researchers

used other sequencing methods such as Sanger sequencing, WES, and WGS. Furthermore, the

germline controls were missing for the validation of the mutations in the OMZL cohort. The

small cohort size did not allow us to have a precise picture of the pathways affected in MZL.

Recognising the complete genomic information of the different MZL entities will greatly aid

diagnostics, especially in complex cases, and will pave the way for novel, more tailored

treatment.
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Aside from genetic mutations, other epigenetic mechanisms such as DNA methylation are

essential to the malignant progression of lymphomas.235 DNA methylation contributes to

tumour suppressor inactivation and regulates transcription and expression of genes that

sustain tumour cell survival and proliferation.238 Through DNA methylation profiling, Arribas

et al.236 identified two SMZL subtypes with different clinical and genetic features and

different degrees of promoter methylation. These clusters are the higher-promoter methylation

(High-M) and the lower-promoter methylation (Low-M) cluster. In the High-M cluster, the

tumour suppressor genes were methylated and suppressed; thus, it is associated with

histologic transformation and a poorer overall survival when compared with the Low-M

cluster.239 A study showed that exposure of SMZL cell lines to demethylating agents caused a

partial reversion of the High-M cluster and inhibited proliferation.239

Aberrant 5'—C—phosphate—G—3' (CpG) island methylation of tumour suppressor genes,

downregulation of p16/INK4a expression, and promoter hypermethylation of the p16/INK4a

and ECAD genes are frequent events that characterise extranodal MZL entities.239–242 OMZL

exhibits distinct methylation profiles according to C. psittaci infection, and these reflect the

response to doxycycline treatment.243 ECAD hypermethylation is closely associated and is

significantly higher in C. psittaci–positive cases, but promoter hypermethylation status is not

correlated with clinical characteristics.241 Genetic alterations of p16/INK4a are associated with

lymphoma tumour progression.244 The p16/INK4a promoter gene is partially methylated in C.

psittaci–negative cases, but hypermethylation is absent in C. psittaci–positive cases.240 The

p16/INK4a and MAD2 genes are key regulator proteins at the mitotic checkpoint of the cell

cycle. The majority of GMZL with p16/INK4a methylation are negative for t(11;18)(q21;q21)

translocation and is H. pylori–dependent, while those with MAD2 methylation frequently

express BCL10 and are known to be independent of H. pylori infection.245 These results may

shed light on the mechanisms of bacterium-induced oncogenesis.239 In addition, methylation

of p16/INK4a followed by methylation of the kinase-inhibitor p57/KIP2 during GMZL

tumorigenesis is associated with H. pylori infection. Methylation of both of these genes is

found to be more frequent in higher-grade lymphoma; thus, it can be said that they contribute

to the malignant progression of GMZL.246 Takino et al.244 concluded that p16 methylation

might be an early event in EMZL lymphomagenesis and is maintained throughout tumour

progression. Associated with methylation of the p16 gene is the methylation of the candidate
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tumour suppressor p15/MTS2 gene. This uncommon selective methylation is specific to T-cell

NHL.247

In the case of colorectal extranodal MZL, methylation was more frequently observed in cases

with advanced disease stages than with earlier stages, with patterns differing by location.

These results suggest that methylation profiles define a clinically more aggressive EMZL

subgroup and multiclonal origin with multiorgan involvement.248

We may conclude that the role of epidemiologic, environmental, and genetic factors must be

considered in the aetiology of this disease. These findings would help us better understand

MZL biology and disease pathogenesis. Taking note of these methylation changes will help

identify prognostic markers and pave the way for novel therapy using demethylating agents to

target malignant B-cells and reverse the high-methylation phenotype.235,238

5 GENERAL CONCLUSION

Precision medicine strategies, including the new sequencing techniques, will offer us new

treatment opportunities in patients with MZL. Our increasing understanding of the cellular

and molecular variations in MZL and the development of new biomarkers will lead to

successful personalised and tailored MZL therapies.

In this work, I described the genetic landscape of OMZL and PMZL. With our

in-house-created sequencing lymphoma panel, we detected TNFAIP3 as the most mutated

gene in OMZL and KMT2D in PMZL. With our meta-analysis, we summarised the genetic

landscape of SMZL, NMZL, and EMZL. For a better understanding of the molecular

pathology in MZL, we compared the three most affected pathways within different entities.

While in PMZL and NMZL, chromatin-modifying genes were predominantly mutated,

OMZL, DMZL, and GMZL showed recurrent mutations in the NF-κB pathway. Further, with

the help of HTS, we distinguished between the different mutational compositions of

pulmonary DLBCL and PMZL and showed that the former is not a progression of the latter.
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In our two studies, we characterised the mutational landscape of reactive lesions and found

PTEN to be recurrently mutated in such occasions. Hence, this gene could serve as a

biomarker in further validation studies.

All these findings provide a deeper understanding of the pathogenic pathways that are

activated in MZL and will help us in the future to find new genetic biomarkers for targeted

therapies.
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GLOSSARY
Activation-induced cytidine deaminase (AID). An enzyme that removes an amino group

from deoxycytidine, forming deoxyuridine. This is the first step in the processes of both

somatic hypermutation and class switch recombination.

Adaptive immunity. Host defenses mediated by B-cells and T-cells following exposure to

antigen exhibit specificity, diversity, memory, and self-nonself discrimination.

Antibodies. Immunoglobulin proteins consisting of two identical heavy chains and two

identical light chains that recognize a particular epitope on an antigen and facilitates clearance

of that antigen. Membrane-bound antibody is expressed by B-cells that have not encountered

antigen; secreted antibody is produced by plasma cells. Some antibodies are multiples of the

basic four-chain structure.

Antigen. Any substance (usually foreign) that binds specifically to an antibody or a T-cell

receptor; often is used as a synonym for immunogen.

Apoptosis. A process often referred to as programmed cell death, where cells initiate a

signaling pathway that results in their own demise. Apoptosis requires ATP and is typically

dependent on the activation of internal caspases.

Autoimmune diseases. A group of disorders caused by the action of one's own antibodies or

T-cells reactive against self-proteins.

B-cell receptor (BCR). Complex comprising a membrane-bound Ig molecule and two

associated signal-transducing Ig /Ig molecules.

B-lymphocytes (B-cells). Lymphocytes that mature in the bone marrow and express

membrane-bound antibodies. After interacting with antigen, they differentiate into

antibody-secreting plasma cells and memory cells.

BAFF. B-cell survival factor; a membrane-bound homolog of tumor necrosis factor, to which

mature B-cells bind through the TACI receptor. This interaction activates important

transcription factors that promote B-cell survival, maturation, and antibody secretion.
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BAFF receptor (BAFFR). Receptor for BAFF, a cytokine belonging to the tumor necrosis

factor family that is important in B-cell development and homeostasis.

Benign. Pertaining to a non-malignant form of a neoplasm or a mild form of an illness.

Bone marrow. The living tissue found within the hard exterior of the bone.

Bronchus-associated lymphoid tissue (BALT). Secondary lymphoid microenvironments in

the lung mucosa system that support the development of the T- and B-lymphocyte response to

antigens that enter the lower respiratory tract. Part of the mucosa-associated lymphoid tissue

system (MALT).

Chemokines. Any of several secreted low-molecular-weight cytokines that mediate

chemotaxis in particular leukocytes via receptor engagement and that can regulate the

expression and/or adhesiveness of leukocyte integrins.

Class. The property of an antibody defined by the nature of its heavy chain (μ, δ, γ, or ε).

Class (isotype) switching. The change in the antibody class that a B-cell produces.

Class II MHC genes. The set of genes that encode class II MHC molecules, which are

glycoproteins expressed by only professional antigen-presenting cells.

Class switch recombination (CSR). The generation of antibody genes for heavy chain

isotypes other than or by DNA recombination.

Cluster of differentiation (CD). A collection of monoclonal antibodies that all recognize an

antigen found on a particular differentiated cell type or types. Each of the antigens recognized

by such a collection of antibodies is called a CD marker and is assigned a unique identifying

number.

Constant (CL). That part of the light chain that is not variable in sequence.

Constant (C) region. The nearly invariant portion of the Ig molecule that does not contain

antigen-binding domains. The sequence of amino acids in the constant region determines the

isotype (α, γ, δ, ε, and μ) of heavy chains and the type (κ and λ) of light chains.
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Cytokines. Any of numerous secreted, low-molecular-weight proteins that regulate the

intensity and duration of the immune response by exerting a variety of effects on lymphocytes

and other immune cells that express the appropriate receptor.

Diversity (D) segment. One of the gene segments encoding the Ig heavy chain or the TCR β

or δ chains or its protein product.

Downstream. (1) Towards the 3’ end of a gene; (2) Further away from the receptor in a

signaling cascade.

E2A. A transcription factor required for the expression of the recombination-activating genes

(RAG) and the expression of the λ5 (lambda 5) component of the pre-B-cell receptor during

B-cell development. It is essential for B-cell development.

Early B-cell factor (EBF). A transcription factor that is essential for early B-cell

development. It is necessary for the expression of RAG.

Effector cell. Any cell capable of mediating an immune function.

Epitope. The portion of an antigen that is recognized and bound by an antibody or

TCR-MHC combination; also called antigenic determinant.

FAS (CD95). A member of the Tumor Necrosis Factor Receptor family. On binding to its

ligand, FasL, the Fas-bearing cell will often be induced to commit to an apoptotic program.

Occasionally, however, Fas ligation leads to cell proliferation.

Follicles. Microenvironments that specifically support the development of the B-lymphocyte

response in lymph nodes, spleen, and other secondary lymphoid tissue. They also become the

site of development of the germinal center when a B-cell is successfully activated.

Gene segments. Germ-line gene sequences that are combined with others to make a complete

coding sequence; Ig and TCR genes are products of V, D, J gene segments.

Heavy (H) chain. The larger polypeptide of an antibody molecule; it is composed of one

variable domain VH and three or four constant domains (CH1, CH2, etc.) There are five major

classes of heavy chains in humans (α, γ, δ, ε, and μ), which determine the isotype of an

antibody.
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Heavy-chain Joining segment (JH). One of the gene segments encoding the Ig heavy chain

or its protein product.

Heavy-chain Variable region. That part of the Ig heavy chain protein that varies from

antibody to antibody and is encoded by the V, D, and J gene segments.

Heavy-chain Variable segment (VH). One of the gene segments encoding the Ig heavy

chain gene, or its protein product.

Hematopoiesis. The formation and differentiation of blood cells.

Hematopoietic stem cell (HSC). The cell type from which all lineages of blood cells arise.

Heptamer. A conserved set of 7 nucleotides contiguous to each of the V, D, and J gene

segments of all Ig and TCR gene segments. It serves as the recognition signal and binding site

of the RAG1/2 protein complex.

Human immunodeficiency virus (HIV). The retrovirus that causes acquired

immunodeficiency syndrome (AIDS).

IgD. Ig D. An antibody class that serves importantly as a receptor on naïve B-cells. IgM

Immunoglobulin M. An antibody class that serves as a receptor on naïve B-cells.

IgM. is also the first class of antibody to be secreted during the course of an immune

response. Secreted IgM exists primarily in pentameric form.

IL-7 receptor. Receptor for the cytokine Interleukin 7, which is important for lymphocyte

development.

Immature B-cell. Immature B-cells express a fully-formed IgM receptor on their cell surface.

Contact with antigen at this stage of B-cell development results in tolerance induction rather

than activation. Immature B-cells express lower levels of IgD and higher levels of IgM than

do mature B-cells. They also have lower levels of anti-apoptotic molecules and higher levels

of FAS than mature B-cells, reflective of their short-half lives.
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Immunoglobulin (Ig). Protein consisting of two identical heavy chains and two identical

light chains that recognize a particular epitope on an antigen and facilitates clearance of that

antigen. There are 5 types: IgA, IgD, IgE, IgG, and IgM. Also called antibody.

Inflammation. Tissue response to infection or damage which serves to eliminate or wall-off

the infection or damage; classic signs of acute inflammation are heat, pain, redness, swelling

(tumor), and loss of function.

Inhibitor of NF-κB (IκB). A small protein that binds to the transcription factor NF-κB that

inhibits its action, in part by retaining it in the cytoplasm.

Innate immunity. Non-antigen-specific host defenses that exist prior to exposure to an

antigen and involve anatomic, physiologic, endocytic and phagocytic, anti-microbial, and

inflammatory mechanisms, and which exhibit no adaptation or memory characteristics. See

also adaptive immunity.

Integrins. A group of heterodimeric cell adhesion molecules (e.g., LFA-1, VLA-4, and

Mac-1) present on various leukocytes that bind to Ig-superfamily CAMs (e.g., ICAMs,

VCAM-1) on endothelium.

Interferons (IFNs). Several glycoprotein cytokines produced and secreted by certain cells

that induce an antiviral state in other cells and also help to regulate the immune response.

Interleukins (ILs). A group of cytokines secreted by leukocytes that primarily affect the

growth and differentiation of various hematopoietic and immune system cells.

Invariant NKT (iNKT) cells. A cytotoxic T-cell subset that develops in the thymus and

expresses very limited TCR receptor diversity (one specific TCR paired with only a few TCR

chains) and recognize lipids associated with CD1, an MHC-like molecule.

Isotype. (1) An antibody class that is determined by the constant-region sequence of the

heavy chain. The five human isotypes, designated IgA, IgD, IgE, IgG, and IgM, exhibit

structural and functional differences. Also refers to the set of isotypic determinants that is

carried by all members of a species. (2) One of the five major kinds of heavy chains in

antibody molecules (α, γ, δ, ε, and μ).
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Isotype switching. Conversion of one antibody class (isotype) to another resulting from the

genetic rearrangement of heavy-chain constant-region genes in B-cells; also called class

switching.

IκB kinase (IKK). The enzyme that phosphorylates the inhibitory subunit of the transcription

factor NF- B. Phosphorylation of IκB results in its release from the transcription factor and

movement of the transcription factor into the nucleus.

J (joining) chain. A polypeptide that links the heavy chains of monomeric units of polymeric

IgM and di- or trimeric IgA. The linkage is by disulfide bonds between the J chain and the

carboxyl-terminal cysteines of IgM or IgA heavy chains.

J (joining) gene segment. The part of a rearranged Ig or T-cell receptor gene that joins the

variable region to the constant region and encodes part of the hypervariable region. There are

multiple J gene segments in germ-line DNA, but gene rearrangement leaves only one in each

functional rearranged gene.

Janus Activated Kinase (JAK). Kinase that typically transduces a signal from a Type 1 or

Type 2 cytokine receptor to a cytoplasmically-located transcription factor belonging to the

STAT (Signal Transducer and Activator of Transcription) family. On cytokine binding to the

receptor, the JAK kinases are activated and phosphorylate the receptor molecule. This

provides docking sites for a pair of STAT molecules which are phosphorylated, dimerize, and

translocate to the nucleus to affect their transcriptional programs.

Joining (J) segment. One of the gene segments encoding the Ig heavy or light chain or any of

the four TCR chains or its protein product.

Kappa (κ) light chain. One of the two types of Ig light chains that join with heavy chains to

form the B-cell receptor and antibody heterodimer. Lambda (λ) is the other type.

Lambda (λ) chain. One of the two types of Ig light chains that join with heavy chains to form

the B-cell receptor and antibody heterodimer. Kappa (κ) is the other type.

Late pre-B-cell stage. At the late pre-B-cell stage, the pre-B-cell receptor is lost from the

B-cell surface and light chain recombination begins in the genome.
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Ligand. A molecule that binds to a receptor.

Light (L) chains. Ig polypeptides of the lambda or kappa type that join with heavy-chain

polypeptides to form the antibody heterodimer.

Lipopolysaccharide (LPS). An oligomer of lipid and carbohydrate that constitutes the

endotoxin of gram-negative bacteria. LPS acts as a polyclonal activator of murine B-cells,

inducing their division and differentiation into antibody-producing plasma cells.

Locus. The specific chromosomal location of a gene.

Lymph node. A small secondary lymphoid organ that contains lymphocytes, macrophages,

and dendritic cells and serves as a site for filtration of foreign antigen and for activation and

proliferation of lymphocytes.

Lymphocyte. A mononuclear leukocyte that mediates humoral or cell mediated immunity.

Lymphoma. A cancer of lymphoid cells that tends to proliferate as a solid tumor.

Macrophages. Mononuclear phagocytic leukocytes that play roles in adaptive and innate

immunity. There are many types of macrophages; some are migratory, whereas others are

fixed in tissues.

Major histocompatibility complex (MHC) molecules. Proteins encoded by the major

histocompatibility complex and classified as class I, class II, and class III MHC molecules.

Malignant. Refers to cancerous cells capable of uncontrolled growth.

MALT (mucosal-associated lymphoid tissue). Lymphoid cells and tissues organized below

the epithelial layer of the body’s mucosal surfaces.

Marginal zone. A diffuse region of the spleen, situated on the periphery of the periarteriolar

lymphoid sheath (PALS) between the red pulp and white pulp that is rich in B-cells.

Membrane-bound immunoglobulin (mIg). A form of antibody that is bound to a cell as a

transmembrane protein. It acts as the antigen-specific receptor of B-cells.
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Memory B-cell. An antigen-committed, persistent B-cell. B-cell differentiation results in

formation of plasma cells, which secrete antibodies and memory cells, which are involved in

the secondary responses.

MYD88. Myeloid differentiation factor 88; adaptor protein that binds to all the IL-1 receptors

and all TLRs except TLR3 and activates downstream signaling.

Necrosis. Morphologic changes that accompany death of individual cells or groups of cells

and that release large amounts of intracellular components to the environment, leading to

disruption and atrophy of tissue.

Neoplasm. Any new and abnormal growth; a benign or malignant tumor.

Neutrophil. A circulating phagocytic granulocyte involved early in the inflammatory

response. It expresses Fc receptors and can participate in antibody-dependent cell-mediated

cytotoxicity. Neutrophils are the most numerous white blood cells in the circulation.

NF-κB. An important transcription factor, most often associated with pro-inflammatory

responses.

NOTCH. A surface receptor that when bound is cleaved to release a transcriptional regulator

that regulates cell fate decisions. NOTCH activation is required for T-cell development and

determines whether a lymphocyte precursor becomes a B- versus T-cell.

Oncogene, oncogenic. A gene that encodes a protein capable of inducing cellular

transformation. Oncogenes derived from viruses are written v-onc; their counterparts

(proto-oncogenes) in normal cells are written c-onc.

Pathogen. A disease-causing infectious agent.

Pathogenesis. The means by which disease-causing organisms attack a host.

PAX5 transcription factor. A quintessential B-cell transcription factor that controls the

expression of many B-cell specific genes.

Periarteriolar lymphoid sheath (PALS). A collar of lymphocytes encasing small arterioles

of the spleen.
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Peyer’s patches. Lymphoid follicles situated along the wall of the small intestine that trap

antigens from the gastrointestinal tract and provide sites where B- and T-cells can interact

with antigen.

Pre-B-cell checkpoint. Developing B-cells are tested at the pre-B-cell stage to determine

whether they can express a functional BCR heavy chain protein, in combination with the

VPreB and 5 proteins, to form the pre-B-cell receptor. Those B-cells that fail to form a

functional pre-B-cell receptor are eliminated by apoptosis and are referred to as having failed

to pass through the pre-B-cell checkpoint.

Pre-B-cell receptor. A complex of the Ig, Ig heterodimer with membrane-bound Ig consisting

of the heavy chain bound to the surrogate light chain Vpre-B/ 5.

Pre-T-cell receptor (pre-TCR). A complex of the CD3 group with a structure consisting of

the T-cell receptor chain complexed with a 33-kDa glycoprotein called the pre-T chain.

Pre–B-cell (precursor B-cell). The stage of B-cell development that follows the pro-B-cell

stage. Pre-B-cells produce cytoplasmic heavy chains, and most display the pre-B-cell

receptor.

Pro–B-cell (progenitor B-cell). The earliest distinct cell of the B-cell lineage.

Progenitor cell. A cell that has lost the capacity for self-renewal and is committed to the

generation of a particular cell lineage.

RAG1/2 (recombination-activating genes 1 and 2). The protein complex of RAG1 and

RAG2 that catalyzes V(D)J recombination of B- and T-cell receptor genes. These proteins

operate in association with a number of other enzymes to bring about the process of

recombination, but RAG1/2, along with TdT, represent the lymphoid-specific components of

the overall enzyme complex.

Receptor. A molecule that specifically binds a ligand.

Recombination signal sequences (RSS). Highly conserved heptamer and nonamer

nucleotide sequences that serve as signals for the gene rearrangement process and flank each

germ-line V, D, and J segment.
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Red pulp. Portion of the spleen consisting of a network of sinusoids populated by

macrophages and erythrocytes. It is the site where old and defective red blood cells are

destroyed.

Signal joints. In V(D)J gene rearrangement, the nucleotide sequences formed by the union of

recombination signal sequences.

Signal Transducer and Activator of Transcription (STAT). Transcription factors that

normally reside in the cytoplasm. Phosphorylation of cytokine receptors by Janus Activated

Kinases results in the generation of binding sites on those receptors for the STATs, which

relocate to the cytoplasmic regions of the receptor and are themselves phosphorylated by

JAKs. Phosphorylated STATs dimerize. Phosphorylation and dimerization expose nuclear

localization signals, and the STATs move to the nucleus, where they act as transcription

factors.

Signaling. Intracellular communication initiated by receptor-ligand interaction.

Spleen. Secondary lymphoid organ where old erythrocytes are destroyed and blood-borne

antigens are trapped and presented to lymphocytes in the PALS and marginal zone.

Splenectomy. Surgical removal of the spleen.

Stromal cell. A nonhematopoietic cell that supports the growth and differentiation of

hematopoietic cells.

Sub-isotypes. A particular antibody subclass, e.g., IgG1 or IgA2.

Subclasses. Variant sequences of the constant regions of antibodies of the IgG and IgA

classes. There are four common variants of IgG and two of IgA in both mice and humans.

Surrogate light chain. The polypeptides Vpre-B and λ5 that associate with heavy chains

during the pre-B-cell stage of B-cell development to form the pre-B-cell receptor.

Switch (S) regions. In class switching, DNA sequences located upstream of each CH segment

(except Cδ).
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Transformation. Change that a normal cell undergoes as it becomes malignant, normally

mediated by DNA alternations; also a permanent, heritable alteration in a cell resulting from

the uptake and incorporation of foreign DNA into the genome.

Transgene, transgenic. A cloned foreign gene present in an animal or plant.

Tumor-suppressor genes. Genes that encode products that inhibit excessive cell proliferation

or survival. Mutations in these genes are associated with the induction of malignancy.

Ubiquitin. A small signaling peptide that can either tag a protein for destruction by the

proteasome, or, under some circumstances, activate that protein.

Upstream. (1) Towards the 5 end of a gene; (2) Closer to the receptor in a signaling cascade.

V (variable) gene segment. The 5’ coding portion of rearranged Ig and T-cell receptor genes.

There are multiple V gene segments in germ-line DNA, but gene rearrangement leaves only

one segment in each functional gene.

V(D)J recombinase. The set of enzymatic activities that collectively bring about the joining

of gene segments into a rearranged V(D)J unit.

Variable (V) region. Amino-terminal portions of Ig and T-cell receptor chains that are highly

variable and responsible for the antigenic specificity of these molecules.

Variable (VL). The variable region of an antibody light chain.

Vpre-B. A polypeptide chain that together with λ5 forms the surrogate light chain of the

pre-B-cell receptor.

Western blotting. A common technique for detecting a protein in a mixture; the proteins are

separated electrophoretically and then transferred to a polymer sheet, which is flooded with

radiolabeled or enzyme-conjugated antibody specific for the protein of interest.

White pulp. Portion of the spleen that surrounds the arteries, forming a periarteriolar

lymphoid sheath (PALS) populated mainly by T-cells.
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LIST OF ABBREVIATIONS

ACVR1/2A/2B - Activin A Receptor Type 1/2A/2B

ACVR1B/1C - Activin Receptor Type 1B/1C

ACVRL1 - Activin A Receptor Like Type 1

AID - Activation-Induced Cytidine Deaminase

AILD - Angioimmunoblastic Lymphadenopathy with Dysproteinemia

AITL - Angioimmunoblastic T-cell Lymphoma

AMHR2 - Anti-Mullerian Hormone Receptor Type 2

ARID1A - AT-Rich Interaction Domain 1A

ASM - Alpha Smooth Muscle

ATM - Ataxia Telangiectasia Mutated

ATP - Adenosine triphosphate

B2M - Beta 2 Microglobulin

BAFF - B-cell Activating Factor

BAFFR - B-cell Activating Factor Receptor

BALT/MALT - Bronchus-Mucosa Associated Lymphatic Tissue

BCL - B-Cell Lymphoma/Leukemia protein

BCR - B-Cell Receptor

BL - Burkitt Lymphomas

BM - Bone Marrow

BMPR2 - Bone morphogenetic protein receptor type 2

BTLA - B and T-cell Lymphocyte Attenuator

CagA - Cytotoxin-Associated Gene A

CARD11 - Caspase Recruitment Domain family member 11

CBL-MZ - Conal B-Cell Lymphocytosis of Marginal Zone Origin

CCND1 - Cyclin D1

CD - Cluster of Differentiation

CD10 (CALLA) - Common Acute Lymphoblastic Leukemia Antigen

CDH2 - Cadherin-2

CEBPA - CCAAT/Enhancer-Binding Protein, Alpha
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CI - Confidence Interval

CK1 - Casein Kinase 1

CLL - Chronic Lymphocytic Leukemia

CMZL - Cutaneous Marginal Zone Lymphoma

CpG - 5'—C—phosphate—G—3'

CRBN - Cereblon gene

CREBBP - Cyclic AMP Response Element Binding - Binding Protein

CSR - Class-Switch Recombination

CTX - Chemotherapy

CXCL12/13 - Chemokine (C-X-C motif) Ligand 12/13

DFS - Disease-Free Survival

DLBCL - Diffuse Large B-Cell Lymphomas

DMZL - Dural Marginal Zone Lymphoma

DNA - Deoxyribonucleic Acid

DNMT3A - DNA (cytosine-5)-methyltransferase 3 ALPHA

DSB - Double-Strand Break

EBF1 - Early B-Cell Factor 1

EBV - Epstein-Barr virus

EDTA - Ethylenediaminetetraacetic Acid

EMZL - Extranodal Marginal Zone Lymphoma

EP300 - E1A Binding Protein P300

ERK - extracellular-signal-regulated kinase

EZH2 - Enhancer of zeste homolog 2

FF - Fresh Frozen

FFPE - Formalin-Fixed Paraffin-Embedded

FFS - Failure-Free Survival

FISH - Fluorescence In Situ Hybridization

FL - Follicular Lymphoma

FLT3 - Fms Like Tyrosine kinase 3

FOXP1/3 - Forkhead box P1/3

FOXO1 - Forkhead box protein O1

GEO - Gene Expression Omnibus
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GMZL - Gastric Marginal Zone Lymphoma

GNA13 - G Protein Subunit Alpha 13

GPR34 - G-Protein Coupled Receptor 34

H&E - Hematoxylin and Eosin

H3K4 - lysine 4 on histone H3

HCV - Hepatitis C virus

HIV - Human Immunodeficiency Virus

HD - Histidine (H) and/or Aspartate (D)

HDAC3 - Histone Deacetylase 3

HIST1H2BK - Histone H2B type 1-K

HMG1/2 - High-Mobility Group 1 and 2

HRSCs - Hodgkin and Reed-Sternberg cells

HSCs - Hematopoietic Stem Cells

HTS - High Throughput Sequencing

ICOS - Inducible T-cell Costimulator

IDH1/2 - Isocitrate Dehydrogenase genes 1 and 2

IELSG - International Extranodal Lymphoma Study Group

IFN - Interferon

Ig - Immunoglobulin

IGH/IGHV - Immunoglobulin Heavy chain-gene

IGV - Integrative Genomics Viewer

IKK - IκB kinase

IL-7 - Interleukin 7

IMiD - Immune-Modulatory Drug

iNKT - Invariant Natural Killer T

IRF8 - Interferon Regulatory Factor 8

JAK - Janus Activated Kinase

KLF2 - Krüppel-like Factor 2

KLHL6 - Kelch Like Family Member 6

KMT - histone lysine methyltransferases

KMT2C/D - Histone-lysine N-methyltransferase 2C/D

LDH - Lactate DeHydrogenase
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LMP1 - Latent Membrane Protein 1

LNs - Lymph Nodes

LP - Lymphocyte-Predominant

LPD - Lymphoproliferative Diseases

LPS - Lipopolysaccharide

LR - Lymphocyte-Rich

LRP1B - Low-density Lipoprotein Receptor Related Protein 1B

LTβ - Lymphotoxin B

LyG - Lymphomatoid Granulomatosis

MARCO - Macrophage Receptor With Collagenous Structure

MALT - Mucosa-Associated Lymphoid Tissue

MALT1 - Mucosa-Associated Lymphoid Tissue Lymphoma Translocation

protein 1

MAP3K - Mitogen-Activated Protein Kinase Kinase Kinase

MC - Mixed Cellularity

MCL - Mantle Cell Lymphoma

MDS - Myelodysplastic Syndromes

MEK (MAP2K)- Mitogen-Activated Protein Kinase Kinase

MHC - Major Histocompatibility Complex

MVD - Microvessel Density

MWU tests - Mann-Whitney tests

MYD88 - Myeloid Differentiation primary response 88

MZ B-cells - Marginal Zone B-cells

MZL - Marginal Zone Lymphomas

MZM - Marginal Zone Macrophages

NCBI - National Center for Biotechnology Information

NFKBIE - Nuclear Factor of Kappa light polypeptide gene enhancer in

B-cells Inhibitor, Epsilon

NF-κB - Nuclear Factor Kappa-light-chain-enhancer of activated B-cells

NHEJ - Non-homologous End Joining

NHL - Non-Hodgkin Lymphoma

NLH - Nodular Lymphoid Hyperplasia
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NK - Natural Killer

NLPHL - Nodular Lymphocyte-Predominant Hodgkin Lymphoma

NMZL - Nodal Marginal Zone Lymphoma

NOTCH1/2 - NOTCH Homolog 1/2

NPM1 - Nucleophosmin 1

NIK - NF-κB-inducing Kinase

NHEJ - Non-Homologous End Joining

NS - Nodular Sclerosis

OA - Ocular Adnexal

OAL - Ocular Adnexal Lymphomas

OMZL - Ocular Marginal Zone Lymphomas

OS - Overall Survival

PALS - Periarteriolar Lymphoid Sheath

PAX5 - Paired Box 5

PCR - Polymerase Chain Reaction

PD-1 - Programmed Death Receptor-1

PD-L1 - Programmed Death-Ligand 1

PEST - proline (P), glutamate (E) or aspartic acid, serine (S), and

threonine (T)

PFS - Progression-Free Survival

PIK3R1 - Phosphoinositide-3-Kinase Regulatory subunit 1

PIK3CD - Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic

Subunit Delta

PMZL - Pulmonary Marginal Zone Lymphoma

PP-DLBCL - Primary Pulmonary Diffuse Large B-Cell Lymphoma

PRDM1 - PR Domain zinc finger protein 1

PS - Pathological stage

PT - Pseudo Tumors

PTPRD - Protein Tyrosine Phosphatase, Receptor type D

PTEN - Phosphatase and Tensin

RAG1/2 - Recombination Activating Gene 1/2

R-CHOP - Rituximab-cyclophosphamide-doxorubicin hydrochloride
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(Hydroxydaunorubicin hydrochloride)-vincristine(Oncovin)-

prednisone

R-CVP - Rituximab-cyclophosphamide-vincristine-prednisone

RHOA - Ras homolog gene family member A gene

RNA - Ribonucleic acid

RSS - Recombination Signal Sequences

RTX - Radiotherapy

SAMZL - Salivary Marginal Zone Lymphoma

S1PR2 - Sphingosine-1-phosphate receptor 2

SGK1 - Serum and Glucocorticoid-regulated Kinase 1

SMAD1 - SMAD family member 1

SMZL - Splenic Marginal Zone Lymphoma

SOCS1 - Suppressor of Cytokine Signaling 1

SRA - Sequence Read Archive

SSB - Single-Strand Break

STAT - Signal Transducer and Activator of Transcription

SWI/SNF - SWItch/Sucrose Non-Fermentable

TAD - Transactivation Domain

TBL1XR1 - Transducin (β)-Like 1 X-linked Receptor 1

TCR - Comparative T-cell Receptor

TET2 - Tet methylcytosine dioxygenase 2

TFHs - T Follicular Helper cells

TGF-β - Transforming Growth Factor Beta

TGFBR - TGF-β Receptors

TGFBR1/3 - Transforming Growth Factor Beta Receptor 1/3

TGFBRAP1 - Transforming Growth Factor Beta Receptor Associated Protein

1

TIL - Tumor-Infiltrating T-lymphocytes

TLR - Toll-Like Receptor

TMZL - Thyroid Marginal Zone Lymphoma

TNFAIP3 - Tumor Necrosis Factor, Alpha-Induced Protein 3

TNFR - Tumor Necrosis Factor Receptor
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TNFRSF14 - Tumor Necrosis Factor Receptor Superfamily Member 14

TP53 - Tumor Protein 53

TRAF - TNF Receptor-Associated Factor

UTR - Untranslated Region

VAF - Variant Allelic Frequency

VEGF - Vascular Endothelial Growth Factor

VEGFR - Vascular Endothelial Growth Factor Receptor

VEP - Variant Effect Predictor

W&W - Watchful Waiting

WHO - World Health Organization
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