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1.      INTRODUCTION 

1.1. The immune system 
 
The immune system is composed of a wide variety of cells that have evolved to identify and 

eliminate a wide range of microbes, as well as to maintain an unresponsive state to coexist 

with a wide range of self-antigens. The two functional divisions of the immune system are the 

innate immune system and adaptive immunological responses, the latter of which involves 

humoral and cell-mediated responses. The immune system employs a variety of defenses to 

fend against microbial invasion. These processes cooperate, and the fully functional immune 

response incorporates components from numerous effector systems to specifically target the 

invading pathogen. Tissue injury can be acute or persistent if different effector systems are 

not properly regulated. It will be possible to produce more effective vaccinations, better 

immunomodulatory therapies, and prevent unintended tissue damage by understanding the 

connections among the various immune effector pathways.  

The first line of defense that acts immediately to fend off an infectious attack is the inmate 

immunity system. Due to the absence of memory, the inmate immunity fails to distinguish 

between the infectious agents and has no benefit in efficacy despite repeated exposure. When 

infection or disease first manifests, the innate immune system is one to react. In all 

multicellular creatures, the innate immune response is present in some form. It is composed 

of a series of highly specialized cells – natural killer cells, myeloid cells as well as marginal 

zone B-cells, and B1 cells, which control the infection until adaptive immunity develops and 

attacks the remaining pathogens (Flajnik, 2002; Litman et al., 1999). Three types of defense 

mechanisms make up the innate immune system: physical barriers, cellular components, and 

humoral responses (Chaplin, 2010; Riera Romo et al., 2016). Pattern-recognition receptors 

(PRRs), whose specificity is genetically determined and highly conserved, allow cells of the 

innate immune system to selectively recognize pathogen-derived antigens (Kyewski et al., 

2002). The Toll-like receptors (TLR) family includes these receptors, which can detect 

pathogen-associated molecular patterns (PAMPs) that are only expressed in the cells of 
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microbes and are not present in host cells (Aderem, 2000). The type I transmembrane proteins 

TLR possess an intracellular domain like the cytoplasmic domain of the interleukin-1 receptor 

(IL-1R) that may utilize a similar molecular signaling pathway. IL-1 activation facilitates several 

transcriptional factors, including nuclear factor kappa B (NF-κB) and c-jun/AP-1 which are 

responsible for triggering several co-stimulators, pro-inflammatory cytokines, and chemokines 

(Burns et al., 2003; O’Neill & Bowie, 2007) 

In contrast to the innate immune system, the adaptive immune system displays high specificity 

for its target antigens. Adaptive responses mostly depend on the antigen-specific receptors 

expressed on the cell surface of B- and T-lymphocytes. The adaptive immune response's 

antigen-specific receptors, in contrast to the innate immune system's germ-line-encoded 

recognition molecules, are encoded by genes that are put together by somatic rearrangement 

of germ-line gene elements to form intact T-cell receptor (TCR) and immunoglobulin (B-cell 

antigen receptor; Ig) genes. Although the innate immune system acts as the initial line of 

defense for the host and the adaptive immune system emerges within a few days once 

antigen-specific T- and B-cells have undergone clonal expansion, the two immune systems 

are frequently seen as opposing, distinct parts of the host response. 

 

1.2. B-lymphocytes 
 

Both B- and T-cells are genetically programmed to encode for a surface receptor and are 

responsible for the recognition of a particular antigen. B-cells are lymphocytes that are 

specialized in the production of antibodies. Moreover, B-cells also work as antigen-presenting 

cells which activate T-cells and facilitate the production of cytokines that modulate immune 

response (Allman & Pillai, 2008). 
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Figure 1. A graphical illustration depicting the different developmental stages in B-cell 
development.  Early B-cell development in the bone marrow depends on the recombination 
of gene segments VDJ to produce functional BCR. Immature B-cells migrate to the spleen and 
differentiate into transitional cells. Mature B-cells differentiate in the spleen to form Follicular 
and Marginal Zone B-cells. Following exposure to antigen, a marginally small percentage of 
activated B-cells differentiate into short-lived plasma cells, while the majority take part in 
germinal center reaction in the spleen and differentiate into plasmablasts, memory B-cells, or 
antibody-secreting plasma cells which have the potential to migrate back to bone marrow. 
Adapted from (Edwards & Cambridge, 2006; Samitas et al., 2010). 
 

1.2.1. Early B-cell development 
 

B-cells develop from hematopoietic stem cells (HSCs) in the bone marrow, following very tight 

regulation HSCs give rise to multipotent progenitor cells which further differentiate into a 

common lymphoid progenitor giving rise to the Pro-B-cell stage (Hardy & Hayakawa, 2001; 

Melchers, 2015) (Fig. 1). The passage from the pro-B-cell stage to the large and later small 

pre-B-cells, culminating in the immature B-cell stage, makes up the early B-cell differentiation 

in the bone marrow. Pro-B-cells are identified by the expression of the c-kit and the IL-7 

receptor alpha (IL-7R), which are essential for cell survival and proliferation. The expression 
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of c-kit and IL-7 receptor alpha is downregulated whereas that of IL-2 receptor alpha (IL-2R or 

CD25) is upregulated when cells develop into pre-B-cells. When the immunoglobulin heavy-

chain (IgH) and light-chain (IgL) loci are efficiently rearranged to create a functioning non-self-

reactive BCR, survival signals are produced that are closely linked to the progression through 

these stages. (Hardy & Hayakawa, 2001; Melchers, 2015). The immunoglobulin genes 

undergo two additional mechanisms that increase their diversity as they mature in the germinal 

center (GC). The first one results in point mutations in the already rearranged genes and is 

known as somatic hypermutation (SHM). The second is known as class switch recombination 

(CSR), which transforms immunoglobulin class immunoglobulin M (IgM) into immunoglobulin  

G (IgG), immunoglobulin D (IgD), or immunoglobulin A (IgA). Several transcription factors 

control the development of B lymphocytes, which is accompanied by several alterations in the 

immunophenotype of the cells. The first step in the maturation process is the differentiation of 

B-cell progenitors from hematopoietic stem cells into naive mature B lymphocytes in the bone 

marrow, which is followed by maturation into memory/effector cells in the secondary lymphoid 

organs, bone marrow, and spleen (Perez-Andres et al., 2010). Immunoglobulin heavy chain 

(Igh) DH-JH recombination is initiated by the Recombinase activating gene ½ (RAG1/2) 

recombinases, which results in the loss of the ability to differentiate into non-lymphoid lineages 

(Igarashi et al., 2002).  

Numerous transcription factors that control the growth of cells are expressed and repressed 

in conjunction with the specification of the B-cell lineage. According to Busslinger M (2004), 

the multi-lineage potential of early lymphoid progenitors and common lymphoid progenitors 

(CLPs) is still present, and the B-cell lineage is still flexible up until progenitor B-cells (pro-B) 

express the B220 and CD19 cell surface proteins (Rumfelt et al., 2006). 

 

1.2.2. VDJ/clonality 
 
V(D)J recombination, which is primarily facilitated by RAG1/2 recombinase, is the term used 

to describe the ordered lineage-specific rearrangement of genes where after diversity (D) and 
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the joining (J) genes undergo lineage-specific recombination event (D-J) initiated in CLP, 

followed by the sequential recombination of the variable (V) gene (V-DJ). All Rearrangement 

is mediated by recombination signal sequence and RAG1/2 is responsible for the double-

stranded breaks at these sites which initiates recombination (Oettinger et al., 1990). The 

dsDNA cleaved by the RAG1/2 is then shielded by a pair of hairpin loops; the Artemis which 

is a DNA-dependent protein kinase complex that facilitates the opening of the hairpin for repair 

(Ma et al., 2013). A blunt-end results from cleavage that occurs at the apex of the hairpins. In 

contrast, cleavage may occur several base pairs away from the apex, producing single-

stranded overhangs. Palindromic DNA sequences that weren't present in the germline are 

produced because of filling these overhangs. The repairs majorly took place with the 

assistance of RAG1/2 recombinases, non-homologous end joining repair equipment, and 

terminal deoxynucleotidyl transferase. (Agrawal & Schatz, 1997; Schatz & Ji, 2011). 

The pre-BCR, which includes the signal-transducing elements Ig-α and Ig-β (CD79-a and 

CD79-b), is transported to the cell surface after successful VHDJH recombination where the 

resultant heavy chain is conjugated to a substitute Ig light chain (IgL). For persistent 

differentiation into pre-B-cells, pre-BCR signaling is essential (Karasuyama et al., 1994; Pillai 

S & Baltimore D, 1987). The early B-cell stage is defined by efficient light chain rearrangement 

at either the Ig kappa or lambda light chain locus, which results in a complete BCR and an 

IgM molecule that is expressed on the cell surface. Immature B-cells depart from the bone 

marrow (BM) as transitional B-cells to the spleen where they complete their maturation. 

 

1.2.3. Transitional B-cells 
 
Immature B-cells move from the bone marrow to the spleen, whereas like in the BM, their 

development is a multistage process governed by several transcriptional factors and 

checkpoints (Allman et al., 2001; Loder et al., 1999). Based on differences in cell-surface 

marker expression, sensitivity to BCR signaling and T-cell assistance, and defined anatomical 

placement in the spleen, the passage of immature to mature B-cells can be separated into 
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three "transitional" stages: T1, T2, and T3. They are all transient cells that lack the functionality 

of mature B lymphocytes due to being nonresponsive toward antigen stimulation, making them 

all functionally incompetent (Chung et al., 2003; Hardy et al., 2007; Niiro & Clark, 2002).  

T1 cells are the transitional B-cells that are the least developed and are identified by 

membrane-bound IgM, whereas T2 cells are late-developing cells and are identified by the 

expression of membrane-bound IgD as well as the surface markers CD21 and CD23. The 

mature naive B-cells are formed from the differentiation of these subgroups of transitional B-

cells. In addition to this, there is a subset of the intermediate T3 developmental stage that has 

lower IgM levels and is similar to the T2 subset. It has been hypothesized that the cells in the 

T3 subgroup belong to self-reactive clones that have developed into anergic cells (Allman & 

Pillai, 2008; Chung et al., 2003; Matthias & Rolink, 2005). During T1 development, antigen-

independent BCR signaling activates proximal phosphatidylinositol 3-kinase (PI3K) and AKT 

signaling pathways to boost B-cell survival and rescue B-cells from apoptosis. These signals 

are necessary for a successful transition from T1 to T2 B-cells. Additionally, to advance to the 

T2 stage, distal BCR signaling must be activated, which causes canonical NF-kB activation 

(Gerondakis & Siebenlist, 2010; Kurosaki et al., 2010). 

 

1.2.4. Mature B-cells 
 
Late transitional 2 (T2) B-cells differentiate into follicular B-cells (FOB) and marginal zone B-

cells (MZB) (Fig. 1). FOB-cells are characterized by intermediate expression of CD21 and high 

expression of CD23, as well as high membrane-bound IgD expression with reduced IgM 

expression. Contrary to that, MZB-cells are characterized by high CD21 expression, negative 

expression of CD23, and high membrane-bound IgM along with reduced IgD expression. The 

fate of late immature B-cell differentiating into FOB or MZB is dependent upon the BCR 

signaling pathway, BAFF along with Notch 2 and cytokine-dependent signaling pathways 

influence the cellular fate of MZB-cells (Allman & Pillai, 2008; Casola et al., 2004; Niiro & Clark, 

2002). FOB-cells participate in the T-cell-dependent immune response, as they have the ability 
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of antigen presentation and participate activate T-cells. Activated follicular B-cells could 

develop into short lives plasma cells early in a T-cell-dependent response. However, these 

short-lived plasma cells cannot migrate to distant locations. Meanwhile, activated germinal 

center B-cells may differentiate to form plasmablasts and may obtain the ability to migrate to 

the bone marrow where they may be sustained as long-lived plasma cells, this phenomenon 

is facilitated with help of the interaction of APRIL and/or BAFF, which are produced by stromal 

cells and interact with BCMA, a receptor of the BAFF-R family. Follicular B-cells are not only 

located in follicles in traditional secondary lymphoid organs but also in the bone marrow, where 

they gather in distinct groups near vascular sinusoids (Cariappa et al., 2005, 2007a; O’Connor 

et al., 2004). 

On the other hand, MZB cells are thought to be innate-like cells that, in the absence of BCR 

ligation, can be stimulated to develop into short-lived plasma cells. MZB-cells may also be 

implicated in T-dependent B-cell responses, immunological responses to lipid antigens, and 

the transfer of antigens in immune complexes into splenic follicles (Allman & Pillai, 2008). 

MZB-cells are pre-activated B-cells that can self-renew and express high quantities of the co-

stimulatory molecules CD80 and CD86 as well as the major histocompatibility complex class 

II (MHC-II) (Attanavanich & Kearney, 2004; Song & Cerny, 2003). Additionally, they have the 

capacity to carry antigens and immune complexes, can operate as antigen-presenting cells 

as they move between the marginal zone and the follicle, and exhibit high levels of MHC-II, 

CD80, and CD86 needed for the immunological synapse (Cinamon et al., 2008; Pillai & 

Cariappa, 2009). NF-κB signals have a crucial role in both the differentiating of FOB- and 

MZB-cells as well as the regulation of their development. However, the importance of NF-κB 

signals for MZB-cell development cannot be overstated (Pohl et al., 2002). 

 

1.2.5. Germinal center B-cells 
 
Upon antigen encounter, the naïve B-cells may follow three different fates. They can first 

escape the follicle and develop into short-lived extrafollicular plasmablasts that produce poor 
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affinity antigen-specific antibodies. Secondly, they may migrate to the T-cell zone and 

differentiate into memory B-cells (Takemori et al., 2014). Thirdly, they migrate to the follicular 

niche where with the help of follicular helper T-cells (Tfh) they form germinal center B-cells 

(GCB) and further mature into either antibody-secreting plasma cells or high-affinity memory 

B-cells (Klein & Dalla-Favera, 2008; Takemori et al., 2014; Zhang et al., 2016; Zotos & 

Tarlinton, 2012). Germinal center B-cells are characterized by the high expression of death 

receptor FAS (CD95) and GL7 monoclonal antibody. Additionally, they are also negatively 

selected through the downregulation of CD38. 

The germinal center comprises two distinct zones, namely the dark zone (DZ) and the light 

zone (LZ) (Allen et al., 2007; Victora & Nussenzweig, 2012). A dense network of B-cells with 

increased proliferative activity makes up the DZ. The LZ, on the other hand, has a reduced 

density of B-cells and is home to follicular dendritic cells (FDCs), which bind 

immunocomplexes that carry antigens, as well as T follicular helper cells (Maclennan, 1994). 

The chemokine CXCL12 and its receptor CXCR4 are necessary for the development of the 

DZ and the LZ, whereas the chemokine CXCL13 and its receptor CXCR5 are necessary for 

the correct polarization of the DZ and LZ (Klein & Dalla-Favera, 2008). GC B-cells migrate 

back and forth between the DZ and LZ in a proportion of about 30%, where they undergo 

further mutation and growth. A B-cell's ability to deliver antigen appears to determine whether 

it will return to the DZ or instead differentiate into a memory B-cell or plasma cell (Hauser et 

al., 2007). Centroblasts, which are highly proliferating B-cells in the DZ, undergo somatic 

hypermutation to somatically mature their BCR by reducing their BCR expression. While in 

the LZ, cells cease proliferation, downregulate the expression of CXCR4, and migrate to the 

high CXCL13 gradient of LZ with help of CXCR5 expression (Klein & Dalla-Favera, 2008). 

Going further the chosen centrocyte in the LZ upregulates its CXCR4 expression and migrates 

to DZ for enhancing its BCR affinity. Cell in the DZ goes through a series of SHM for antibody 

affinity maturation process which is initiated by Activated induces deaminase enzyme (AID). 

In this process, the immunoglobulin variable region undergoes single nucleotide swaps 

throughout, changing C: G base pairs into U: G base pairs that must be repaired by the cell's 
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DNA-repair machinery. Therefore, changes in the immunoglobulin variable region acquired 

during GC passage can be used to identify GC-experienced B-cells. The B-cells go through a 

further procedure known as class switch recombination, where they switch their 

immunoglobulin heavy chain mu (IgM) and delta (IgD) constant regions for a different class, 

in an AID-dependent mechanism, after having been positively selected for high-affinity 

antibodies in the LZ (Klein & Dalla-Favera, 2008; Zhang et al., 2016). 

The transcriptional repressor B-cell lymphoma 6 (BCL6) and the transcription factor Interferon 

regulatory factor 4 (IRF4) control the establishment and functioning of the GC reaction (B H 

Ye et al., 1997; de Silva et al., 2012; Ochiai et al., 2013; Willis et al., 2014). In the LZ, CD40 

signaling prevents cells from going into apoptosis and encourages the production of the 

transcription factor IRF4 under the control of NF-κB. High amounts of IRF4 suppress Bcl6, 

promote AID expression for CSR, and activate the transcription factor B lymphocyte-induced 

maturation protein 1 (Blimp1) which is necessary for commitment towards PC fate (Klein & 

Dalla-Favera, 2008; Nutt et al., 2015; Zotos & Tarlinton, 2012)  other transcription factors that 

play a major role are IL-4 which is crucial for DZ proliferation, following SHM, and 

differentiation into memory B-cells as well as IL-21, which is involved in early plasma cell 

formation and generation of antibody-secreting PC (Nojima et al., 2011; Zotos & Tarlinton, 

2012) 

1.2.6.  Antibody secreting cells (plasmablasts and plasma cells) and 
memory B-cells 
 
Following their exit from the follicle, the B-cells undergo differentiation into memory B-cells 

and long-lived plasma cells (Fig. 1). During the B-cell's development into plasma cells, there 

is a strict transcriptional regulation at the germinal center stage. The B-cell transcriptional 

pathway is driven by Pax5, Bcl6, and Bach2, whereas Blimp1 and Xbp1 regulate plasma cell 

development. Research so far has been focused on the factors that regulate the commitment 

of activated B-cells to the ASC fate. However, the transitional steps between short lives 

plasmablasts, cyclic plasma cells, and long-lived plasma cells still need to be deciphered (Nutt 
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et al., 2015). Long-lived PCs can produce high-affinity antibodies of several isotype classes 

and express the surface marker Syndecan-1 (CD138) (Aref et al., 2003). Based on the 

expression of Blimp1, plasmablasts and plasma cells may be separated prospectively, with 

plasmablasts showing a noticeably lower level of Blimp1expression than plasma cells. 

Whether plasma cells are a direct byproduct of GC B-cells or if they undergo a plasmablasts-

like stage is still a matter of debate. Following primary immunization, analysis of the circulating 

antigen-specific cells in the blood of mice reveals that the ASCs, which are thought to be the 

precursors of the long-lived bone marrow plasma cells, express intermediate amounts of 

Blimp1and resemble plasmablasts. These cells upregulate Blimp1expression to levels that are 

indicative of plasma cells once they have reached the bone marrow (Blink et al., 2005; 

Kabashima et al., 2006). According to an analysis of the chemokine sensitivity of 

plasmablasts, only a portion of plasmablasts respond to bone marrow tropic factors. This 

finding suggests that only these responsive cells are the precursors of plasma cells, with the 

majority of the cells making up a distinct, transient entity. Furthermore, after a recall challenge, 

ASCs in the blood show the proliferation marker Ki67, which is consistent with them becoming 

plasmablasts (Odendahl et al., 2005). Most plasma cells are found in the bone marrow in 

healthy individuals, although long-lived plasma cells can also be found in non-lymphoid organs 

and other lymphoid organs throughout the body in disease conditions. The fact that plasma 

cells experience fast cell death when removed from the bone marrow microenvironment 

suggests that the lifetime of these cells is not intrinsic (Chu et al., 2012). Although the process 

of homing and retention of these long-lived plasma cells in bone marrow is poorly understood, 

it is known that activation of sphingosine-1-phosphate receptor 1 (S1PR1) is crucial for the 

efficient escape of ASCs from the secondary lymphoid organs whereas the CXCL12 and 

CXCR4 are important for the recruitment and retention of ASCs to the bone marrow site 

(Kabashima et al., 2006). 

In general, the germinal center is considered to be the only site of memory B-cell generation. 

However, recent research has shown that memory B-cells also develop in response to a T-

cell-dependent (TD) antigen before the GC reaction begins and independently of it. The two 
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classes of memory B-cells develop over the same period and achieve functional maturation 

across the distinct but heavily related transcriptional program. The production of GC-

dependent memory B-cells requires T follicular helper cell assistance, whereas the generation 

of GC-independent memory cells do not, even though both forms of memory B-cell 

development require the assistance of conventional T-cells. These results lead to the 

conclusion that B-cell memory is produced through two cellular differentiation pathways that 

are fundamentally different from one another (Takemori et al., 2014; Tangye & Tarlinton, 

2009). Memory B-cells are long-lived quiescent B-cells with a different phenotype from other 

types of B-cells, such as the capacity to elicit a more rapid and robust response upon re-

exposure to an antigen compared to naive B-cells that have never encountered an antigen 

before. Memory B-cells typically undergo CSR and display antibodies of other isotypes, 

whereas naive B-cells only express IgM and IgD on the surface. Thus, antigen-binding cells 

expressing class-switched immunoglobulin in conjunction with high levels of CD38 and low 

expression of PNA surface molecules can be identified as mouse memory B-cells (Ridderstad 

& Tarlinton, 1998; Takahashi et al., 2001). Although there is no specific biomarker known for 

memory B-cells, CD80, CD86, PD-L1, PD-L2, MHC class II, and CD73 have been shown to 

be expressed in memory B-cells in the spleen (Good-Jacobson et al., 2010; Takahashi et al., 

2001) as opposed to Germinal center B-cells and näive B-cells (Anderson et al., 2007). 

 

1.3. T-lymphocytes 
 

T-cells, which are characterized by the presence of a unique receptor on their cell surface, 

called the T-cell receptors are the second important cell type that makes up adaptive immunity. 

While the antigen-independent maturation of the B-cells mainly occurs in the bone marrow 

before migration into the secondary lymphoid organs like the spleen, the development and 

maturation of T-cells initiates with hematopoietic stem cells in the fetal liver and follows in the 

bone marrow where HSC differentiates into multipotent progenitors. Only a small subset of 

these multipotent progenitor cells migrates and undergo maturation phases in the thymus 



 12 

starting with early thymic progenitors to forming fully functional T-cells (Cesar Nunez et al., 

1996)(Cariappa et al., 2007; Kruisbeek, 1999; Yang et al., 2010). Unlike BCR which is able to 

recognize antigens directly, TCR only recognizes short peptides of protein antigen presented 

by the major histocompatibility complexes on the surface of the antigen-presenting cells (Eter 

et al., 2000). Before maturation, T-cells that express the distinctive surface molecule cluster 

of differentiation 3 (CD3) engage in positive and negative selection through interactions with 

MHC-I and MHC-II complexes in the thymus. The matured T-cells are composed of two 

subsets: CD4+ helper T-cells and CD8+ cytotoxic T-cells defined by surface markers CD4 and 

CD8, respectively (Eter et al., 2000). The matured T-cells exit the thymus and enter the 

bloodstream in a naive condition, where they remain dormant until they come into contact with 

any nearby antigens. The TCR complex includes CD4 and CD8 molecules. While CD8 helps 

TCR recognize antigens presented by MHCI molecules, CD4 helps TCR recognize antigens 

presented by MHC-II. When CD8+ T-cells mature into cytotoxic T lymphocytes (CTLs) in 

secondary lymphoid organs, they are able to cause the cytolysis/apoptosis of infected and 

transformed cells via the FASL (CD95) route. Additionally, in order to carry out their cytotoxic 

function, CTLs generate cytokines including IFN-γ and tumor necrosis factor (TNF) which play 

important roles in the defense against viral infections and controlling the proliferation of 

tumoral cells (Barry & Bleackley, 2002; Cox et al., 2013). Naive CD4+ T-cells differentiate into 

effector T-cell lineages with carrying double function of producing cytokines and stimulating 

B-cells to generate Abs. These include T helper cells type 1 (Th1), Th2, Th17, and T follicular 

helper cells, as well as regulatory T-cells (Treg) (Dutton et al., 1998; Sprent & Surh, 2002). 

The majority of effector T-cells do not survive after the primary responses, but a small 

percentage survive and develop into long-lived memory cells. Recently, T follicular regulatory 

(Tfr) cells were identified as a distinct subpopulation of T helper cells. Tfr cells share 

characteristics of both Treg and Tfh cells and act as a key suppressor of ongoing GC reactions 

(Fonseca et al., 2019) 
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1.4. TLR/MyD88 signaling pathway 
 

Toll-like receptors are a family of type I transmembrane receptors that play a crucial role in 

the innate immune response (Li et al., 2013). They are abundantly expressed on several 

immune response-related cells, such as macrophages, dendritic cells, T-cells, B-cells, and 

epithelial cells (Fernández-Paredes et al., 2017). TLRs are divided into groups based on their 

localization, intracellular or extracellular. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11 are 

normally expressed on cell surfaces; whereas TLR3, TLR7, TLR8, and TLR9 are found 

intracellularly (Zheng et al., 2020). Genetic analysis of the physiological function of TLR 

revealed essential roles for TLR in pathogen recognition. Each TLR recognizes a specific 

component of a pathogen, hence demonstrating that the mammalian immune system detects 

pathogen invasion via the recognition of microbial components, with each TLR recognizing a 

specific component of a pathogen (Takeda et al., 2003). TLR1, TLR2, TLR5, and TLR6 

recognize microbial membrane components, such as lipoproteins, and flagellin; TLR9 

recognizes unmethylated CpG motifs; TLR3 is implicated in the recognition of viral dsRNA; 

and TLR4 recognizes lipopolysaccharide (LPS). TLR4 requires several membrane-linked 

molecules such as CD14 and MD-2 to recognize LPS (Tobias et al., 1988; Shimazu et al., 

1999; Li et al., 2013; Fernández-Paredes et al., 2017; Zheng et al., 2020; Takeda et al., 2003; 

Tobias et al., 1988; Shimazu et al., 1999) 

The activation of TLR signaling pathways originates from the cytoplasmic Toll/interleukin-1 

(TIR) (Gray et al., 2006) domains. The role of the TIR domain was revealed in the C3H/HeJ 

mouse strain, which had a point mutation that resulted in an amino acid change in the form of 

substitution of histidine from proline at position 712 (Poltorak et al., 1998) (Akira Sanjo et al., 

1999). In the signaling pathway downstream of the TIR domain, is the TIR domain-containing 

adaptor MyD88, which plays a crucial role, and it is also essential for signaling via IL-1 and IL-

18 receptors (Kawai et al., 1999).  

Recent evidence shows that TLR signaling pathways consist of at least a MyD88-dependent 

pathway that is conserved to all TLRs, and a MyD88-independent pathway that is specific to 
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the TLR3- and TLR4 signaling pathways (Akira, 2001). MyD88 possesses the TIR domain in 

the C-terminal portion and a death domain in the N-terminal portion. When TLR recognizes 

PAMPs or danger-associated molecular patterns (DAMPs), MyD88 interacts with the IL-1 

receptor families. Upon stimulation, MyD88 recruits IL-1 receptor-associated kinase (IRAK) to 

TLR through the interaction of the death domains of both molecules to form the MyD88-IRAK-

4 complex, which recruits IRAK-1 and IRAK-2, resulting in the activation of IRAKs by 

phosphorylation.  IRAKs interact with tumor necrosis factor receptor-associated factor 6 

(TRAF6) inducing activation of TAK-1 and TAB2/3 following subsequent activation of IkB and 

mitogen-activated protein kinase (MAPK) leading to the activation of two distinct signaling 

pathways, and finally to the activation of c-Jun N-terminal kinase (JNK) and NF-κB (Lin et al., 

2010; Zheng et al., 2020). MyD88 knockout mice have been widely used to study TLR 

signaling pathways. MyD88 deficient mice were reported to show no response to the TLR4 

ligand LPS and were insusceptible to inflammatory mediators, B-cell proliferation, or endotoxin 

shock (Kawai et al., 1999). 

 

1.5. BCR signaling pathway 
 

In both normal and pathological circumstances, the B-cell receptor (BCR) plays a critical role 

in signaling that promotes B-cell survival, development, and antibody production. Diverse B-

cell subpopulations and developmental phases exhibit different BCR signaling characteristics, 

which can be divided into tonic and, chronic active. The beginning of B-cell activation and 

differentiation into antibody-secreting cells depends on antigen-driven priming signaling. Tonic 

BCR signaling must be constant for B-cells to survive and develop, however, chronic active 

BCR signaling promotes the unabated growth of B-cell lymphoma cells. Although the precise 

molecular mechanism underpinning various BCR signaling patterns has remained a mystery 

in immunology, the development and emergence of cutting-edge technology including next-

generation sequencing have substantially increased our understanding in this area recently 

(Kwak et al., 2019; Liu et al., 2020; Rickert, 2013). Many common B-cell malignancies, such 
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as diffuse large B-cell lymphoma (DLBCL), Burkitt lymphoma, chronic lymphocytic leukemia 

(CLL), follicular lymphoma (FL), marginal zone B-cell lymphoma, Waldenstrom's 

macroglobulinemia (WM), and mantle cell lymphoma (MCL) have the B-cell receptor pathway 

identified as a potential therapeutic target (Efremov et al., 2020). 

While the majority of BCR-expressing malignancies are assumed to be prone to malignant 

transformation, the BCR may act as a tumor suppressor in BCR-negative B-cell malignancies 

(Bräuninger et al., 2001; Sander et al., 2012). According to the expression of several surface 

markers, developing B-cell receptors can be divided into different stages. The variety of B-cell 

receptor specificities is produced by VDJ recombination of gene segments during early B-cell 

development, a process that carries the possibility of developing BCRs that recognize and 

destroy self-structures. Numerous studies have shown that the pre-B-cell receptor (pre-BCR), 

which signifies a crucial stage in the formation of B-cells, also functions as a surrogate for the 

autoreactive receptor. After further rearrangement and maturation, κ or λ light chains, together 

with the µ heavy chain form the BCR on mature B-cells (Herzog & Jumaa, 2012). Although it 

is only transiently expressed, the pre-BCR marks an important checkpoint in B-cell 

development (Herzog et al., 2009). Despite having similar signaling complexes and using the 

same signal transduction pathway, the main difference between BCR and Pre BCR is how the 

signaling is initiated and although the pre-BCR and the BCR both have ligand-independent 

signaling, mature B-cells are normally triggered by the BCR being engaged by an antigen, 

such as in germinal centers. Despite having comparable structural characteristics, pre-BCR 

and BCR signaling outcomes can differ and may be influenced by cellular organization, the 

expression of downstream mediators (such as transcription factors), and chromatin structure 

(Buchner & Müschen, 2014; Herzog et al., 2009; Rickert, 2013). 

One of the main steps following the stimulation of BCR by antigen engagement is the 

activation of the SRC family protein tyrosine kinase LYN and the spleen tyrosine kinase (SYK). 

SYK binds to phospho-tyrosine residues within the CD79 immunonotyrosine-based activation 

motif (ITAM) domain and is activated (Flaswinkel & Reth1, 1994; Sanchez et al., 1993). The 

autophosphorylation of SYK due to its binding to ITAM facilitates kinase activity subsequently 
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leading to SYK-mediated phosphorylation of the neighboring BCR and Pre BCR complexes 

which in turn leads to a positive feedback loop, making SYK a central player in the activation 

of the pathways which regulate proliferation and differentiation of Pre-B-cells. This was 

depicted in SYK deficient mice which demonstrated developmental block at the Pre-B-cell 

stage and failed to undergo clonal expansion (Cheng AM et al., 1995; Fu È Tterer et al., 1998; 

Gallwitz et al., 2002; Rowley RB et al., 1995). Activated SYK then phosphorylates downstream 

adaptor molecules like BLNK and BCAP. Phosphorylated BLNK act as a scaffold for 

membrane-associated kinases PLCγ2 (PLCG2) and bruton's tyrosine kinase (BTK) and 

facilitates their activation (Satpathy et al., 2015). A series of pathway activation is followed 

including phosphorylation of membrane phospholipid phosphatidylinositol-4,5-bisphosphate 

(PIP2) and its conversion to phosphatidylinositol-3,4,5-triphosphate (PIP3) which is triggered 

by activated PI3Kδ. PIP3 is responsible for recruiting several downstream signaling molecules 

(Efremov et al., 2020). This catalytic activation of downstream targets induces the formation 

of a CARD11–BCL10–MALT1 (CBM) signaling complex that activates the transcription factor 

NF-κB (Antony et al., 2004; Blonska & Lin, 2009) along with MYC and NFAT.  

 

1.6. CXCR4/CXCL12 signaling pathway 
 

Chemokines are small (8–12 kDa) cytokines that control cell chemotaxis and arrest by 

interacting with specific cell surface receptors. Chemokines are well known to actively 

participate in hematopoiesis, mitogenicity, embryogenesis, as well as innate and adaptive 

immunity (Blanchet et al., 2012; Gerber et al., 2009; Mukaida et al., 2014; Ono et al., 2003). 

They are divided into four subfamilies based on how the different cysteine residues are 

arranged at the amino terminus (CC, CXC, CX3C, and C) (Nomiyama et al., 2013; Zlotnik et 

al., 2011). G-protein-coupled receptors (GPCR) and other receptors are bound and activated 

by chemokines, which chemotactically direct immune cells to specific sites (Gerber et al., 

2009; Zlotnik et al., 2011). The homeostatic CXC chemokine stromal cell-derived factor-1 

(SDF-1), commonly known as CXCL12, has seven distinct isoforms (Bachelerie et al., 2014). 
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Human organs such as the bone marrow, lymph nodes, lungs, liver, endothelial, and stromal 

cells all exhibit high levels of CXCL12 expression (Barrera et al., 2001; Guo et al., 2016; 

Sugiyama et al., 2006)). The main contributors to tumor development have been identified as 

CXCL12 and its receptor, CXCR4. In addition to CXCR4, CXCR7 has also been discovered 

to have a strong affinity for CXCL12 (Naumann et al., 2010). By interacting with its ligand 

CXCL12, CXCR4 has a biological effect on cells. CXCL12/CXCR4 axis leads to activation of 

the downstream protein kinase B AKT/MAPK and extracellular-signal regulated kinase (ERK) 

signaling cascade associated changes like gene expression, actin polymerization, facilitation 

of tumor cell growth, cell skeleton reorganization, and dissemination and cell migration 

(Décaillot et al., 2011; Saba et al., 2017; Sun et al., 2002). Moreover, progenitor cells that 

have CXCR4 expressed throughout embryonic development can migrate from their place of 

origin to the location where they would eventually differentiate into organs and tissues. The 

lethal phenotype of CXCR4/CXCL12-deficient animals supports its crucial role in embryonic 

development as well as indicates its function not being limited to the hematopoietic system 

(Nagasawa Takashi et al., 1996)  

In tumor cells, CXCR4 can be stimulated in a variety of ways. First, CXCR4 signaling can be 

increased by hypoxia (Romain et al., 2014). Second, the expression of CXCR4 can be 

positively regulated by the Wnt signaling pathway (Yu et al., 2014). Third, CXCR4 expression 

can also be induced by NF-kB. The NF-kB subunits p50 and p65 attach to the CXCR4 

promoter, where there is an NF-kB binding site, activating CXCR4 transcriptionally and 

promoting tumor invasion (Esencay et al., 2010; Helbig et al., 2003; Maroni et al., 2007). One 

of the major biological effects modulated by the CXCL12/CXCR4 axis is to regulate 

angiogenesis (Cai et al., 2014; Liang et al., 2007), promote tumor cell survival, progression, 

and metastasis (Bartolomé et al., 2009; Choi et al., 2014; Wang et al., 2014), and induce 

epithelial-mesenchymal transition (Onoue T et al., 2006). The CXCL12 axis also indirectly 

influences anti-apoptotic effects in cancer cells. As previously reported, the CXCL12/CXCR4 

axis activates ERK and AKT, which subsequently leads to NF- κB accumulation, suppressing 

apoptotic signaling and promoting transcriptional activation (Ganju et al., 1998). CXCR4 is 
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overexpressed in more than 20 different cancer types including Multiple myeloma, chronic 

lymphocytic leukemia, Hodgkin lymphoma, non-Hodgkin lymphoma, and other 

lymphoproliferative diseases. Moreover in vivo studies have demonstrated CXCR4 

involvement in the tumor microenvironment and promoting chemoresistance. As a result, 

CXCR4 is a biomarker of great importance for the therapeutic target for cancer but also 

CXCR4 antagonists are also useful for preventing CXCR4-dependent tumor-stroma 

interactions, which can reduce tumor growth and metastasis and increase the sensitivity of 

tumor cells to anticancer therapies. 

 

1.7. Crosstalk between TLR-BCR-CXCR4/CXCl12 pathway 
 

B-cells identify antigens through their B-cell receptor. The BCR constitutes the membrane-

bound form of Ig in association with the Igα/Igβ (CD79a/CD79b) signaling subunits (Becker et 

al., 2017). Mature B-cells co-express BCR, as well as both IgM and IgD (Chen & Cerutti, 2011; 

Geisberger et al., 2006). IgM and IgD-BCR isotypes functionally differ from one another in the 

manner of antigen binding, the formation of isolated nanoclusters, and their interaction with 

co-receptors such as CD19 and CXCR4 on the plasma membrane even though they share 

identical antigen specificity (Maity et al., 2018).  
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Figure 2. A simplified illustration depicts TLR-BCR-CXCR4/CXCL12 pathways 
crosstalk.  Graphical illustration of the interaction and existing regulatory network linking BCR 
and TLR to CXCR4 signaling. Adapted from (Cojoc et al., 2013; Hunter et al., 2017; Profitós-
Pelejà et al., 2022). 

 
BCR and TLR signaling are involved in the formation and activation of B-cells via BTK, which 

is a signaling protein. BTK is a critical kinase in BCR signaling and is known to interact with 

several components of the TLR signaling pathway (Laurens P. Kil et al., 2012). A high level of 

BTK expression in the B-cells increases their receptivity to TLR stimulation indicating that BTK 

supports the synergistic activation of BCR and TLR interaction (Rip et al., 2019). Another study 

demonstrated how leukemic B-cell growth and survival are influenced by interactions between 

the chemokine receptor CXCR4 and the BCR of various immunoglobulin isotypes (Maity et 

al., 2018; ten Hacken et al., 2019). BCR activation and its interaction with TLR and CXCR4 

signaling pathways encompass a sequence of molecular events including the activation of 

major downstream effectors like SYK, activation of PI3K/AKT and ERK pathways as well as 

the mobilization of intracellular calcium, along with integrating signals via other receptors like 

TLR7 and TNF (Dal Porto et al., 2004; Jellusova et al., 2013; Maity et al., 2015; Otipoby et al., 

2015; Schweighoffer et al., 2013) (Fig. 2).  
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1.8. CXCR4/CXCL12 axis in B-cell malignancies 
 
CXCR4 overexpression is known in more than 10 cancer types including ovarian, prostate 

cancer, oesophageal cancer, pancreatic cancer, melanoma, neuroblastoma, and renal cell 

carcinoma (Cooper et al., 2002; Geminder et al., 2001; Hall & Korach, 2003; Kaifi et al., 2005; 

Kim et al., 2008; Zagzag et al., 2005). Many preclinical models have revealed that cancer cell 

metastasis is mediated via pathways activated by CXCL12 binding to CXCR4 which plays a 

major role in tumor growth and progression. For example, the lung, bone marrow, lymph 

nodes, and, liver, have the highest level of CXCL12 mRNA expression and are the most 

common organs for the homing of the circulating malignant cells (Mu È ller et al., 2001). 

CXCR4/CXCL12 is known to play a major role in tumor cell microenvironment interactions, 

major pre-clinical mouse models of acute lymphocytic leukemia (ALL), multiple myeloma 

(MM), non-Hodgkin (NH) B-cell and T-cell lymphoma and chronic lymphocytic leukemia have 

demonstrated that CXCR4 positive cancer cells are recruited to mesenchymal stroma niches 

rich in CXCL12, mimicking the homing of the healthy stem cells to the bone marrow (Burger 

& Peled, 2009; Konopleva & Jordan, 2011). In a mouse model of acute promyelocytic leukemia 

(APL), it has been shown that cancer cells that have been homed in the bone marrow remain 

in a microenvironment that protects them from chemotherapy in a CXCR4-dependent manner 

(Nervi B et al., 2009). The survival of tumor cells in the stroma niche via the CXCL12 pathway 

is thought to be mediated by several mechanisms. One of these is the activation of PI3K/AKT 

kinases and MAPK/extracellular signal-regulated kinases, which at least partially confers the 

protective function of stromal cells (Zeng et al., 2009). According to several preclinical studies, 

CXCR4/CXCL12 signaling events in the bone marrow niche may, either directly or indirectly, 

lead to chemotherapy resistance in solid tumors and hematological malignancies (Frassanito 

et al., 2001; Gilbert & Hemann, 2010). CXCR4 inhibitors have been since investigated as 

chemosensitizing drugs in the field of leukemia treatment as the CXCL12-CXCR4 interaction 

was shown to be essential for attracting cancer cells to the bone marrow niche (Dillmann et 

al., 2009; Hassan et al., 2011). In the BALB/c mouse model intravenously implanted with 
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human acute myeloid leukemia (AML) cells, treatment with the CXCR4 antagonist AMD3465 

resulted in the mobilization of AML cells from the bone marrow. This resulted in increased 

cytarabine's ability to induce apoptosis in these susceptible AML cells. In a murine APL model, 

stroma-derived CXCL12 protected leukemic cells against anthracycline and cytarabine 

treatment. Treatment with the CXCR4 inhibitor AMD3100 in this model led to the mobilization 

of APL cells from the bone marrow microenvironment and enhanced cancer cell death from 

chemotherapy (Nervi B et al., 2009). The expression of CXCR4 and CXCL12 on tumor cells 

as well as cells surrounding the tumor is crucial for the interaction of cancer cells with their 

microenvironment. CXCR4 antagonists have the potential to be effective treatments for 

making cancer cells more susceptible to chemotherapy. It is necessary to conduct more 

research to determine whether preventing solid tumor cells from interacting with the 

microenvironment will improve the effectiveness of conventional therapies. 

1.9. MYD88 role in lymphoid malignancies 
 
Somatic MYD88 mutations have been found in many B-cell malignancies, including 

lymphoplasmacytic lymphoma/Waldenström macroglobulinemia (LPL/WM), activated B-cell-

like diffuse large B-cell lymphoma (ABC-DLBCL), and marginal zone lymphoma (MZL) (St´ et 

al., 2013; Treon SP et al., 2012a; Treon SP et al., 2012). These mutations are also seen in a 

considerable proportion of IgM-secreting monoclonal gammopathy of undetermined 

significance (IgM MGUS), where they are currently identified in between 60% and 80% of 

cases (Jiménez et al., 2013; Nakamura et al., 2019; Treon et al., 2012; Treon SP et al., 2012; 

Varettoni et al., 2013; Xu et al., 2013a) indicating that MYD88 mutations are associated with 

an early genetic event in the development of LPL/WM. Lastly, Diffuse large B-cell lymphoma, 

which can be divided into two primary molecular subgroups based on the cell of origin, is 

where the recurrent MYD88 L265P mutation was initially identified. In contrast to the activated 

B-cell-like subtype, which expresses genes triggered by NF-B during the in vitro activation of 

peripheral blood cells, the germinal center B-cell-like subtype has gene expression patterns 

that mimic those of nonmalignant B-cells that have entered the germinal center. Patients with 
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ABC-DLBCL showed a poor prognosis as compared to those with GCB-DLBCL. MYD88 

mutations were first discovered by Staudt and colleagues in ABC-DLBCL biopsies, with L265P 

being the most common mutation, occurring in roughly 29% of patients (Alizadeh et al., 2000; 

V. N. Ngo et al., 2011). Although there are other distinct MYD88 mutations, the L265P 

missense substitution is the most common. L265P accounts for the majority (about 75%–80%) 

of the MYD88 alterations described in ABC-DLBCL and CLL, and it is the only MYD88 variant 

observed in LPL/WM, IgM-secreting MGUS, and MZL. The L265P mutation and nearly all 

other MYD88 mutations found in B-cell tumors congregate in the TIR domain's evolutionary 

conserved beta-beta loop, which leads to structural change in MYD88, allowing 

homodimerization and hence recruitment of IRAK1 and IRAK4. In B-cell malignancies, 

mutated MYD88 consistently results in unregulated assembly of the MYD88/IRAK complex 

that leads to the recruitment of TRAF6, phosphorylation of TAK1, and, eventually, an increase 

in NF-kB activity (Ngo VN et al., 2011; Ansell SM et al., 2014). Studies conducted using 

selective small molecule inhibitors for IRAK1-IRAK4 induced cell death in ABC-DLBCL cell 

lines but not in GCB-DLBCL or myeloma cell lines, indicating ABC-DLBCL requires IRAK1-

IRAK4 to induce signal through MYD88 L265P to promote cancer cell survival (V. N. Ngo et 

al., 2011) A crucial node in BCR signaling cascades, BTK mediates the signal from BCR to 

downstream pathways like NF-kB, PI3K/AKT, and NFAT (Young & Staudt, 2013). In WM cells 

with MYD88 L265P, MYD88 preferentially complexes to phosphorylated BTK (pBTK), while 

no complexing is seen in lymphoma cells with WT MYD88 (G. Yang et al., 2013). In 

comparison to lymphoma cells with WT MYD88, WM cells with MYD88 L265P had a higher 

level of pBTK. Importantly, WM cell apoptosis was caused by the inhibition of either BTK or 

IRAK1/4. These findings identify BTK as a downstream target of MYD88 L265P and offer a 

cutting-edge method for treating WM and other cancers that express MYD88 L265P (G. Yang 

et al., 2013).  

In conclusion, patients with IgM MGUS, WM, ABC-DLBCL, and other NHL frequently have the 

somatic mutation MYD88 L265P. With the identification of this somatic mutant, we now have 
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various potentials to enhance lymphoma diagnosis and care. By further analyzing MYD88 

L265P at the molecular and cellular levels in murine models, it will be possible to develop new 

approaches for treating lymphoid malignancies and gain insight into the underlying processes 

driving its oncogenic action. 

1.10. Waldenström macroglobulinemia 
 

Waldenström macroglobulinemia is a rare and indolent type of lymphoproliferative disorder 

characterized by pleomorphic B-cells and high concentrations of monoclonal serum IgM 

(Owen et al., 2003). WM patients develop excessive lymphoplasmacytic cells (LPCs) in the 

BM, spleen, and lymph nodes, along with a high level of IgM production that can result in 

symptoms including cryoglobulinemia, hyperviscosity, and autoimmune-related problems 

(Treon, 2009).  The U.S. has an estimated incidence of 1000–1500 new cases per year 

(Grimont et al., 2021). The median age at diagnosis is approximately 70 years. WM is twice 

as common in males with 3.4 million/year cases recorded. Encouragingly, the 5-year survival 

has improved to 78% among those diagnosed between 2000 and 2010 in comparison to 67% 

among those diagnosed earlier (Castillo, Bibas, et al., 2015; Castillo, Olszewski, et al., 2015; 

Groves et al., 2000). There are a series of advances in the diagnosis and management of WM 

in recent years, and along with an increasing number of genomic-driven treatments, it is 

expected that the therapeutic advancements will translate into efficient and more durable 

responses, as well as lower toxicity rates (Castillo et al., 2019). However, despite 

improvements in therapy regiment, WM remains incurable. The majority of WM treatment 

options have been based on therapies researched for other diseases, with more recent 

developments made possible by next-generation sequencing. WM LPC was found to have 

recurrent somatic mutations in MYD88, CXCR4, CD79, and ARID1A using NGS (Hunter et 

al., 2017; Treon, Xu, Luisa Guerrera, et al., 2020). Whole-genome sequencing identified a 

recurrent somatic mutation in MYD88(L265P) carrying a point mutation that switches leucine 

to proline at amino acid position 265 in 91% of patients with WM. This mutation was later 

confirmed by Sanger sequencing as well as allele-specific polymerase chain reaction (AS-
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PCR) assays. AS-PCR assays detected MYD88 L265P in 93% of WM patients and 54% of 

IgM MGUS patients. Numerous IgM MGUS patients carrying this mutation suggested that 

MYD88 L265P represents an early oncogenic event in the development of WM (Xu et al., 

2013b).  

Patients with wildtype MYD88 present a more aggressive disease and are associated with a 

severely poor prognosis. Moreover, they exhibit somatic mutations that are found in diffuse 

large B-cell lymphoma (Hunter et al., 2018; Treon et al., 2018). Somatic mutation(s) involving 

the C terminal domain of the G-protein coupled chemokine receptor, CXCR4, is present in up 

to 40% of patients with WM (Hunter et al., 2014b). CXCR4 mutations are essentially unique 

to WM with few cases reported for marginal zone lymphoma and activated B-cell subtype of 

DLBCL. Frequently the CXCR4 mutation associated with WM is the germline mutation in 

CXCR4 encountered in patients with WHIM syndrome, an autosomal dominant disorder with 

Warts, Hypogammaglobulinemia, Infections, Myelokatheksis (Hernandez et al., 2003). 

CXCR4 activation by its ligand CXCL12 is known to activate AKT as well as MAPK signaling, 

facilitating cell proliferation and BM homing of WM cells (H. T. Ngo et al., 2008). Both the 

MYD88 and CXCR4 genes produce proteins that are important in cellular signaling. The 

MYD88 protein transmits signals that support cell viability by preventing cells from apoptosis. 

The CXCR4 protein activates internal signaling pathways that assist in controlling cell 

proliferation, which is the process of dividing and growing new cells. The variation of these 

genes result in the creation of proteins that are hyperactive. This hyperactive protein-mediated 

excessive signaling promotes the survival and proliferation of aberrant cells that ought to die, 

which perhaps helps explain why lymphoplasmacytic cells accumulate in Waldenström 

macroglobulinemia (Cao et al., 2015; Hunter et al., 2014b). Another recurring mutation 

associated is a somatic mutation in ARID1A, seen in 17% of the WM patients, including 

frameshift and nonsense variants. Patients with ARID1A and MYD88 L265P mutations had 

poorer hemoglobin and platelet counts as well as more severe bone marrow disease 

involvement. On chromosome 6q.1,12, ARID1A and its frequently deleted counterpart 

ARID1B are located. Both act as chromatin remodeling genes, which affects how genes are 
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regulated. Although it is yet unclear how the mechanism work, ARID1A can alter TP53 and is 

thought to work as an epigenetic tumor suppressor. Furthermore, 8% to 12% of WM patients 

express CD79A and CD79B. Both can combine to produce heterodimers and are parts of the 

B-cell receptor pathway. For BCR to express on the cell surface and for BCR-induced 

signaling to occur, the CD79A/B heterodimer must bind with the immunoglobulin heavy chain. 

SYK and BTK are activated by mutations in the ITAM of CD79A and CD79B, which have been 

observed in ABC DLBCL (Guerrera et al., 2018; Hunter et al., 2017; Treon et al., 2019).  

The identification of recurrent somatic mutations in MYD88, CXCR4, CD79B, and ARID1A in 

WM provides crucial new insights into the pathophysiology, prognosis, and development of 

WM therapeutics, with later mutation ones including inhibitors of BTK, IRAK, and 

hematopoietic cell kinase (HCK) as well as substances that focus on important pro-survival 

signals in the MYD88 pathways. The BTK inhibitors ibrutinib, zanubrutinib, and acalabrutinib 

have demonstrated impressive activity in WM, and ibrutinib is currently licensed for the 

treatment of symptomatic WM in the US, Europe, and other countries (Dimopoulos et al., 

2018). Additionally, selective inhibitors are being developed for IRAK and HCK that are in pre-

clinical and/or early clinical stages. With clinical trial evaluating the effects of the CXCR4 

inhibitor ulocuplomab with ibrutinib in CXCR4 mutant WM patients marked a promising step 

forward (Hunter et al., 2014a; Treon, Xu, Guerrera, et al., 2020). Based on preclinical studies 

that suggest the possibility of synergistic interactions with ibrutinib, it is also plausible to target 

CD79B signaling with SYK inhibitors, which may be suitable for patients with CD79B 

mutations. Therefore, genomic discoveries provide the basis for the creation of targeted drugs 

and the possibility of WM treatment via personalized medicine (Munshi et al., 2020) 
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1.11. Aim of the study 
 

Waldenström macroglobulinemia is a B-cell lymphoproliferative disorder that is characterized 

by the presence of a high concentration of monoclonal IgM paraprotein in blood serum. This 

neoplasm is typically associated with invasion and proliferation of lymphoma cells in the bone 

marrow.  

This study aimed to develop an autochthonous mouse model of Waldenström 

macroglobulinemia which are genetically modified to possess genomic abnormalities that 

perfectly match or biologically correspond to those identified in the corresponding human 

disease. This model will allow to better understand the mechanisms of tumor development 

and progression in humans, as well as to provide an accurate tool for evaluating the biological 

effects of targeted therapies.  

The study further aims to decipher the pathogenesis of a combined conditional Myd88 

mutation and gain-of-function CXCR4 mutation in B-cells, which are known to contribute to 

the development and progression of WM. We focus on the phenotypic characterization of the 

development of lymphoplasmacytic lymphoma and its ability to accurately mimic the 

corresponding human WM disease. Through this mouse model, we hope to gain valuable 

insights into the biology of WM and identify potential targeted therapeutic agents. The results 

of this study may ultimately help to improve the diagnosis, treatment, and management of WM 

in human patients. 
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2. MATERIALS AND METHODS 

2. 1. Materials 

2. 1. 1. Equipment and consumables 
 
Table 1: Equipment 

Instrument Company 
Agilent Bioanalyzer 2100 Agilent technologies 
Camera Carl Zeiss (Suzhou) Co., Ltd 
Cell incubator (Heraeus Hera cell 240)  Heraeus 
ChemoStar PLUS Imager  Intas Science Imaging Instruments GmbH 
Countess II FL Automated Cell 
Counter 

Invitrogen by Life Technologies 

Cytoflex S Beckman Coulter 
Dissecting instruments Fine Science Tools 
Dissecting Board Simport 
Electrophoresis chamber Bio-Rad Laboratories GmbH 
Eppendorf Centrifuge 5417R Eppendorf AG 
Eppendorf Mastercycler PCR device Eppendorf AG 
Eppendorf Minispin Plus Centrifuge  Eppendorf AG 
Epifluorescence microscope Carl Zeiss Microscopy GmbH 
FACSAria™ III cell sorter BD Biosciences 
Fridges and lab freezers Liebherr-Hausgeräte GmbH 
GelDoc System Universal Hood II Bio-Rad Laboratories GmbH 
Glassware Duran® Labware SCHOTT AG 
Liquid nitrogen tank Biosafe® MDβ Cryotherm GmbH & Co. KG 
Magnetic Stirrer MS 3000 neoLab Migge GmbH 
MACS MultiStand Miltenyi Biotec 
Microplate reader - Luminometer Berthold Technologies 
Microwave Oven Commercial 
Multi-Channel Pipettes Research 
Plus®  

Eppendorf AG 

Multi-Channel Pipette (electronic) Brand GmbH & Co KG 
Multi-step pipette  Eppendorf AG 
NanoDrop 2000c Thermo Fisher Scientific 
Neubauer hemocytometer Paul Marienfeld GmbH & Co. KG 
pH-meter HI2020 edge R  Hanna instruments 
Pipet boy  Integra Biosciences Ag from INTEGRA Holding AG 
Pipettes Research Plus® Eppendorf AG 
Power Pac 200  Bio-Rad Laboratories GmbH 
Power Pac P25T  Biometra GmbH 
Pump tube (Sample pump) kits Beckman Coulter 
QuantiFluor® ONE dsDNA System Promega Corporation 
Quintix® Analytical balance Sartorius Lab Instruments GmbH & Co.KG 
Safety cabinet HERAsafe® HSP18 Heraeus 
Scil Vet ABC Blood Counter Scil animal care company GmbH 
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SDS-Gel electrophoresis chamber 
(Multigel Long)  

Biometra GmbH 

Spectophotometer CLARIOstar  BMG Labtech 
StepOne Plus tm Real-time PCR 
System  

Applied Biosystem 

Vortex Genie 2 Bender&Hobein AG 
Vortex neoLab Migge GmbH 
Water bath Memmert GmbH + Co. KG 
Wet-transfer device Bio-Rad Laboratories GmbH 

 
Table 2: Consumables 

Consumable Company 
96-well cell culture plate (CorningTM FalconTM) Nunc 
48-well cell culture plate (CorningTM FalconTM) Nunc 
24-well plate Falcon (CorningTM FalconTM) Nunc 
12-well cell culture plate (CorningTM FalconTM) Nunc 
6-well plate Falcon (CorningTM FalconTM) Nunc 
BD PlastipakTM 1 ml Sub-Q insulin syringes BD Biosciences 
Blood lancets Sarstedt AG & Co. 
Cell culture flasks 25 cm², 75 cm², 175 cm²  Sarstedt AG & Co. 
Cell culture dish 10 cm, 15 cm Sarstedt AG & Co. 
Cell strainers 70 µm Sarstedt AG & Co. 
Combitips advanced 5 ml eppendorf 
Conical tube 15 ml (CorningTM FalconTM) Thermo Fisher Scientific 
Conical tube 50 ml (CorningTM FalconTM) Thermo Fisher Scientific 
Multi-step tips, sterile, combitips advanced, 1.0 
ml, 5 ml  

Eppendorf AG 

Countess Cell Counting Chamber Slides Thermo Fisher Scientific 
Cryovials 2 ml Sarstedt AG & Co. 
FACS tubes Sarstedt AG & Co. 
Filter tips sterile 200 µl, 100 µl, 20 µl 
Biosphere® 

VWR International 

Filter tips sterile 1250 µl  Greiner Bio-One GmbH 
Filter 0.45 µm neoLab Migge GmbH 
Glass Pasteur pipette 150 mm Brand GmbH & Co KG 
MACS LS Columns Miltenyi Biotech 
Microvette 300 Sarstedt AG & Co. 
Parafilm  Brand GmbH & Co KG 
Pipette tips 1250 µL, non-sterile Greiner Bio-One GmbH 
Pipette tips 2-200, 20 µL, non-sterile Sarstedt AG & Co. 
PCR-strips Single Cap 8er-Soft-Strips 0.2 ml Byozim Scientific GmbH 
PCR plate 96-well Eppendorf AG 
Reaction tube 1.5 ml, 2 ml safe seal Sarstedt AG & Co. 
ROTILABO® Embedding cassettes, White 
 

Carl Roth GmbH + Co. KG 

ROTILABO® Embedding cassettes, Green 
 

Carl Roth GmbH + Co. KG 
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ROTILABO® Embedding cassettes, Blue 
 

Carl Roth GmbH + Co. KG 

Serological pipette 5 ml, 10 ml, 25 ml Sarstedt AG & Co. 
Syringes 2 ml, 5 ml, 10 ml BD DiscarditTM II 
Syringes 1 ml B Braun 
S-Monovette EDTA Sarstedt AG & Co. 
Sterican® Gr. 1, G 20 x 1 1/2"" / ø 0,90 x 40 
mm, gelb 

B Braun 

Sterican® Gr. 17, G 24 x 1""/ ø 0,55 x 25 mm, 
lila 

B Braun 

Sterican® Gr. 12, G 22 x 1 1/4"" / ø 0,70 x 30 
mm, schwarz 
 

B Braun 

 

2. 1. 2. Chemicals and reagents 
 
Table 3: Chemicals 
 

Reagent Company 
2-Mercaptoethanol, 50 mM  Sigma-Aldrich 
Acetic acid Carl Roth GmbH + Co. KG 
ACK Lysis buffer Thermo Fisher Scientific 
Acrylamide-Bisacrylamide mixture (37.5:1) Carl Roth GmbH + Co. KG 
Adenosine triphosphate (ATP) Sigma-Aldrich 
Agarose Byozim Scientific GmbH 
Ammonium persulfate (APS) Sigma-Aldrich 
Annexin V binding buffer (10X) BD Pharmigen Inc 
Bio-Rad Protein Assay Dye Reagent 
Concentrate (5X) 

Bio-Rad Laboratories GmbH 

Bovine Serum Albumin (BSA) Carl Roth GmbH + Co. KG 
Bromophenol blue  Sigma-Aldrich 
CytoFLEX Daily QC fluorospheres Beckman Coulter 
CytoFLEX Sheath Fluid Beckman Coulter 
DAPI (4',6-Diamidino-2-Phenylindole, 
Dihydrochloride) 

Invitrogen by Life Technologies 

Dimethylsulfoxid (DMSO) Carl Roth GmbH + Co. KG 
Dithiothreitol (DTT) Sigma-Aldrich 
Ethanol 70% Carl Roth GmbH + Co. KG 
Ethanol absolut Nunc A/S, Roskilde, Denmark 
Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH + Co. KG 
Flowclean cleaning agent Beckman Coulter 
Formaldehyde solution 37% Carl Roth GmbH + Co. KG 
Glycerol  Sigma-Aldrich 
Glycine Carl Roth GmbH + Co. KG 
Hank’s Balanced Salt Solution, 10x 
(HBSS)  

Thermo Fisher Scientific 

https://www.sigmaaldrich.com/catalog/product/mm/104002?lang=en&region=US
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4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) 

Thermo Fisher Scientific 

Hydrogen chloride (HCl) Merck KGaA 
Isoflurane CP® [1 mg/ml] CP-Pharma 
Isopropanol Carl Roth GmbH + Co. KG 
Kit ECL Prime detection reagent GE Healthcare 
LB-Agar (Luria/Miller) Carl Roth GmbH + Co. KG 
LIVE/DEAD™ Fixable Violet Dead Cell 
Stain Kit, for 405 nm excitation 

Invitrogen by Life Technologies 

Magnesium chloride (MgCl2)  Sigma-Aldrich 
Methanol Carl Roth GmbH + Co. KG 
N, N, N ', N'-Tetramethylethylenediamine 
(TEMED) 

Sigma-Aldrich 

NP-40 Sigma-Aldrich 
Osteosoft Sigma-Aldrich 
Phenol – chloroform – isoamyl alcohol 
mixture 

Sigma-Aldrich 

Polyethylene glycol 4000 Carl Roth GmbH + Co. KG 
Ponceau Staining solution VWR International 
Potassium chloride (KCl) Merck KGaA 
Propidium iodide (PI) Sigma-Aldrich 
Restore™ PLUS Western Blot Stripping 
Buffer 

Thermo Fisher Scientific 

RNaseZapTM-RNase Decontamination 
Wipes 

Invitrogen by Thermo Fisher Scientific 

Roti Histofix 4% Carl Roth GmbH + Co. KG 
Skim milk powder Carl Roth GmbH + Co. KG 
Sodium acetate anhydrous (NaOAc) Merck KGaA 
Sodium chloride (NaCl) Carl Roth GmbH + Co. KG 
Sodium deoxycholate detergent  Sigma-Aldrich 
Sodium dodecyl sulfate (SDS pelletes) Carl Roth GmbH + Co. KG 
Sodium hydroxide (NaOH) Carl Roth GmbH + Co. KG 
Trichlormethan/Chloroform Sigma-Aldrich 
Tris (hydroxymethyl) aminomethane HCl 
(Tris HCl) 

Carl Roth GmbH + Co. KG 

Triton X-100  
(t-Octylphenoxypolyethoxyethanol) 

Sigma-Aldrich 

Trypan Blue Sigma-Aldrich 
Tryptone Sigma-Aldrich 
Tween® 20 molecular biology grade Serva Electrophoresis GmbH 
Yeast extract BD Biosciences 

 
 
Table 4: Reagents 

Reagent Company 
100 b DNA Ladder New England Biolabs GmbH 
1 kb Plus DNA Ladder New England Biolabs GmbH 
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complete Mini, EDTA-free (Protease 
inhibitor cocktail tablets) 

Roche Diagnostics GmbH 

DNA Ladder 100 bp New England Biolabs GmbH 
dNTP mix, 10 mM Rapidozym GmbH 
Gel blotting paper (Whatman®) Merck KGaA 
Gel Loading Dye Purple (6X) New England Biolabs GmbH 
Immun-Blot® PVDF Membrane 0.2 µm Bio-Rad Laboratories GmbH, Munich, Germany 
Immun-Blot® PVDF Membrane 0.45 µm Thermo Fisher Scientific 
Lipofectamine™ 2000 Transfection 
Reagent 

Invitrogen by Thermo Fisher Scientific 

Midori Green Advance NonToxic DNA and 
RNA staining 

Nippon Genetics Europe GmbH 

Nuclease-Free Water (not DEPC-Treated)  Thermo Fisher Scientific 
PageRuler™ Plus Prestained Protein 
Ladder, 10 to 250 kDa 

Thermo Fisher Scientific 

PHOSSTOP, 10 TABLETS Roche Diagnostics GmbH 
Poly-L-lysin solution  Sigma-Aldrich 
Polybrene Infection / Transfection Reagent Merck KGaA 
Scil Vet abc Plus+ Reagent pack Scil animal care company GmbH 

 

2. 1. 3. Kits and enzymes 
 
Table 5: Kits  
 

Kit Company 
Agilent RNA 6000 Pico Kit Agilent Technologies 
CD19 Microbeads, Mouse Miltenyi Biotec 
HiSpeed Plasmid Maxi Kit Qiagen 
IgA mouse uncoated ELISA kit with plates Invitrogen by Life Technologies 
IgG(total) mouse uncoated ELISA kit with 
plates 

Invitrogen by Life Technologies 

IgM mouse uncoated ELISA kit with plates Invitrogen by Life Technologies 
NEBNext Ultra II Q5 Master Mix New England Biolabs GmbH 
Luna Universal Probe One-Step RT-qPCR 
kit 

New England Biolabs GmbH 

Pure Yield Plasmid Miniprep System Promega Corporation 
Qiagen DNeasy Blood and Tissue Kit Qiagen 
QIAshredder Qiagen 
RiboLock RNase inhibitor Thermo Fisher Scientific 
RNase-Free DNase Set Qiagen 
RNeasy Micro Kit  Qiagen 
RNeasy Mini Kit Qiagen 
T4 DNA Ligase Thermo Fisher Scientific 
Taq 2X Master Mix New England Biolabs GmbH 
Terra PCR Direct Polymerase Mix Takara Bio Inc.  
VersaComp Antibody capture beads kit Beckman coulter 
Wizard SV Gel and PCR Clean-Up System Promega Corporation 
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Table 6: Enzymes 
 

Enzymes Company 
BsmBI New England Biolabs GmbH 
DNAase I New England Biolabs GmbH 
EcoRI New England Biolabs GmbH 
EmeraldAmp MAX HS PCR Master Mix Takara 
RNAse A Sigma-Aldrich 
Phusion High Fidelity DNA Polymerase ThermoFisher Scientific 
Proteinase K Solution (20 mg/mL) Thermo Fisher Scientific 
SapI New England Biolabs GmbH 
Taq 2X Master mix New England Biolabs GmbH 
XhoI New England Biolabs GmbH 

 

2. 1. 4. Cell culture 

2. 1. 4. 1. Medium and reagents 
 
Table 7: Medium, antibiotics, stimulants, and inhibitors  
 

Medium/antibiotic/stimulants/inhibitors Company 

b-estradiol Sigma-Aldrich 
AMD3100 (CXCR4 antagonist) Sigma-Aldrich 
Ampicilin Carl Roth GmbH + Co. KG 
Antibiotic-Antimycotic (100X) Thermo Fisher Scientific 
Dulbecco’s Modified Eagle Medium (DMEM), 
high glucose 

Thermo Fisher Scientific 

Dulbecco's phosphate-buffered saline 
(DPBS) 

Gibco by Thermo Fisher Scientific 

F(ab’)2 goat anti-mouse IgM eBioscience, Inc. 
Fetal Bovine Serum (FBS) Gibco by Thermo Fisher Scientific 
FLT3 ligand mouse Peprotech 
IL-3 mouse R & D systems 
IL-4 mouse Peprotech 
IL-5 mouse Miltenyi Biotec 
IL-6 mouse R & D systems 
IL-7 mouse R & D systems 
Iscove’s modified Dulbecco’s medium 
(IMDM) 

Gibco by Thermo Fisher Scientific 

LPS Sigma-Aldrich 
Minimum essential medium (MEM) Alpha, 
1X 

Gibco by Thermo Fisher Scientific 

Minimum essential medium non-essential 
amino acids (MEM NEAA), 100X 

Gibco by Thermo Fisher Scientific 

Opti-MEM, Reduced Serum Media, no 
phenol red 

Thermo Fisher Scientific 

Recombinant Mouse CXCL12 (SDF-1α) 
(carrier-free) 

BioLegend 
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Recombinant mouse IL-7 R & D systems 
Roswell Park Memorial Institute (RPMI) 1640 
Medium  

Thermo Fisher Scientific 

SCF mouse R & D systems 
Trypsin-EDTA (0.5%), no phenol red, 10X Gibco by Thermo Fisher Scientific 

 
 

2. 1. 5. Buffer and solutions 
 
Table 8: Buffer and solutions 
 

Buffer/Solution Composition 
4% Formalin solution 40% Formalin solution (10%) 

60% PBS 
5X Loading buffer for SDS-PAGE 
(Laemmli) pH 6.8 

0.35 M SDS 
25 ml Glycerol 
0.23 M Tris HCl 
0.75 mM Bromophenol blue 
2.5 ml 2-Mercaptoethanol 
to 50 ml of H2O 

10X PBS (Phosphate buffer saline) in 
ddH2O (pH 7.4) 

1.4 M NaCl 
27 mM KCl 
0.1 M Na2HPO4 

50X TAE (Tris-Acetate-EDTA buffer) in 
ddH2O 

2 M Tris-HCl 
0.95 M Acetic acid 
50 mM EDTA pH 8.0 

Agarose gel (1.5%) 1.5% Agarose 
1X TAE buffer 
Boiled in microwave until dissolved 

APS (10%) in ddH2O 10% Ammoniumpersulfat 
Blocking solution for WB BSA 5% in TBS-T 
DAPI solution for apoptosis assay in PBS 10 µg/ml DAPI 
HF2 buffer in ddH2O 10% HBSS, 10x 

2% FCS (heat inactivated) 
1% HEPES 
1% Pen/Strep 
0.22 μm sterile filtered 

FACS buffer PBS 
0.5% BSA 

Ligation buffer for 4C in ddH2O 50 mM Tris HCl (pH 7.6) 
10 mM MgCl2 
1 mM ATP 
1 mM DTT 

Lysis buffer for 4C in ddH2O 10 mM NaCl 
250 mM Tris HCl (pH 8.0) 
0.2% NP-40 
1X Protease inhibitor 

Propidium Iodide (PI) solution for cell cycle 0.2 µg/ml PI 
RIPA buffer for protein isolation in ddH2O 150 mM NaCl 

1% NP-40 
0.5% Sodium deoxycholate 
0.1% SDS 
50 mM Tris HCl (pH 8.0) 
1 mM PMSF 
2X Protease inhibitor 
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2X Phosphatase inhibitor 
SDS-PAGE 10X TBS (Tris-buffer saline) 
(pH 7.6) 

0.2 M Tris-HCl 
1.4 M NaCl 

SDS-PAGE 1X TBS-T 1X TBS + Tween20 0.1%  
SDS-PAGE 10X Running buffer in ddH2O 
(pH 7.4) 

35 mM SDS 
0.25 M Tris HCl 
2 M Glycine 

SDS-PAGE 10X Transfer buffer  0.25 M Tris HCl 
2 M Glycine 

SDS-PAGE 1X Transfer buffer  10% transfer buffer 10 X 
20% Methanol 100% 
70% ddH2O 

SDS-PAGE Stacking gel buffer in ddH2O 0.5 M Tris HCl pH 6.8 
SDS-PAGE Resolving gel buffer in ddH2O 1.5 M Tris HCl pH 8.8 
SDS-PAGE Stacking gel (5%)  3 ml ddH2O 

1.3 ml stacking buffer 
750 µl Acrylamide-bisacrylamide mixture 
25 µl APS 10% 
10 µl TEMED 

SDS-PAGE Resolving gel (10%)  4.1 ml ddH2O 
2.6 ml resolving buffer 
3.3 ml Acrylamide-bisacrylamide mixture 
100 µl SDS 10% 
50 µl APS 10% 
15 µl TEMED 

Stop solution in ddH2O 2N H2SO4 
 

Stripping buffer for WB 10% Methanol 
10% Acetic acid 
80% ddH2O 

Tail buffer in ddH2O 1% SDS  
0.1 M NaCl  
0.1 M EDTA  
0.05 M Tris (pH 8) 

TE (Tris-EDTA) buffer 10 mM Tris HCl pH 8.0 
1 mM EDTA 

Wash buffer  1X PBS 
0.05% Tween20 
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2. 1. 6. Antibodies 

2. 1. 6. 1. Flow cytometry  
 
Table 9: Extracellular Antibodies 
 

Marker Clone Fluorescence Company 

CD3e (145-2C11) PerCP-Cyanine5.5 Invitrogen 
CD93 AA4.1 PerCP-Cyanine5.5 Invitrogen 
GL7 GL7  PerCP-Cyanine5.5 Biolegend 
CD86 (B7-2) PE-Cyanine5 Invitrogen 
IgD 11-26c eFluor 450 Invitrogen 
CD19 eBio1D3 (1D3) eFluor 450 Invitrogen 
CD69 H1.2F3 eFluor 450 Invitrogen 
CD95 Jo2 PE-Cy7 BD Biosciences 
CD45R 
(B220)  

RA3-6B2 PE-Cy7 Invitrogen 

CD4 GK1.5 PE-Cy7 Invitrogen 
CD23 B3B4 PE-Cy7 Invitrogen 
CD8a 53-6.7 PE BD Biosciences 
CD80 16-10A1 PE Invitrogen 
CD138 Clone  281-

2   (RUO) 
PE BD Biosciences 

CD43 S7   PE BD Biosciences 
CD21/35 Clone  7G6   (RUO) PE BD Biosciences 
B220/CD45R RA3-6B2 APCcy7/APC-eFluor 780 Invitrogen 
CD4 RM4-5 APCcy7/APC-eFluor 780 Invitrogen 
MHCII M5/114.15.2 APCcy7/APC-eFluor 780 Invitrogen 
CD117 (c-
Kit) 

2B8 APCcy7/APC-eFluor 780 Invitrogen 

CD38 90 APC Invitrogen 
IgM II/41 APC Invitrogen 

 
 
 
Table 10: Intracellular Antibodies 
 

Marker Fluorescence Species Company 

Phospho-AKT1 eFluor 450 Human, Mouse Invitrogen 
Phospho-ERK1/2 PE Human, Mouse Invitrogen 
Mouse anti-Syk PE Mouse BD BioScience 
anti-STAT3 Phospho 
(Tyr705)  

PE/Cyanine5 Human, Mouse Biolegend 

Phospho-STAT3 PE Human, Mouse Invitrogen 
Phospho-AKT1 PE Human, Mouse BD BioScience 
FC Block  Mouse Invitrogen 
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2. 1. 6. 2. Immunoblots – primary 
 
Table 11: Primary Antibodies 
 

Target Company Dilution 
Akt 9272 Cell Signaling 1:1000 
Phospho-Akt (Ser473) 9271 Cell Signaling 1:1000 
p44/42 MAPK (Erk1/2) 9102 Cell Signaling 1:1000 
Phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) 9101 

Cell Signaling 1:1000 

b-Actin A1978 Sigma-Aldrich  1:10000 
 
Table 12: Secondary Antibodies 
 

Reactivity Company Dilution 

Anti-rabbit HRP-linked Sigma-Aldrich  1:5000 

Anti-mouse HRP-linked Sigma-Aldrich  1:5000 
 

2. 1. 6. 3. Annexin V for apoptosis assay 
 
Table 13: Annexin V Antibodies 
 

Marker Fluorescence Name Company 

Annexin V APC APC Annexin V Biolegend 
Annexin V Alexa Fluor® 647 Alexa Fluor® 647 

Annexin V 
Biolegend 

 
 

2. 1. 7. Oligonucleotides 
 

2. 1. 7. 1. Genotyping primers 
 
Table 14: Genotyping primer 
 

WHIM FP CTTTAATCTCACTCAGCTCTGGCGAG 
WHIM RP ACACATTTATGGCTTCCCGGAGACC  

MYD88 FP GCCCTTCTGACATTCAATCC 
MYD88 RP ATGGCTCTACAAACTAACACTTCC  

AIDCRE FP CACTCGTTGCATCGACCGGTAATG 
AIDCRE RP GGACCCAACCCAGGAGGCAGATGT  

CD19-Cre8  CCC AGA AAT GCC AGA TTA 
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CD19-19c AAC CAG TCA ACA CCC TTC C 
CD19d CCAGACTAGATACAGACCAG 

 

2. 1. 7. 2. qPCR primers 
 
Table 15: qPCR primer 
 
MYD88 (human) GGTCTCCTCCACATCCTCCCTT 

AAAGTCCATCTCCTCCGCCAG 

hGAPDH (human) AGCTCAGGCCTCAAGACCTT 
AAGAAGATGCGGCTGACTGT 

 

2. 1. 7. 3. Sequencing primers 
 
pLXSN CCCTTGAACCTCCTCGTTCGACC  

 
 
 
 

2. 1. 7. 4. Mycoplasma test primers 
 

Myco FP GGGAGCAAACAGGATTAGATACCCT 
Myco RP TGCACCATCTGTCACTCTGTTAACCTC 

 
 

2. 1. 7. 5. gblock sequence for MYD88L265P 
 
GCGCCGGAATTAGATCTctcgagATGCGACCCGACCGCGCTGAGGCTCCAGGACCGCCCGCCATG
GCTGCAGGAGGTCCCGGCGCGGGGTCTGCGGCCCCGGTCTCCTCCACATCCTCCCTTCCCCTG
GCTGCTCTCAACATGCGAGTGCGGCGCCGCCTGTCTCTGTTCTTGAACGTGCGGACACAGGTG
GCGGCCGACTGGACCGCGCTGGCGGAGGAGATGGACTTTGAGTACTTGGAGATCCGGCAACTG
GAGACACAAGCGGACCCCACTGGCAGGCTGCTGGACGCCTGGCAGGGACGCCCTGGCGCCTC
TGTAGGCCGACTGCTCGAGCTGCTTACCAAGCTGGGCCGCGACGACGTGCTGCTGGAGCTGGG
ACCCAGCATTGAGGAGGATTGCCAAAAGTATATCTTGAAGCAGCAGCAGGAGGAGGCTGAGAAG
CCTTTACAGGTGGCCGCTGTAGACAGCAGTGTCCCACGGACAGCAGAGCTGGCGGGCATCACC
ACACTTGATGACCCCCTGGGGCATATGCCTGAGCGTTTCGATGCCTTCATCTGCTATTGCCCCA
GCGACATCCAGTTTGTGCAGGAGATGATCCGGCAACTGGAACAGACAAACTATCGACTGAAGTT
GTGTGTGTCTGACCGCGATGTCCTGCCTGGCACCTGTGTCTGGTCTATTGCTAGTGAGCTCATC
GAAAAGAGGTGCCGCCGGATGGTGGTGGTTGTCTCTGATGATTACCTGCAGAGCAAGGAATGTG
ACTTCCAGACCAAATTTGCACTCAGCCTCTCTCCAGGTGCCCATCAGAAGCGACCGATCCCCAT
CAAGTACAAGGCAATGAAGAAAGAGTTCCCCAGCATCCTGAGGTTCATCACTGTCTGCGACTACA
CCAACCCCTGCACCAAATCTTGGTTCTGGACTCGCCTTGCCAAGGCCTTGTCCCTGCCCTGActcg
agGTTAACGAATTCCGCCC 
 
Vector-specific linker sequence: 
 
GCGCCGGAATTAGATCTctcgag 
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ctcgagGTTAACGAATTCCGCCC 
 

2. 1. 8. Plasmids 
 
 

MSCV-IRES-GFP (MIG) Addgene 
MSCV-Cre-YFP Gift from Prof. Dr. Marc Schmidt-

Supprian, Munich 
MSCV-YFP Gift from Prof. Dr. Marc Schmidt-

Supprian, Munich 
MSCV-ERHBD-HOXB8 Gift from Prof. Dr. Marc Schmidt-

Supprian, Munich 
 

2. 1. 9. Bacteria 
 
DH5α New England Biolabs GmbH 

 
 

2. 1. 10. Mice 
 

C57Bl6/J Charles River Laboratories 
CXCR4+/1013     Prof. Karl Balabanian 
Myd88p.L252P Prof. Christian Reinhardt 
B6.129P2-Aicdatm1(cre)Mnz/J     Charles River Laboratories 
CD19Cre (B6.129P2(C)-
Cd19tm1(cre)Cgn/J)  

Charles River Laboratories 

 

2. 1. 11. Cell lines 
 

NIH 3T3 murine DSMZ 

Phoenix Eco murine DSMZ 

CXCR4+/1013    Hoxb8 murine In-house 

MYD88p.L265P Hoxb8 murine In-house 

Wildtype Hoxb8 murine In-house 

CXCR4+/1013 MYD88p.L265P 

Hoxb8 
murine In-house 

OP9 murine Prof. Dr. Marc 
Schmidt-Supprian 

Flt3-Ligand-producing B16 
melanoma cell line 

murine Prof. Dr. Marc 
Schmidt-Supprian 
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2. 1. 12. Software and databases 
 
 

Benchling https://www.benchling.com  
Image J Fijite (CITE)  
FlowJo v10 Tree Star Inc  
GraphPad Prism 9 GraphPad Software Inc. 
Incucyte S3 software Sartorius Lab Instruments GbmH & 

Co.KG  
Inkscape v0.92 Inkscape community  
Mendeley Elsevier  
Microsoft Excel, 
Powerpoint, word 

Microsoft Corporation  

StepOne software v2.3 Thermo Fisher Scientific  
 

2.2. Methods 

2.2.1. Molecular biology techniques 

2.2.1.1. Polymerase chain reaction (PCR)  
 
The reaction for standard PCRs contained 50 - 100 ng of template DNA, 0.5 μM each of 

forward and reverse primers, 0.5 μl dNTPs (10mM each), 0.5 μl High-Fidelity DNA Polymerase 

and 2.5 μl of the 10 x reaction buffer in a final volume of 25 μl. The temperature for denaturation 

was set to 95 °C, annealing temperatures were between 45-68 °C depending on the primers, 

and elongation was carried out at 72 °C for 1-2 min depending on the length of the sequence. 

Typically, PCR reactions were performed within 30 - 35 cycles.  

2.2.1.2. Agarose gel electrophoresis  
 
In an agarose gel, DNA is separated in an electric field dependent on its size. Visualization is 

then realized by the addition of Midori green, a fluorescent agent. In this study, 1.5 % agarose 

gels were used. Therefore, agarose was dissolved in the appropriate volume of 

electrophoresis buffer (1X TAE), boiled, supplemented with Midori green, and cooled down in 

a gel chamber. DNA samples were then loaded into gel pockets together with 6X loading dye 

and with a marker (DNA ladder) before electrophoresis. Midori green stained DNA visualized 

under UV-light UV light.  
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2.2.1.3. Digestion of plasmid DNA with restriction enzymes  
 
For cloning purposes, 0.5 - 1 μg plasmid DNA was digested using 5 units of appropriate 

restriction enzyme in the respective buffer for 1 h at 37 °C. To dephosphorylate digested 

plasmids, 10 units of calf intestinal alkaline phosphatase (CIP) were added and incubated for 

1 h at 37 °C followed by 20 min incubation at 80 °C for inactivation. The restricted plasmid 

was run in a 1% agarose gel at 90 V for 90 min and purified with Wizard SV Gel and PCR 

Clean-Up System according to the manufacturer’s recommendations. The final concentration 

was determined by absorbance in a nanodrop spectrophotometer. 

2.2.1.4. Oligo annealing and ligation 
 
The gblocks gene fragments were centrifuged for 3-5 seconds at a minimum of 300 x g to 

ensure the material was in the bottom of the tube. The final concentration of 10ng/µl was 

reached by adding TE buffer and vortexed briefly. Incubation was carried out at 50°C for 20 

min and briefly vortex. For ligation, gblock and digested plasmid were mixed at a molar ratio 

of 1:2 and 1:4 with 100 ng of the digested and dephosphorylated vector. For the ligation, DNA 

was mixed with the 10x NEB 2 buffer and 3U/µl T4 Polymerase along with 10x BSA in a total 

volume of 15 μl for 2.5 min at RT and put directly on ice for 10 min to stop the reaction. 

2.2.1.5. Transformation of competent bacteria  
 
For transformation, 2 μl of the ligation reaction was added to 50 μl chemically competent DH5α 

bacteria. Bacteria were then incubated on ice for 30 min. Next, heat shock was performed at 

42 °C for 45 sec followed by 2 min incubation on ice. Subsequently, bacteria were plated on 

LB agar plates containing 100 μg/μl ampicillin and incubated at 37 °C overnight. Next, bacterial 

plates were analyzed by colony PCR to determine the success of the cloning protocol. 

2.2.1.6. Colony PCR 
 
To determine whether the colonies have the vector of interest, colony PCR was performed 

using Taq 2X master mix. Colonies were picked and replated in a new LB agar plate with 
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antibiotics using a tip, the residual colony was resuspended in 50 μl of TE buffer + 0.1% triton 

X in 1.5 ml tubes. The tubes were heat inactivated at 99 °C for 5 min and centrifuged at 13000 

rpm for 10 min. 2 μl of the boiled bacteria was used as a template for the colony PCR. pLXSN 

sequencing primer was used as forward primer and MYD88 (human) qPCR primer was used 

as reverse primer. A band of 400 bp was expected for successful cloning. 

2.2.1.7. Plasmid purification 
 
The colony with the successful vector integration was inoculated in 5 ml of LB liquid media 

supplemented with 100 μg/μl ampicillin. The bacteria were incubated overnight at 37 °C with 

continuous shaking at 200 – 250 rpm. The plasmid was purified with Pure yield plasmid 

miniprep following the manufacturer’s instruction. The DNA concentration was measured 

using nanodrop an appropriate amount of plasmid was sequenced. 

2.2.1.8. RNA extraction from eukaryotic cells 
 
Cell lysates were first homogenized using a QIAshredder (Qiagen). Next, total RNA was 

extracted using the RNeasy Mini Kit Plus (Qiagen) according to the manufacturer’s in- 

instructions. The final RNA concentration was measured by spectrophotometry with a 

NanoDrop (ThermoFisher Scientific) and a 260/280 ratio was obtained. 

2.2.1.9. Quantitative real-time PCR (qRT-PCR) 
 
qRT-PCR analysis was performed on a StepOne Plus tm Real-time PCR System according 

to the manufacturer’s instructions. For data analysis, Ct values were compared to a control 

sample and normalized to the expression of human GAPDH 

 
COMPONENTS 20 µl REACTION 

Luna universal probe one step reaction mix (2X) 10 µl 
Luna warmstart RT Enzyme mix (20X) 1 µl 
Forward Primer (10µM) 0,8 µl 
Reverse Primer (10µM) 0,8 µl 
Template RNA 1 µl 
Nuclease free water upto 20 µl 
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Primer sequences are listed in section 2. 1. 7. 

 
Program:  

CYCLE STEP TEMPERATURE  TIME  CYCLES 
 Reverse Transcription  55°C*  10 minutes  1 
 Initial Denaturation  95°C  1 minute  1 
 Denaturation  95°C  10 seconds  40-45 

    
 Extension  60°C  30 seconds**(+plate read) 

 

2.2.2. Experimental animals 

2.2.2.1. Breeding of mice 
 
All mice were bred and maintained in a specific pathogen-free facility, and the animal 

experiments were conducted under an approved license number (T0313/18 and G0327/19) 

and protocol according to Federation of European Laboratory Animal Science Associations 

(FELASA) guidelines and with permission of the respective authority Landesamt für 

Gesundheit und Soziales, Berlin, Germany. Mice used in this study were heterozygous female 

and male animals and were bred on a C57BL/6 background. 

CXCR4C1013G (Balabanian et al., 2012) and mice carrying the conditional Myd88L252P allele 

(Knittel et al., 2016) were crossed and B-cell-specific Cre expression was achieved with 

Cd19Cre mice (Rickert et al., 1997) and AidCre (Robbiani et al., 2008) mice. Offspring were 

screened by PCR using specific primers for the indicated transgene. 

2.2.2.2. Genotyping 
 
For the genotyping of mice, DNA was isolated from ear punches or embryonic tissue by 

digestion in tail buffer with 200 μg/ml Proteinase K at 55 °C in a thermal shaker. After at least 

8 h or overnight lysis, the reaction was stopped by heat inactivation at 98 °C for 5 min. The 

supernatant containing DNA was collected after centrifugation for 10 min at full speed in a 

table centrifuge. 1 μl of the supernatant was used as a template for genotyping. Genotyping 



 43 

of CXCR4C1013G mice was performed as described (Balabanian et al., 2012). Genotyping of 

Myd88L252P, AID Cre, and CD19Cre mice has been performed following standard protocols.  

Primers used for genotyping are depicted in Table 13. 

2.2.2.3. Necropsy  
 
Upon reaching the endpoints of the study, mice were sacrificed using cervical dislocation of 

the neck. Blood samples were collected into 1.2 ml heparinized tubes and blood cells were 

counted on a Scil Vet ABC. Tumor tissue, as well as SPL, LN, BM, pieces of liver, kidney, gut, 

and brain, were dissected from the surrounding tissues and divided for further analyses: one 

part was fixed in 4 % Formalin solution for 48 h for immunohistochemical (IHC) analyses, the 

other part was passed through 100 μm cell strainers, washed in HF2+ buffer and frozen viably 

for further analyses. Femurs and tibias were also isolated. While one tibia was fixed in 4 % 

Formalin solution for 48 h followed by storage in Osteosoft for two weeks for subsequent IHC 

analyses, the BM from the additional bones was flushed out using HF2+ buffer, homogenized, 

and passed through a falcon before being frozen viably. If samples immediately underwent 

flow cytometric analysis, ammonium chloride–potassium bicarbonate (ACK) lysis buffer was 

used to lyse erythrocytes before staining.  

2.2.2.4. Isolation of genomic DNA and analysis of IgH 
rearrangements  
 
Genomic DNA was isolated from tissue samples using the DNeasy Blood & Tissue Kit 

according to the manufacturer’s instructions (Qiagen). IgH rearrangements were amplified by 

PCR from genomic DNA as follows: MsVHe-AH-forward 

(TCGAGTTTTTCAGCAAGATGAGGTGCAGCTGCAGGAGTCTGG) was combined with 

JH4e-New-AH- reverse (ATCTTCTAGAAAGATGTCCCTATCCCATCATCCAGGG) to amplify 

rearrangements involving JH1-4. All samples were amplified by PCR for 35 cycles with 

Phusion High Fidelity DNA Polymerase (2 U/μl) (Thermo Fisher Scientific) with the following 

conditions: 2 mM MgCl2; melt at 98 °C for 10′00′′, anneal at 72 °C for 1′00′′, extend at 72 °C 
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for 10′00′′ and then visualized on a 1.5 % agarose gel. Genomic DNA from the Eμ-Myc spleen 

was used for monoclonal and oligoclonal controls. 

2.2.3. Cell culture and cell-based assay 

2.2.3.1. Cell culture methods 
 
The cells were incubated at 37°C in a humid atmosphere with 5% CO2 and were regularly re-

tested for authenticity and mycoplasma with polymerase chain reaction (PCR) 

2.2.3.2. Culture of adherent cell lines 
 
Phoenix Eco cells were cultured in DMEM with 10% FCS.  

2.2.3.3. Culture of murine splenocytes 
 
CD19 enriched splenocytes were cultured using RPMI (with 10% FCS, 1% P/S, 50µM β-

mercaptoethanol, 1mM sodium pyruvate , and Minimum essential medium non-essential 

amino acids (MEM NEAA) 1X (Gibco) and stimulated with 20 ng/mL IL-4 (Peprotech) and 5 

ng/mL IL-5 (Miltenyi). 

2.2.3.4. Generation and culture of Hoxb8 cell lines 
 
The Flt3 Ligand (Flt3L)-producing B16 melanoma cell line was cultured in high-glucose DMEM 

supplemented with 10% FBS and 1% Anti-Anti. Cells were seeded in T75 flasks and passaged 

every 3–4 days. To passage, cells were washed in 10 mL of PBS twice and incubated with 1 

mL of 1×Trypsin for 5 min at 37°C. Cells were collected and centrifuged at 400 RCF for five 

minutes to pellet followed by inactivating trypsin with 15 mL of high-glucose DMEM. The 

supernatant was collected, filtered by 0.45 µM filters, and stored at −20 ◦C. The pellet was 

resuspended in high-glucose DMEM/10% FBS/1% Anti-Anti. Cells were replated at a low 

density in 10 mL of high-glucose DMEM for culturing. The OP9 cell line was cultured in Alpha 

Minimum Essential Medium, 20% FBS, and 1% Anti-Anti. 

To generate Hoxb8 cell lines including Wildtype Hoxb8, CXCR4+/1013 Hoxb8, Myd88L252P 

Hoxb8, and CXCR4+/1013 Myd88L252P Hoxb8, we employed an immortalization protocol based 
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on Hoxb8 transcription factor expression (Redecke et al., 2013). This protocol involved 

retroviral transduction of mouse bone marrow cells with an estrogen-regulated Hoxb8 

construct, allowing for the conditional immortalization of early hematopoietic progenitor cells, 

referred to as Hoxb8-FL cells. The bone marrow cells were obtained from 10–14 week old 

femurs, suspended in BBMM (IMDM, 30% FBS, 0.20% Mercapto Ethanol, 0.50% Anti-Anti, 

1% Glutamine, 0.50% BSA), pelleted by centrifugation at 450 RCF for 5 min, resuspended in 

5 mL ACK lysing buffer at room temperature for 5 min, pelleted again and resuspended in 

BBMM. A total of 4 × 106 bone marrow cells were pre-stimulated for 24 h in 2.5 mL BBMM, 

supplemented with rm-IL-3 (2 ng/µL), rm-SCF (10 ng/µL), IL-6 (10 ng/µL) in a 12-well plate. 

After removing 2 mL supernatant, cells were transduced with 1 mL ER-Hoxb8 retrovirus-

containing supernatant by spinoculation (1000 RCF, 90 min, 32°C) in a medium containing 8 

µg/mL polybrene and incubated at 37°C. After 24 h, all the cells were centrifuged at 300 RCF, 

washed with PBS, and resuspended in a 2.5 mL progenitor outgrowth medium for the 

generation of Hoxb8–FL cells (Redecke et al., 2013). In the following 3 weeks, progenitor 

outgrowth medium (RPMI1640, 10% FBS, 0.10% Mercapto Ethanol, 1% Anti-Anti, 1 µM β-

estradiol, 5% FLT3L supernatant) was changed every 2–3 days and serially passaged to new 

wells and even flasks after stable expansion. The cell density was always kept between 1 × 

105 and 1 × 106 cells/mL medium. 

2.2.3.5. Transfection of eukaryotic cells  
 
For the generation of ecotropic retroviral particles, PhoenixEco cells were seeded at a density 

of 4 x 10^6 cells in 5 ml PhoenixEco media in a 10 cm cell culture dish. For each approach, 

30 μl of Lipofectamine 2000 was mixed with 1500 μl Opti-MEM® I Reduced Serum Media and 

10 μg plasmid DNA. The mixture was incubated for 30 min at RT. After the removal of media 

from PhoenixEco cells, 3.5 ml fresh PhoenixEco medium was added to the culture dish along 

with 1500 μl transfection mix per dish. After 6-hour incubation, the media was replaced by 

fresh PhoenixEco medium. The supernatant containing viral particles was collected after 24-, 

36-, and 48-hour post-transfection and filtered through a 0.45 μm What-man® Filter Unit. 
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2.2.3.6. Retroviral transduction 
 
Suspension cells were transduced with the virus supernatant collected. 2 x 106 cells were 

seeded in 1 ml of progenitor outgrowth medium in a 6-well plate. 3 ml of virus supernatant in 

the presence of 1 μg/ml polybrene was added to the indicated cell line. Suspension cells were 

transduced using spin-transduction at 1,500 RPM for 1 h at 32 °C. 

2.2.3.7. Differentiation of immortalized Hoxb8-FL cells 
 
To differentiate ER-Hoxb8 progenitors to B-cells, OP9 cells were collected in 50 mL tubes for 

irradiation at 15Gy in Mibi (Clinac 2100 CD, Varian, Palo Alto, CA, USA) and then seeded at 

a petri-dish to >80% confluence in the OP9 medium. Following day, 1 × 106 Hoxb8–FL cells 

were co-cultured on irradiated OP9 cells that were seeded on a petri-dish and maintained in 

B-cell differentiation medium (RPMI1640, 10% FBS, 0.10% Mercapto Ethanol, 1% Anti-Anti, 

1 µM β-estradiol, 5 ng/mL FLT3L, 25 ng/mL SCF, 7 ng/mL IL-7). Every 2–3 days, cells were 

passaged onto fresh OP9 cells for 2 weeks. B-cell differentiation has been determined by 

fluorescence-activated cell scanning (FACS) analysis using antibodies against CD19 and 

B220. 

2.2.3.8. Freezing and thawing of cells  
 
For long-term storage, cells were pelleted and re-suspended in a freezing medium (FCS 

supplemented with 10% DMSO) and transferred into cryotubes. The maximum concentration 

was 1 x 108 cells/ml. Tubes were then transferred to a – 80 °C freezer in a freezing container 

for at least 24 h. The cells were then transferred to liquid nitrogen for long-term storage. For 

re-culturing, cells were rapidly thawed at 37 °C, and DMSO was washed out with the 

respective culture medium. After each thawing cycle, the cell lines were re-tested for 

mycoplasma. 
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2.2.3.9. Mycoplasma test 
 
All cultured cell lines were tested for presence/absence of contaminating Mycoplasma spp. 2 

ml of the medium from the culturing cells were centrifuged for 2 min at 250 g and the 

supernatant was transferred to a fresh 2 ml tube. The tubes were centrifuged for 10 min at 

20.000 g, the supernatant was discarded, and the pellet was resuspended in 50 ul of PBS. 

Next, they were boiled at 95°C for 3 min and this mixture was used as a PCR template. The 

PCR was done as described below with the primers listed in section 2.1.7.4. The template was 

mixed with 6X loading buffer, run in a 1.5% agarose gel and if the PCR was positive (270 bp), 

the cells had a Mycoplasma spp. contamination. 

 

COMPONENTS 20 µl REACTION 
2X Taq ready mix 10 µl 
Forward Primer (10µM) 1 µl 
Reverse Primer (10µM) 1 µl 
Template  1 µl 
Nuclease free water upto 20 µl 

 

Program:  

CYCLE STEP TEMPERATURE  TIME 
 Initial Denaturation  98°C*  5 minutes 

X 35 cycles 
 94°C  1 sec 
 60°C  1 sec 
 72°C  1 sec 

Extension  72°C 10 min 
Hold  12°C -  

 

2.2.3.10. In vitro functional assay 
 
CD19 enriched splenocytes were cultured using RPMI (with 10% FCS, 1% P/S, 50µM β-

mercaptoethanol, 1mM sodium pyruvate , and Minimum essential medium non-essential 

amino acids (MEM NEAA) 1X (Gibco) and stimulated with 20 ng/mL IL-4 (Peprotech) and 5 

ng/mL IL-5 (Miltenyi). Splenocytes were supplemented with 1µg/mL LPS (Sigma) and/or 50 

nM Cxcl12 (BioLegend) and/or 1µM AMD3100 (Sigma-Aldrich, Saint Louis, MI). For 
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plasmablast differentiation samples were then stained with fluorophore-coupled primary 

antibodies (Table 9) and assessed by flow cytometry. 

 

2.2.3.11. Proliferation assay 
 
Trypan blue negative cells were counted in all four 4x4 squares to determine the number of 

cells in a given volume. To finally calculate the number of cells, the following equation was 

used: 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 𝒑𝒆𝒓 𝒎𝒍 = (𝒄𝒆𝒍𝒍 𝒄𝒐𝒖𝒏𝒕/2)	x	104.	Cells were thoroughly mixed and 

a 10μl sample was taken from each cell suspension for counting. 10μl of trypan blue was 

added and mixed with the sample. Viable (=brightly shimmering, Trypan Blue negative) cells 

were then counted under a microscope using a Neubauer hemocytometer. Counting was 

always performed at least in triplicates. 

2.2.4. Immunological methods 

2.2.4.1. Flow cytometry 
 
Single-cell suspension was processed from BM and Spleen in PBS containing 0.5% BSA. Red 

blood cells were lysed using ACK lysis buffer. Cell suspensions were resuspended at 4°C in 

PBS. For extracellular staining, cells were incubated with fluorescently labeled 

antibodies (Tables 9 and 10) in FACS buffer for 30 min on ice in the dark. Unbound antibodies 

were removed by subsequent washing with FACS buffer. Viability distinction was realized by 

resuspending the cell pellet with LIVE/DEAD™ Fixable Violet Dead Cell Stain according to the 

manufacturer’s protocol. Labeled cells were run on Cytoflex S (Beckman Coulter, BREA, USA) 

and data were analyzed with FlowJo™ Version 10.6.0 software. 

Cellular stages of B-cell development and differentiation by flow cytometry panel were 

developed to define various B-cell differentiation in Bone marrow and secondary lymphoid 

organs. This panel was based on the previous study design conducted for B-cell subsets 

differentiation (Alouche et al., 2021; Anderson et al., 2007; Balabanian et al., 2012; Biajoux et 

al., 2016; Patton et al., 2014; Perlot & Penninger, 2012; Tomayko et al., 2010). An initial basic 
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gating strategy was used to identify B-cells and to exclude dead and doublets collected during 

the acquisition. Specific subsets in bone marrow were identified by further sequential gating 

based on the surface expression of various markers (Fig. 3A). 

For the spleen, the heterogeneous population of cells with the unique functional property was 

identified with help of an extensive gating strategy for B-cell differentiation (Fig. 3B-D). 

Sequentially designed gating followed the B-cell development through various stages of 

transition and maturation identifying memory B-cells, transitional B-cells, plasmablasts, and 

plasma. cells.  
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Figure 3. Illustration of the gating strategy used to quantify different B-cell 
developmental stages in the bone marrow and in the spleen. First, debris and red blood 
cells (RBC) are excluded by their cell size and granularity (FSC/SSC) followed by doublet 
exclusion. Aqua blue was used to eliminate dead cells. A Pro/Pre and immature B-cells were 
defined by gating B220 against IgM, further differentiation between Pro/Pre cells was done 
with the help of the c-kit. T cells were differentiated from B-cells by gating CD3e against B220 
and further for CD4 and CD8. B FACS panel distinguishing B-cell (B220+), memory B-cells 
(B220+ CD80+ MHCII+), immature (B220+CD93+) and mature B cells (B220+CD93−), T1 
(IgM+CD23−), T2 (IgM+CD23+) transitional B-cells, and follicular B cells (B220+CD21+CD23+) 
and marginal zone B-cells (CD21hiCD23lo) in the spleen. C CD19+ B cell population defined 
GC B-cells via GL7 and CD95 staining. Plasma cells and plasmablasts population were 
defined via B220 and CD138 staining D T cells were differentiated from B-cells by gating CD3e 
against B220 and further for CD4 and CD8 

 

2.2.4.2. Collection of serum 
 
Up to 300μl of whole blood from mice were collected in microvette tubes and allowed to clot 

for 20 min at RT. The clot was removed by subsequent centrifugation in a table centrifuge at 

2.000 x g for 10 min at 4 °C. The supernatant was collected and stored at – 20 °C. 

 

C 

D 
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2.2.4.3. Enzyme-linked immuno assays and serum protein 
electrophoresis 
 
Sera were harvested by cardiac puncture after euthanasia. Basal Ig concentrations of IgM, 

IgA, and IgGtotal were determined by ELISA (EBioscience, CA, USA). Optical densities were 

measured on a Microplate Reader (BioTek 800 TS). Statistical analysis was performed via 

Student’s t-test on GraphPad Prism Version 9.0. (GraphPad Software, La Jolla, CA). 

Electrophoresis of mouse sera was performed on agarose gels employing a Hydrasis 2 Scan 

(Sebia, Fulda, Germany). 

2.2.4.4. Magnetic cell separation 
 
Murine B-cells were magnetically purified from BM, Spleen, and tumor material from young as 

well sick and aged-matched mice using CD19 MicroBeads according to the manufacturer’s 

protocol. The efficiency of purification was assessed by flow cytometry. 

2.2.4.5. Histology and immunohistochemistry 
 
Mouse spleen, lymph nodes, and tumor tissues were fixed in 4% histofix solution for min. 48 

h, bone marrow samples were fixed for 24 h in 4% histofix followed by min. 72 h in Osteosoft 

solution dehydrated under standard conditions and embedded in paraffin. Sections prepared 

with a rotary microtome were collected and subjected to histological and immunohistochemical 

analysis. Hematoxylin-Eosin (H.E.) staining was performed on deparaffinized sections with 

Eosin and Mayer’s Haemalaun according to a standard protocol. Formalin-fixed murine 

samples were embedded in paraffin and were then sent to the Institute of Pathology in 

Tübingen, where the samples were cut into sections using a microtome and processed 

according to local standard protocols. 

2.2.5. Protein biochemistry 

2.2.5.1. Cell lysis  
 
Single-cell suspension generated from the spleen was purified using CD19 MicroBeads. Cells 

were serum starved in RPMI for 2 hours, stimulated with 10 µg/ml F(ab’)2 goat anti-mouse 
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IgM (Ebioscience) and 100 nM Cxcl12 (BioLegend), and lysed in 50 – 100 µl RIPA buffer 

(Table 8) containing phosphatase and protease inhibitors. The tubes were incubated in ice for 

30 min, centrifuged for 10 min at 4 °C and the supernatant was transferred to a clean 1.5 ml 

tube. Protein concentration was determined using Bradford Protein assay following the 

manufacturer’s protocol. 15 to 100 μg protein was mixed with 1 x SDS loading buffer and 

boiled at 95 °C for 5 min. 

2.2.5.2. SDS-PAGE and immunoblotting  
 
An equivalent amount of protein sample was resuspended in 6X Laemmli buffer in a final 

volume of 30μl. Gels were prepared as described in Table 8. Samples, 30μl of pre-stained 

molecular weight marker, and any empty well filled with 30μl to avoid differences in the run 

were loaded onto 10% SDS polyacrylamide gels and electrophoretically separated in 1X 

Running Buffer in an electrophoresis chamber at 100 V for 2.5 hours. Alternatively, proteins 

were transferred at 30 V overnight. The gel was blotted onto a 0.45 μm PVDF membrane. The 

membranes were previously activated with methanol for 5 min. The blot sandwich was placed 

in a transfer chamber submerged in 1X transfer buffer and a block of ice. The gel-to-membrane 

sandwich was left for blotting for 2 h at 100 V. After blotting, membranes were blocked with 

5% BSA in TBS-T or 5% skim milk in TBS-T. Following blocking, membranes were washed 3 

times for 10 minutes in TBS-T and incubated overnight with a primary antibody on a shaker at 

4°C. Membranes were washed 3 times in TBS-T and incubated with the corresponding HRP-

conjugated secondary antibody for 1 hour. After washing, ECL prime detection reagent was 

used on the membrane for 30 sec, and visualization was done by ChemoStar PLUS Imager. 

Protein quantification was performed using Image J software. Primary and secondary 

antibodies and their dilutions used in this study are listed in Tables 11 and 12. 

2.2.5.3. Membrane stripping 
 
To re-probe the PVDF membranes with more antibodies, the membranes were incubated with 

a stripping buffer for 10 min. Next, the membranes were washed 3 times for 10 min in TBS-T 
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on a shaker and blocked again followed by overnight incubation with the corresponding 

primary antibodies on a shaker at 4°C. 

2.2.6. Transcriptome analysis 

2.2.6.1. RNA isolation from tissue material for RNA-sequencing 

  
Spleens and Bone Marrow were harvested and strained through a 70µm cell strainer. Erylysis 

was performed using ACK-Lysing Buffer (Thermofisher Scientific, Waltham, MA). Murine cells 

were magnetically purified using CD19 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, 

Germany). Enrichment was controlled by Flow cytometry to ensure a purity of at least 90%. 

RNeasy Plus Mini Kit (Qiagen) was then used to isolate RNA according to the manufacturer’s 

protocols. RNA quality was assessed with the Agilent RNA 6000 Pico Kit according to the 

manufacturer’s instructions in the Agilent Bioanalyzer 2100. Only RNA with a RIN higher than 

7 was considered for further analyses. 

2.2.6.2. RNA-sequencing  
 
Library preparation for bulk 3’-sequencing of poly(A)-RNA was done as described previously 

(Parekh et al., 2016). Briefly, the barcoded cDNA of each sample was generated with a 

Maxima RT polymerase (Thermo Fisher Scientific) using an oligo-dT primer containing 

barcodes, unique molecular identifiers (UMIs), and an adapter. 5’ ends of the cDNAs were 

extended by a template switch oligo (TSO) and after pooling of all samples, full-length cDNA 

was amplified with primers binding to the TSO-site and the adapter. cDNA was fragmented 

with the Nextera XT kit (Illumina, San Diego, CA, USA), and 3’-end fragments were finally 

amplified using primers with Illumina P5 and P7 overhangs. In comparison to (Parekh et al., 

2016), P5 and P7 sites were exchanged to allow sequencing of the cDNA in read1 and 

barcodes and UMIs in read2 to achieve better cluster recognition. The library was sequenced 

on a NextSeq 500 (Illumina) with 75 cycles for the cDNA in read1 and 16 cycles for the 

barcodes and UMIs in read2. Data were processed using the published Drop-seq pipeline 

(v1.0) to generate sample- and gene-wise UMI tables. Reference genome (GRCm38) was 
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used for alignment. Transcript and gene definitions were used according to the ENSEMBL 

annotation release 75. RNA-Seq data were aligned and quantified with STAR and mRNA 

reads were identified using an in-house analysis pipeline detecting exons in a shuffled order. 

Differential gene expression analysis was carried out with DEseq2, and volcano plots were 

generated using GraphPad Prism Version 9.0. (GraphPad Software, La Jolla, CA). 

2.2.7. Statistical analyses 
 
Statistical analyses were performed using GraphPad Prism Version 9.0. (GraphPad Software, 

La Jolla, CA). The error bars shown in the figures represent the standard deviation (SD) unless 

specified otherwise. The statistical tests in each experiment are indicated in the figure legends. 

A 2-tailed Student’s t-test was used to compare quantitative data between 2 independent 

samples. When comparing 3 or more groups, a one-way ANOVA statistical test was used to 

compare group means followed by Tukey’s multiple comparisons tests. Survival data were 

completed using a log-rank (Mantel-Cox) test. Results with a P value of less than 0.05 were 

considered significant (*P < 0.05, **P < 0.01, ***P < 0.001) and indicated in the figures. 
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3. RESULTS 

3.1. Development of novel transgenic mouse models for the 
investigation of B cell lymphomagenesis 
 

This study aimed to investigate the in vivo effects of combined MYD88L265P and CXCR4C1013G 

mutations in murine B-cells. To achieve this, two conditional mouse models were generated. 

The first model used the CD19-Cre allele to conditionally express the Myd88L252P mutations in 

the pan B-cells, while the second model utilized the Aid-Cre allele to conditionally express the 

mutation in germinal center B-cells. The mutation was expressed upon Cre-mediated 

recombination from the endogenous mouse Myd88 locus. For the breeding of the transgenic 

model mice, heterozygous mice for the Cre, mutant Myd88, and CXCR4 alleles were used. 

This allowed for the selective expression of the mutations and the generation of mice with the 

desired genotypes. The purpose of these models was to better understand the biological 

effects of these mutations on B-cell development and function, as well as their role in the 

development of lymphoid malignancies. (Fig. 4A and B).  

 

 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic representation of breeding strategy for the generation of  
transgenic mouse model. (A) Schematic illustration of the breeding strategy to generate 
CXCR4C1013G; Myd88L252P; AidCre/+ (CM-Aid) mice and CXCR4C1013G; Myd88L252P; CD19Cre/+ 

(CM-19) mice. (B) B-cell–specific Myd88L252P expression induced by Cre-mediated 
recombination under the control of the Aid promoter active in germinal center B-cells, and the 
CD19 promoter active throughout B-cell development.  
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3.2. Assessment of B-cell lymphomagenesis and disease 
progression in Myd88L252P and CXCR4C1013G transgenic mouse 
models 
 
To determine whether the presence of Myd88L252P and CXCR4C1013G transgenes in mice is 

associated with the development of B-cell lymphomas or any significant pathological changes 

consistent with B-cell lymphoproliferation, we monitored the phenotype of transgenic animals 

for changes in weight, spleen size, and lymph node size. Between the groups of wildtype (WT), 

CXCR4C1013G (C), Myd88L252P;AidCre (M-Aid), and CXCR4C1013G;Myd88L252P;AidCre (CM-Aid) 

mice, our results indicated that the presence of CXCR4C1013G significantly accelerated Myd88-

driven lymphomagenesis, as CM-Aid mice showed reduced overall survival with a median 

survival of 77 weeks compared to M-Aid and other controls (Fig. 5A). The physiological 

alterations observed in the CM-Aid mice consisted of splenomegaly and lymphadenopathy 

development, which occurred in 40% of the mice (Fig. 5B and C). Additionally, we assessed 

CXCR4C1013G;Myd88L252P;CD19-Cre (CM-19), Myd88L252P;CD19-Cre (M-19), and their 

respective controls for signs of disease development. CM-19 mice were observed to have a 

reduced overall survival with a median survival of 67 weeks compared to M-19 and other 

controls (Fig. 5D). Furthermore, the development of lymphadenopathy is more frequent in CM-

19 mice compared to controls, indicating a more severe pathological phenotype (Fig. 5E and 

F). Overall, our findings suggest that the concurrent presence of CXCR4C1013G and Myd88L252P 

transgenes in mice is associated with more aggressive development of B-cell lymphomas and 

significant pathological alterations. 
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Figure 5. Co-expression of the B-cell lymphoma driver Myd88L252P  with activated 
CXCR4C1013G promotes lymphomagenesis. A) Kaplan-Meier curve showing the overall 
survival of CM-Aid (n=12), M-Aid (n=7), C (n=5), and Aid (n=14). Median survival and P-value 
of log-rank Mantel-Cox test are displayed. B Pie chart representing the percentage of animals 
with lymphadenopathy in CM-Aid (n=13) and M-Aid (n=12). P value was calculated using 
Fisher’s exact test. C Necropsy image of representative spleen and lymph node of CM-Aid 
mice. D Kaplan-Meier curve showing the overall survival of CM-19 (n=10), M-19 (n=11), C 
(n=4), and CD19 (n=6). The median survival and P-value of the log-rank Mantel-Cox of the 
test are displayed. E Tabular chart representing the characteristic phenotype of animals with 
lymphadenopathy in CM-19 mice (n=5). F Necropsy image of representative spleen and lymph 
node of CM-19 mice.                

3.3. Phenotypic and histopathological characterization of 
CXCR4C1013G and Myd88L252P co-expressing mice reveals lymphoma 
with plasmacytic differentiation and non-GC Phenotype 
 

The study further aimed to investigate the observed phenotype in the sick CXCR4C1013G and 

Myd88L252P co-expressing, CM-Aid and CM-19, mice and evaluate its impact on the 

morphology and cellularity of the tissues. To accomplish this,  histopathological analysis was 

performed on the BM, spleen, and lymph nodes collected from the mice at the endpoint. The 

criteria of endpoint for sick animals were defined by the presence of lymphadenopathy, 

expanded belly due to splenomegaly, and reduced physical activity while the endpoint for the 

control animals was defined by their age (102 weeks). The samples were analyzed by H&E 

staining and additional immunohistochemistry staining was performed for B220, CD3, IRF4, 

BCL6, and CD138 markers. The histological examination of the disease-bearing CM-Aid and 

CM-19 mice invariably demonstrated enlarged lymph nodes with prominent infiltration of 

tumoral cells, reflecting the tumor morphology and immunophenotype detected in the spleen. 
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In the CM-Aid mice, five of eight mice showed complete loss of architecture with the expansion 

of the marginal zone, moderate loss of the T cell zone, expansion of the B cells, and a slight 

increase of the IRF4+ CD138+ plasma cells. The tumor cells presented with medium-sized cells 

with moderate cytoplasm, predominantly centroblast morphology, and were positive for B220 

and IRF4. The spleen's morphology and immunophenotype pointed to a low-grade lymphoma 

with plasmacytic differentiation. Whereas, three out of eight mice presented characteristics of 

DLBCL with a non-GC phenotype (Fig. 6A). In the CM-19 mice, the spleen from three out of 

five mice showed abnormal architecture with an atypical expansion of the B cells. The tumor 

cells were positive for B220 and IRF4, pointing to a low-grade lymphoma with plasmacytic 

differentiation. In contrast, two out of five mice presented with loss of the spleen architecture 

with a prominent expansion of the white pulp. The tumoral cells were large-sized polymorphic 

cells with open chromatin, central nucleolus, B220 and IRF4 positive and BCL6 negative, 

pointing to a DLBCL of non-GC phenotype (Fig. 6A). The spleen of the wildtype (Fig. 6B) and 

Aid Cre (Figure not shown) control mice showed normal architecture with well-developed white 

and red pulp. The spleens of the CXCR4C1013G mice showed disorganized architecture with 

reduced B and T cell populations. Two out of five M-Aid mice spleens respectively showed 

B220+ IRF4+ infiltrating cells pointing towards a low-grade B-cell lymphoma with plasmacytic 

differentiation and a morphological immunophenotype of a DLBCL with a non-GC phenotype 

(Fig. 6B).  

To determine whether CXCR4C1013G and Myd88L252P expression indicate clonal B-cell 

expansion, we performed a PCR-based VD(J) rearrangement assay with DNA samples 

collected from tumors of CM-Aid and CM-19 mice. The different amplified PCR VDJ IgH 

rearrangements can be visualized by size separation via agarose gel electrophoresis: 

rearrangements into JH1 will produce an amplicon of 1.5 Kb size, while rearrangements into 

JH2, JH3, and JH4 will have a size of 1.2 Kb, 1 Kb, and 0.5 Kb respectively. PCR-based VDJ 

rearrangement assays revealed that the majority of CM-19 and CM-Aid lymphomas 

represented oligoclonal disease in affected lymph nodes (Fig. 6C).  
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These findings suggest that the CXCR4C1013G and Myd88L252P co-expression promotes 

oligoclonal tumor progression and contributes to the development of B-cell lymphoma with 

plasmacytic differentiation or DLBCL with a non-GC phenotype. 
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Figure 6. Histopathology and clonality analysis of tumor samples from CM-Aid and CM-
19 mice. A Representative image from histopathology analysis of CM-Aid and CM-19 mice. 
B Representative image from histopathology analysis of the control mice. Histopathological 
analyses were performed by Prof. Dr. Leticia Quintanilla-Fend and Dr. Irene Gonzalez-
Menendez. C Clonality analysis from isolated tumor DNA of CM-Aid and CM-19 mice. O: 
oligoclonal control, H2O: negative control, M: marker, LN tumor: genomic DNA extracted from 
lymph node tumor of CM-Aid and CM-19 mice. 
 

3.4. CXCR4C1013G advances Myd88L252P-induced lymphomagenesis 
with key features of human Waldenström macroglobulinemia 
 

As the pathogenesis of Waldenström macroglobulinemia is characterized by IgM 

hypergammaglobulinemia, we assessed the serum IgM levels of the sick mice. Our results 

demonstrated that CM-Aid mice did not exhibit significantly elevated serum IgM levels 

compared to M-Aid mice as the presence of Myd88L252P alone resulted in higher serum IgM 

(Fig. 7A). However, upon serum electrophoresis analysis, we observed clonal IgM peaks in 3 

out of 5 CM-Aid mice, indicating the progression of a malignant clone, as compared to M-Aid 

mice (Fig. 7B). These findings suggest that CXCR4C1013G advances Myd88L252P-induced 

progression of a malignant clone, with elevated IgM levels mimicking that of human 

Waldenström macroglobulinemia. 

To further investigate the effect of enhanced CXCR4C1013G and Myd88L252P signaling in B-cells 

on oligoclonal tumor progression and reduced survival, we performed extensive 

immunophenotyping in the sick and age-matched control mice. Bone marrow and spleen were 

collected from sick mice upon phenotypic representation of disease development, particularly 

lymphoma-related symptoms such as weight loss, lymph node enlargement, abdominal 

distension from splenomegaly, and mesenteric tumor formation. We found that in the bone 

marrow, CM-Aid mice did not exhibit a significant difference in B-cell count compared to the 

control genotypes (Fig. 7C). In contrast, there was a slight increase in CM-Aid spleen weight 

and splenic cell count compared to WT, C, and M-Aid mice (Fig. 7D). In the spleen of sick CM-

Aid mice, we did not observe a significant increase in CD138+B220lo plasmablasts and 

MHCII+CD80+ memory B-cells (Fig 7E). Moreover, red blood cell counts, platelet counts, and 
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hematocrit and hemoglobulin levels did not differ between the CM-Aid and control mice (Fig. 

7F). While our observations made in the sick and aged mice did not reach statistical 

significance, they represent the late phases of lymphomagenesis and may not accurately 

reflect the initial onset of disease progression.  
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Figure 7. Enhanced CXCR4 and Myd88 signaling cooperate to promote clonal 
progression in a mouse model of Waldenström macroglobulinemia. A Serum 
immunoglobulin levels for IgM in WT (n=4), C (n=4), M-Aid (n=5), and CM-Aid (n=11) mice. 
Control mice were at an experimental endpoint of 102 weeks. B Representative image of the 
serum gel electrophoresis histogram from M-Aid (n=5) and CM-Aid (n=7) mice. Serum 
electrophoresis analysis was performed by Dr. Markus Thaler. C Bone marrow B-cells cell 
count from 2 femur and 1 tibia of aged WT (n=4), C (n=4), M-Aid (n=5), and CM-Aid (n=7) 
mice. D Spleen weight and spleen count in aged WT (n=4), C (n=4), M-Aid (n=5), and CM-Aid 
(n=7) mice. E Flow cytometric analysis and respective quantification for CD138+B220lo 
plasmablasts, CD138+B220- plasma cells, and MHCII+CD80+ memory B-cells in aged WT 
(n=3), C (n=6), M-Aid (n=5), and CM-Aid (n=9) mice. F Blood characterization was calculated 
from the Scil animal counter for aged WT (n=3), C (n=3), M-Aid (n=5), and CM-Aid (n=7) mice. 
Statistical analyses were performed with one-way ANOVA with Tukey correction for multiple 
comparisons. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001 
 

3.5. CXCR4C1013G and Myd88L252P cooperatively promote the 
accumulation of CD138+B220lo plasmablasts and MHCII+CD80+ 
memory B-cells without expansion of the splenic B-cell pool 
 

To identify the early events that lead to the development of the disease and the effect of B-

cell-specific expression of Myd88L252P with CXCR4C1013G on B-cell development and 

differentiation in a premalignant state, we analyzed mice at the age of 10 to 14 weeks. Bone 

marrow and secondary lymphoid organs of M-Aid, CM-Aid, M-19, CM-19, and their respective 

controls were examined. Gross pathological assessment upon necropsy did not reveal any 

internal lesions, and only showed a slight increase in spleen weight and total splenic B-cells 

for Myd88L252P; CXCR4C1013G  transgenic mice and mice carrying Myd88L252P mutation alone 

(Fig. 8A). Moreover, the B220+ B-cell population in the bone marrow and spleen showed no 

significant difference between the experimental and control animals (Fig. 8B). The overall 

architecture of the spleen across the genotypes remained similar indicating no significant 

lymphoproliferation. However, FACS-based analysis from the harvested bone marrow and 

spleen samples displayed a striking expansion of the CD138+B220lo plasmablasts population 

in the CM-Aid and CM-19 transgenic mice. CM-19 mice displayed a significantly higher IgM+ 

plasmablast compared to CM-Aid mice, indicating that an early Myd88L252P expression in B-

cells along with CXCR4C1013G activation drives the accumulation of IgM+ plasmacytic 
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differentiation (Fig. 8C). These IgM+ plasmablasts are derived from mature B-cells which do 

not pass-through germinal center reaction but are generated as an extra-follicular response. 

The early activation of CXCR4C1013G and Myd88L252P mutations in naïve B-cells leads to the 

rapid maturation of memory B-cells, represented by the expansion of MHCII+CD80+ B-cells 

(Fig. 8D). This expansion of memory B-cells, which is proposed as the main cell type for WM 

progression, is shown to be crucially dependent on the CD19-mediated co-expression of 

CXCR4C1013G and Myd88L252P. These findings provide important insights into the cellular origin 

of WM. 
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Figure 8. CXCR4C1013G and Myd88L252P promote the accumulation of IgM-positive 
CD138+B220+ plasmablasts and MHCII+CD80+ memory B-cells. A Spleen weight 
comparison of WT (n=6), C (n=5), M-Aid (n=5), CM-Aid (n=7), M-19 (n=5), and CM-19 (n=4) 
mice. B Flow cytometric analysis and quantification of B-cells in the bone marrow and spleen. 
WT (n=6), C (n=5), M-Aid (n=5), CM-Aid (n=7), M-19 (n=5), and CM-19 (n=4). C Flow 
cytometric analysis and quantification for IgM+CD138+B220lo plasmablasts in 10 - 14-week-
old WT (n=6), C (n=5), M-Aid (n=5), CM-Aid (n=7), M-19 (n=5) and CM-19 (n=4) mice in the 
spleen. D Flow cytometric analysis and quantification for MHCII+CD80+ memory B-cells in the 
spleen of 10 - 14-week-old WT (n=6), C (n=5), M-Aid (n=4), CM-Aid (n=7), M-19 (n=5) and 
CM-19 (n=4) mice. Statistical analyses were performed with one-way ANOVA with Tukey 
correction for multiple comparisons. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
 

3.6. CXCR4C1013G and Myd88L252P cooperatively promote the 
accumulation of plasmacytic cells and selectively increase serum 
IgM  
 

To further explore the B-cell differentiation in the bone marrow and spleen, we examined the 

plasma B cell compartment using CD138 expression. Plasma cell populations did not differ 

between CM-Aid and M-Aid where  Myd88L252P activation took place upon germinal center 

formation (Fig. 9A). Remarkably, we observed significantly elevated levels of CD138+B220- 

plasma cells in the bone marrow compartment of CM-19 mice (Fig 9B). In line with this 

observation, the spleen also displayed a significant increase in plasma cells in CM-19 animals. 

When examined for the total count of plasma cells in the bone marrow and spleen of the two 

models in the study, CM-19 mice exhibited a significantly higher number compared to CM-Aid 

(Fig. 9C). This is potentially due to the larger pool of B-cells expressing Myd88L252P mediated 

by CD19-linked Cre expression. Furthermore, the majority of these CD138+B220- plasma cells 

D Spleen 
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in both organs expressed surface IgM (Fig. 9D). These results suggest that CD19-mediated 

co-expression of CXCR4C1013G and Myd88L252P cause an accumulation of IgM+ plasma cells 

in both bone marrow and spleen, potentially contributing to the rapid pathogenesis of 

lymphoproliferation with features of lymphoplasmacytic lymphoma. 

 

 

 
 
 
 
 
 
 

 

      

 

 

 
 
 
 
 
Figure 9. Early B-cell-specific expression Myd88L252P with activated CXCR4C1013G leads 
to increased IgM+ plasma cells. A Flow cytometric analysis and quantification of 
CD138+B220- Plasma cells in the bone marrow and spleen of 10 - 14 week old WT (n=6), C 
(n=5), M-Aid (n=5), and CM-Aid (n=7) mice. B Flow cytometric analysis and quantification of 
CD138+B220- Plasma cells in the bone marrow and spleen of 10 - 14 week old WT (n=6), C 
(n=5), M-19 (n=5) and CM-19 (n=4) mice. C Flow cytometric analysis comparing the 
quantification for CD138+B220- plasma cells in 10 - 14 week CM-Aid (n=7) and CM-19 (n=4) 
mice. D Flow cytometric gating of CD138+B220- plasma cells and histogram depicting IgM and 
IgD surface expression on gated CD138+B220- plasma cells. Statistical analyses were 
performed with one-way ANOVA with Tukey correction for multiple comparisons. *, p ≤ 0.05; 
**, p ≤ 0.01; ***, p ≤ 0.001. 
 

A 

C 

Bone Marrow Spleen Bone Marrow Spleen 

Bone Marrow 

B 

D 
Spleen 

Plasma cells 

Plasmablasts 
IgM+  

IgD+  

CD138 

B2
20

 

IgM/IgD 

C
ou

nt
 



 66 

3.7. Pan-B-cell co-activation of Myd88L252P and CXCR4C1013G leads to 
IgM-hypergammaglobulinemia indicating deregulation of B-cell 
development  
 

In this study, we investigated the expression of surface IgM in plasma cells of Myd88L252P; 

CXCR4C1013G transgenic mice, which is one of the major characteristics of human 

Waldenström macroglobulinemia. To assess the levels of immunoglobulin (Ig) titers in serum, 

we performed a serum enzyme-linked immunosorbent assay (ELISA) for IgM, IgA, and total 

IgG. Consistent with the increase in IgM-expressing plasma cells observed, CM-19 mice 

showed substantially increased serum IgM concentration compared to CM-Aid and control 

animals (Fig. 10A and B). However, there was no significant difference observed in the serum 

IgA and total IgG concentration across the models and genotypes. To further explore this 

finding, we performed serum protein electrophoresis on the sera collected from the 

experimental and control mice. We observed that young mice of 10-14 weeks had normal 

gamma globulin levels, with only a mild increase in CM-19 mice compared to controls (Fig.10C 

and D). These results demonstrate that the lymphoplasmacytic cell phenotype in WM is 

derived from the CD138+B220- plasma cells that have undergone somatic hypermutation, but 

not class switch recombination. Taken together, our results suggest that Myd88L252P along with 

activated CXCR4C1013G in an early B-cell developmental stage leads to the deregulation of B-

cell development in the mature B-cells, potentially contributing to malignant transformation.  
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Figure 10. Early B-cell specific expression Myd88L252P with activated CXCR4C1013G leads 
to increased serum IgM level. A Serum immunoglobulin level for IgA, total IgG, and IgM in 
10 - 14-week old WT (n=4), C (n=7), M-Aid (n=4), CM-Aid (n=4) mice. B Serum 
immunoglobulin level for IgA, total IgG, and IgM in 10 - 14 week old WT (n=4), C (n=7), M-19 
(n=6), and CM-19 (n=5) mice. C Serum gel electrophoresis analysis in 10 - 14-week-old M-19 
(n=7) and CM-19 (n=5) mice. Serum electrophoresis analysis were performed by Dr. Markus 
Thaler. D Quantification of the percentage of Gamma globulin level in the serum of 10 - 14-
week-old M-19 (n=7) and CM-19 (n=5) mice. P value calculated using unpaired t-test. 
Statistical analyses were performed with one-way ANOVA with Tukey correction for multiple 
comparisons. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001 
 

3.8. Co-activation of CXCR4C1013G and B-cell-specific Myd88L252P 
induces germinal center expansion in the premalignant mice  
 

To investigate the effects of CXCR4C1013G and B-cell-specific Myd88L252P gain-of-function 

mutations on the expansion of germinal center and other histological alterations in various 

tissues of mice, we performed histopathological analyses in 10-14 week-old mice. Histology 

samples for spleen, thymus, lymph node, lung, heart, intestine, kidney, liver, brain, and bone 

marrow from WT (n=4), C (n=4), M-Aid (n=5), CM-Aid (n=7), C19 (n= 4), M-19 (n=5) and CM-

19 (n=3) mice were analyzed by H&E staining. Measurement of the spleen in all samples 
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revealed a significant increase in the size and number of the germinal centers detected in the 

CM-19 mice, suggesting that CXCR4C1013G further accelerates the expansion of germinal 

centers in an early Myd88L252P expressing model (Fig. 11A).  

Immunohistochemistry analysis was performed in selected samples of all genotypes for B220, 

CD3, IRF4, CD138, and BCL6 to identify the progression towards a disease phenotype. The 

spleens of the CXCR4C1013G animals showed reduced/atrophy of the T-cell population upon 

CD3 staining. The B220 and IRF4 staining revealed a mild to moderate expansion of the B-

cell area in the white pulp along with the presence of weak IRF4 staining. Additionally, an 

increase in the CD138+ plasma cell population was detected slightly more compared to that in 

the WT animals. Furthermore, in the CXCR4C1013G animals, only one mouse showed 

hyperplastic GCs (Fig 11B). The M-Aid mice spleens showed normal histology with proper 

white and red pulp as revealed by the B220 and CD3 IHC. A normal population of plasma cells 

was shown by the CD138 IHC and no IRF4 expression was detected in the B-cells. Finally, 

numerous GCs were revealed by the BCL6 IHC. The M-Aid spleens were found to be 

morphologically similar to the WT (Fig 11C). CM-Aid spleens showed mild expansion of the 

B-cell area on the white pulp as revealed by the B220 and IRF4 IHC. Additionally, a moderate 

to prominent increase in the CD138+ plasma cells was observed (Fig 11B). 
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Genotype Name N.GC Size GC Total area
Wildtype WT 4 1760,3 7041
CD19Cre CD19 11 4547,6 50024
CXCR4C1013G CD19 1,25 4423,4 5529
Myd88L252P; AidCre M-Aid 13,6 5762,4 78368
CXCR4C1013G; Myd88L252P; AidCre CM-Aid 11,4 8310,9 94744
Myd88L252P; CD19-Cre M-19 15 10329,8 154947
CXCR4C1013G; MYD88L252P; CD19-Cre CM-19 17 12033,5 204570
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Figure 11. Enhanced Myd88L252P and CXCR4C1013G signaling in B-cells lead to increased 
germinal center size and number. A Enumerated germinal centers were measured for 
surface area in 10 - 14-week-old WT, C, M-Aid, CM-Aid, M-19, and CM-19 mice. Each point 
represents a single germinal center; germinal center number (N. GC) and size (size GC) 
measured in 10 - 14-week-old WT (n=4), C (n=4), M-Aid (n=5), CM-Aid (n=7), C19 (n= 4), M-
19 (n=5), and CM-19 (n=3) mice. B IHC staining for B220, IRF4, CD138, and BCL6 of the 
splenic section in 10 - 14-week-old WT, M-Aid, and CM-Aid (n = 3 per genotype) mice. (D) 
IHC staining for B220, IRF4, CD138 and BCL6 of splenic section in 10 - 14-week-old C, M-19 
and CM-19 (n = 3 per genotype) mice. Histopathological analyses were performed by Prof. 
Dr. Leticia Quintanilla-Fend and Dr. Irene Gonzalez-Menendez. Statistical analyses were 
performed with one-way ANOVA with Tukey correction for multiple comparisons. *, p ≤ 0.05; 
**, p ≤ 0.01; ***, p ≤ 0.001.  
 

The spleen of the WT animals showed normal architecture with well-developed white and red 

pulp evident from B220 and  IRF4 IHC. A few small germinal centers (GCs) were identified in 

2 of 4 animals. The other tissues analyzed showed normal histology including the lymph nodes 
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which appeared small and showed no histological alterations (Fig. 11C). The spleens from M-

19 mice showed interfollicular expansion of the B220+ B-cells with weak expression of IRF4. 

A mild increase in the plasma cell population was revealed by the CD138 IHC. Additionally, a 

moderate increase in the number of GCs and a moderate increase in their size was detected 

with the BCL6 IHC (Fig 11C). Strikingly, although it is known that CXCR4C1013G animals have 

improperly structured secondary lymphoid organs with reduced B-cell follicles (Balabanian et 

al., 2012), the collaboration of CXCR4C1013G and B-cell-specific Myd88L252P led to an increase 

in the number and size of germinal centers in CM-19 mice (Fig 11C). The spleens from CM-

19 mice displayed mild B220+ B-cell expansion on the white pulp and expression of IRF4 on 

the B-cells. The increase in the CD138+ plasma cell population was moderate to prominent. 

CM-19 mice showed the largest and more numerous GCs as revealed by the BCL6 IHC 

staining as compared to the other genotypes (Fig 11C). Histological investigation of lymph 

nodes and thymus from CM-19 mice also showed an increased presence of plasma cells in 

the bone marrow which was not displayed in other genotypes. Our results provide novel 

insights into the interaction between CXCR4C1013G and B-cell-specific Myd88L252P and their 

effects on the expansion of germinal centers in various organs, highlighting the importance of 

CXCR4C1013G in B-cell development and function. 

 

3.9. Co-activation of CXCR4C1013G and Myd88L252P in B-cells leads to 
normal B-cell development in bone marrow 
 
To address whether B-cell-specific expression of Myd88L252P with activated CXCR4 influences 

B-cell development, we compared WT, C, M-Aid, M-19, CM-Aid, and CM-19 mice at the pre-

malignant stage of 10-14 weeks old. B-cell development in bone marrow appeared unchanged 

(Fig. 12A), as indicated by the total count of bone marrow cells as well as progenitor, 

precursor, immature, and mature B-cell compartments (Fig 12B). The CXCL12/CXCR4 pair is 

thought to regulate the lymphoid trafficking of T-cells and orchestrate B-cell homing, 

maturation, and differentiation in secondary lymphoid organs (LOs) and bone marrow (Biajoux 
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et al., 2016). Hence, we further looked into the T-cell compartment of the bone marrow for the 

CM-Aid, CM-19 transgenic mice as well as the control primarily focusing on CD3 T-cells, CD4 

helper T-cells, and CD8 cytotoxic T-cells. We observed a CXCR4-associated expanding 

population of CD3, CD4, and CD8 positive cells in mice carrying a gain-of-function mutation 

of CXCR4C1013G, which was completely absent in the mice carrying only Myd88L252P mutation 

(Fig. 12C). All together,  our results indicate that B-cell-specific expression of Myd88L252P with 

activated CXCR4 does not influence B-cell development, but CXCL12/CXCR4 axis regulates 

T-cell population and collaboration of CXCR4C1013G and Myd88L252P signaling affects the 

mature B-cell population. 
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Figure 12. Collaboration of Myd88L252P and CXCR4C1013G signaling displays normal B-
cell development. (A) Bone marrow cell count from 2 femurs and 1 tibia of 10 - 14-week-old 
WT (n=9), C (n=5), M-Aid (n=5), CM-Aid (n=7), M-19 (n=5), and CM-19 (n=5) mice (B) Pro-
Pre, Immature and Mature B-cell population in 10 - 14-week-old WT, C, M-Aid, CM-Aid, M-19, 
and CM-19 mice. (C) CD3+ total T-cells, CD4+ helper T-cells, and CD8+ cytotoxic T-cell 
population in 10 - 14-week-old WT, C, M-Aid, CM-Aid, M-19, and CM-19 mice. Statistical 
analyses were performed with one-way ANOVA with Tukey correction for multiple 
comparisons. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
 

3.10. Co-activation of CXCR4C1013G and Myd88L252P affects B-cell 
developmental stages in the spleen 
 

The Myd88L252P mutation has been reported to induce lymphoplasmacytic-like lymphoma in 

mice, characterized by the expansion of early lymphoplasmacytic cells and plasma cells in the 

peripheral region followed by B-cell transformation (Ouk et al., 2021). To understand the 

mechanism underlying the aberrant expansion of differentiated B-cells in secondary lymphoid 

organs, we performed immunophenotyping on total splenic cell counts from experimental and 

control mice. While the spleen histology of the CM-19 mice depicted higher expression of 

CD138+ plasma cells, the spleen architecture remained normal. The lymphoplasmacytic-like 
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phenotype observed in the spleen of CM-19 mice constituted a mixture of numerous 

CD138+B220lo lymphoplasmacytic cells (LP cells) and plasma cells (Fig. 8C and 9B). To follow 

the progression of this phenotype, we focused on the transitional 1 B-cells 

(CD93+B220+IgM+CD23-), transitional 2 B-cells (CD93+B220+IgM-CD23+), follicular B-cells 

(CD93-B220+CD21loCD23+), marginal center B-cells (CD93-B220+CD21+CD23-) and germinal 

center B-cells (CD19+CD95+GL7+). 
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Figure 13. B-cell-specific Myd88L252P expression is associated with aberrant B-cell 
differentiation in the spleen. A Total spleen count in 10-14 week old WT (n=6), C (n=4), M-
Aid (n=5), CM-Aid (n=7), C19 (n= 4), M-19 (n=5) and CM-19 (n=3) mice. B Transitional 1 B-
cells (CD93+B220+IgM+CD23-), Transitional 2 B-cells (CD93+B220+IgM-CD23+), Follicular B-
cells (CD93-B220+CD21loCD23+), Marginal center B-cells (CD93-B220+CD21+CD23-) and 
Germinal center B-cells (CD19+CD95+GL7+) in 10 - 14 week old WT (n=6), C (n=4), M-Aid 
(n=5), CM-Aid (n=7), C19 (n= 4), M-19 (n=5) and CM-19 (n=3) mice. C CD3+ total T-cells, 
CD4+ helper T-cells, and CD8+ cytotoxic T-cell population in 10 - 14-week-old WT, C, M-Aid, 
CM-Aid, M-19, and CM-19 mice. Statistical analyses were performed with one-way ANOVA 
with Tukey correction for multiple comparisons. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
 

We observed an increased number of total splenic cells in the mice expressing 

Myd88L252Pmutation alone and the presence of CXCR4C1013G did not further contribute to 

expanding the subset (Fig. 13A). The frequencies of CD93+B220+IgM+CD23- transitional 1 B-

cells and CD93+B220+IgM-CD23+ transitional 2 B-cells were not significantly altered for the 

transgenic CM-Aid and CM-19 mice, although a significant increase was observed in mice 

carrying the Myd88L252P mutation only. Similarly, frequencies of CD21loCD23+ follicular B-cells 

were not significantly altered in mice carrying both CXCR4C1013G and Myd88L252P mutation (Fig 

13B). On the contrary CD21+CD23- marginal center B-cells displayed no difference among the 

different genotypes. We only observed a slight increase in the CD19+CD95+GL7+ germinal 

center B-cells in M-Aid and M-19 mice as compared to the control genotypes (Fig 13B). 
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Although histological assessment of the spleen showed an increase in the number and size 

of germinal centers in CM-19 mice, flow cytometry-based analysis did not reveal an increase 

in the total cell number of germinal center B-cells. In addition, to investigate the impact of 

CXCR4C1013G and Myd88L252P co-expression on the T cell compartment, we also examined the 

spleen of the CM-Aid and CM-19 mice as well as the control mice with a primary focus on CD3 

T-cells, CD4 helper T-cells, and CD8 cytotoxic T-cells. Upon quantification of the results, we 

observed no significant alterations in the T-cell compartment of the spleen among the 

genotypes (Fig. 13C).  

The result suggests that the Myd88L252P mutation alone is responsible for the expansion of 

differentiated B-cells in secondary lymphoid organs. However, the co-expression of 

CXCR4C1013G and Myd88L252P did not lead to any significant alterations in the B-cell subset or 

T-cell subset. 

 

3.11. CXCR4C1013G; MYD88L265P collaboration enhances differentiation 
into a B cell lineage  
 

Investigation of immune cell differentiation capacity and function is limited by the shortcomings 

of the suitable and scalable experimental model (Redecke et al., 2013). While animal models 

are essential for the study of biochemical and physiological processes of the occurrence and 

development of tumors, the mechanistic investigation of the tumor model transformation is 

often limited by the availability of the immune cells. To examine the differentiation processes 

of CXCR4C1013G; MYD88L265P B-cells, Hoxb8 progenitor model was utilized for the generation 

of scalable numbers. Hoxb8 progenitor lines for the genotypes WT and CXCR4C1013G were 

generated from bone marrow cells by transduction with the conditional Hoxb8-ER fusion 

protein, as described before in (Redecke et al., 2013) (Fig. 14A). Cells were cultured in a 

medium containing estrogen to maintain the progenitor-like phenotype. Upon confirmation of 

genotype, WT Hoxb8, and CXCR4C1013G Hoxb8 cells were introduced with MYD88L265P via the 

transduction of MSCV-IRES-GFP(MIG) vector carrying human MYD88L265P sequence or MIG- 
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vector control to generate MYD88L265P Hoxb8 cells (Fig. 14B). The generated Hoxb8 cells were 

validated and confirmed by sequencing as well as quantitative real-time PCR to confirm the 

expression of hu- Myd88L265P (Fig. 14C). WT Hoxb8 cell line grew exponentially in the condition 

media, whereas CXCR4C1013G; Myd88L265P Hoxb8 cells grew comparatively slower reflecting 

no growth benefits from the presence of activation mutation of CXCR4C1013G and Myd88L265P 

(Fig. 14D) 

To test the potential of the cell lines to differentiate into B-cells in vitro, generated Hoxb8 cell 

lines were co-cultured on OP9 feeder cells in the presence of Flt3L. Every 2-3 days the cells 

were passaged onto the fresh OP9 cells and acquisition was performed using FACS to 

observe the progression. After 6 days, a large percentage of cells from the CXCR4C1013G; 

MYD88L265P cell line was double positive for the B-cell marker B220 and CD19 as compared 

to WT, MYD88L265P and CXCR4C1013G cell line (Fig. 14E). Altogether, we successfully 

established WT, CXCR4C1013G, MYD88L265P, and CXCR4C1013G; MYD88L265P Hoxb8 cell lines, 

which could be expanded and subsequently differentiated in vitro. The greater fraction of 

CXCR4C1013G; MYD88L265P cells progressing towards B-cell lineage indicated that CXCR4C1013G 

and MYD88L265P collaboration enhances differentiation into the B-cell lineage of multipotent 

progenitor cells. 
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Figure 14. Generation of CXCR4C1013G and MYD88L265P Hoxb8 cell line to investigate B-
cell differentiation potential in vitro. A Schematic representation of the workflow for 
generation and subsequent differentiation of Hoxb8 immortalized progenitor cell lines. 
Scheme adapted from Hong et al., 2020. B Experimental workflow for transduction of MIG-
hu- MYD88L265P or MIG-vector control in WT and CXCR4C1013G Hoxb8 cell lines to generate 
Myd88L265P Hoxb8 and CXCR4C1013G; MYD88L265P Hoxb8 cell line. C Validation of cell lines 
through quantitative real-time PCR. D Growth analysis using trypan blue method of WT, 
CXCR4C1013G, MYD88L265P, and CXCR4C1013G; MYD88L265P Hoxb8 cell lines (n=3). E Fraction 
of CD19+ B-cells in WT, CXCR4C1013G, MYD88L265P, and CXCR4C1013G; MYD88L265P Hoxb8 cell 
lines after B-cell differentiation (n=3). 
 

3.12. Gain-of-function CXCR4 mutation drives plasma cell 
differentiation in vitro through CXCL12 mediated signaling pathway 
 

The role of mutated MYD88 and gain-of-function CXCR4 mutation in the activation of humoral 

immune responses in vitro needed to be further examined to understand the mechanism 

underlying the increased plasma cell and plasmablast population observed in CXCR4C1013G: 

Myd88L252P mice. From previously published data, we gathered that TLR4 agonist LPS could 

directly stimulate the differentiation of memory B-cells into high-affinity plasma cells in vitro 

(Richard et al., 2008), and CXCR4 desensitization limits Myd88-mediated plasma cell 

differentiation in vitro and in vivo (Alouche et al., 2021). This study aimed to further examine 

the role of mutated MYD88, which is the main adaptor protein of TLR and IL-1R signaling 

pathway, and gain-of-function CXCR4 mutation in activation of humoral immune responses in 

vitro, delineate which of the mutation is responsible for the accumulation of plasma cells, and 

if they collaborate to enhance the expansion of plasma cells.  

C E D 
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We stimulated splenic B-cells from 10-14 week-old WT, C, M-19, and CM-19 mice with TLR4 

ligand LPS in vitro in the presence or absence of CXCR4 ligand CXCL12, and analyzed the 

population of plasma cells (PC) and plasmablasts (PB) (Fig. 15A). We observed an increase 

in the PB population in unstimulated CM-19 mice as compared to M-19 and control mice (Fig 

15B). Upon LPS stimulation, we observed a profound increase of plasma cells up to 55% in 

mice carrying a gain-of-function mutation of CXCR4, namely C and CM-19 mice. The addition 

of CXCL12 in the stimulation mixture led to a slight but not significant increase in the PC 

population. On the contrary, stimulation by both LPS and CXCL12 showed a significant 

increase in splenic PC differentiation in C and CM-19 mice as compared to WT and M-19 

mice, demonstrating that the gain-of-function mutation of CXCR4 plays a primary role in the 

progression of PC differentiation in vitro. This CXCL12-mediated PC differentiation was further 

confirmed by the reversal of this phenomenon upon the addition of CXCR4 antagonist 

AMD3100 to the stimulation mixture along with CXCL12. Overall, our results suggest that 

constitutively active CXCR4 along with Myd88L252P plays a critical role in the activation of 

humoral immune responses in vitro, specifically in the differentiation of memory B-cells into 

high-affinity plasma cells.   
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Figure 15. CXCR4C1013G activation drives Myd88L252P  mediated plasma cell differentiation 
in vitro. A FACS plot representing the gating of CD138+B220lo splenic B-cell cultured in the 
presence of LPS, LPS+CXCL12, or CXCL12 alone for 4 days. B Flow cytometric analysis and 
quantification of CD138+B220lo plasma cell in WT, CXCR4, M-19, and CM-19 (n=3). Statistical 
analyses were performed with one-way ANOVA with Tukey correction for multiple 
comparisons. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
 

3.13. Activation of BTK downstream signaling by cooperative CXCR4 
and Myd88 signaling contributes to lymphomagenesis in CM-19 mice 
 
BTK is a crucial component of the Myd88 signaling cascade, and CXCR4 has been shown to 

play a role in activating this pathway in B cells. Previous studies have shown that Myd88L252P 

can activate BTK downstream signaling, leading to the development of lymphoma (Ngo et al., 

2011). To investigate whether the collaboration of mutated MYD88 and gain-of-function 

CXCR4 mutation can activate the BTK downstream signaling pathway, CD19-enriched 

splenocytes from pre-lymphoma mice were stimulated with CXCL12 in the presence or 

absence of AMD3100. Phosphorylation of ERK, an indicator of BTK activation,  was compared 

against total ERK levels between CM-19 mice and respective control genotypes. Our results 

showed that the collaboration of CXCR4C1013G and Myd88L252P led to an upregulation of ERK 

phosphorylation (measured as phospo-ERK; total ERK) in comparison to the controls (Fig. 

16A). These findings provide insights into the molecular mechanism underlying the increased 

plasma cell and plasmablast generation in the secondary lymphoid organs of CM-19 mice, as 

observed in our previous experiments. The activation of BTK downstream signaling may 

contribute to the development of lymphoma and could potentially serve as one of the 

therapeutic targets for the treatment of B-cell malignancies. 
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To further investigate the implications of BTK activation on the transcriptomic profile of CD19+ 

B-cells, we performed RNA sequencing (RNA seq) on CD19+ B-cells isolated from the bone 

marrow and spleen of young CM-19 mice and their respective controls. Our analysis revealed 

an evident clustering of the various genotypes with clear distinction, as displayed by the 

sample-to-sample distance (Fig. 16B). Principal component analysis (PCA) further revealed 

the variance of the spleen and bone marrow sample from the CD19 and CM19 mice, indicating 

the difference in B cell compartments (Fig. 16C). Volcano plot generated from the differentially 

expressed genes between CM19 and M19 showed upregulation of mature lymphocytes and 

immunoglobulin biomarkers including Ighg3, ctse, Ly6a, Cnn2, and CD52 (Fig. 16D). Gene 

set enrichment analysis (GSEA) revealed enrichment of IL6/JAK/STAT3, oxidative 

phosphorylation, MYC, as well as DNA repair and NF-kappaB signaling pathways in B-cells 

from CM19 mice, defined as the CXCR4C1013G; Myd88L252P signature (Fig. 16E). These results 

indicate that the presence of the CXCR4C1013G mutation potentially drives the enrichment of 

mature B cell lymphoma gene expression signatures in CM-19 mice. These findings suggest 

a potential role for CXCR4C1013G and Myd88L252P mutations in the regulation of B-cell 

differentiation and lymphomagenesis. 

Rupert Öllinger at TranslaTUM received isolated RNA samples for library preparation and 

RNASeq. Matthias Wirth further analyzed the raw data at the Charite Universitatmedizine 

(CBF), Department of Hematology and Oncology. 
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Figure 16. Expression and activity of CXCR4C1013G; Myd88L252P signature. A 
Representative image of immunoblot analysis for ERK, phospho ERK, and b actin of CD19+ 
splenocytes treated with/without 50nM CXCL12 and/or 10mM CXCR4 antagonist AMD3100 
B Heat map illustrating the sample-by-sample division of all the enlisted genotypes. C Principal 
component analysis (PCA) of RNA-Seq gene expression profiles from CD19+ splenocytes of 
young CD19Cre (red) and CM19 (blue) mice, respectively in the bone marrow and spleen. D 
Volcano plot of the differentially expressed genes from CD19+ splenocytes of young M19 and 
CM19 mice in the bone marrow and spleen.  E GSEA result of the CM19 mice versus CD19Cre 
mice in the bone marrow and spleen (data analysis performed by PD Matthias Wirth from AG 
Keller). 
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4. DISCUSSION 
 
In this study, we investigated the role of the recurrent somatic mutation MYD88L265P in the 

pathogenesis of Waldenström macroglobulinemia and its precursor state, IgM MGUS. 

Previous studies identified the presence of the MYD88L265P mutation in patients with WM as 

well as those with IgM MGUS, which suggests that this mutation plays an early oncogenic role 

in the pathogenesis of WM. However, it is challenging to clinically distinguish between WM 

and IgM MGUS due to their phenotypic similarities at the premalignant stage. Whole-genome 

sequencing studies have reported CXCR4 mutations in ~30% of WM patients and strikingly, 

these mutations are exclusively concomitant with MYD88L265P mutation. To date, there has 

been a lack of in vivo models that accurately represent the coexistence of both mutations. 

Despite numerous studies examining the individual effects of MYD88 and CXCR4 mutations, 

there has been a gap in knowledge regarding how these mutations interact in the context of 

WM development.  

To address these challenges, we developed a mouse model with B-cell-specific expression of 

the MYD88L265P mutation and somatic mutation involving the CXCR4 receptor. This resulted 

in a phenotype that resembles IgM MGUS progressing towards lymphoproliferation with 

features of lymphoplasmacytic lymphoma. This model offers an opportunity for targeted 

approaches by using specific antagonists against CXCR4 or MYD88 and provides a 

framework for studying the downstream pathway that regulates the trafficking and 

dissemination of malignant cells in human WM. 

Our findings have important implications for the development of targeted therapies for WM. 

The CXCR4 pathway has been implicated in the pathogenesis of WM and our mouse model 

suggests that targeting this pathway may be a promising therapeutic approach for WM. This 

therapeutic potential may be extended to other B-cell malignancies as well. Additionally, this 

study highlights the importance of understanding the molecular pathways underlying the 

development of WM and its precursor state, IgM MGUS. Early detection and monitoring of 
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patients with IgM MGUS are crucial, as the MYD88L265P mutation plays an early oncogenic 

role in the pathogenesis of WM. 

Overall, the findings presented in this study offer important insights into the pathogenesis of 

WM and its precursor state IgM MGUS. The development of a mouse model that resembles 

the WM precursor state opens up new avenues for the development of targeted therapies for 

WM and provides a framework for further study of the molecular pathways underlying the 

development of this disease. 

 

4.1. Activation of highly recurring Myd88L252P and WHIM-like 
CXCR4C1013G mutation in vivo results in the progression toward low-
grade lymphoproliferative disease 
 
We aimed to identify the functional significance of concurrent WHIM-like mutation C1013G in 

CXCR4 and MYD88L265P in WM patients. Previous studies have shown that the B-cell-specific 

expression of Myd88L252P leads to a lymphoproliferative disorder and occasional (∼30%) 

transformation into an aggressive lymphoma that morphologically and immunophenotypically 

resembles human ABC-DLBCL (Knittel et al., 2016). In this study, we specifically designated 

a pan B-cell Cre allele CD19Cre and a Cre allele which is activated in germinal center B-cells 

AidCre. This allows for the conditional introduction of the expression of CXCR4C1013G mutation 

along with Myd88L265P in vivo to mimic the state in human Waldenström macroglobulinemia.  

We monitored a series of CM-Aid and CM-19 mice with their age-matched control and 

performed a longitudinal analysis. Our data showed reduced survival outcomes in the double 

transgenic mice, demonstrating that the concurrent presence of CXCR4C1013G and Myd88L252P 

transgenes in mice is associated with aggressive progression toward B-cell lymphomas. 

Furthermore, we observed reduced overall survival for CM-19 mice with a median survival of 

67 weeks as compared to 77 weeks in CM-Aid mice. Gross histopathological assessment of 

CM-19 mice at necropsy revealed the presence of B220+ IRF4+ tumor cells, indicating a low-

grade lymphoma with plasmacytic differentiation. As it is challenging to differentially diagnose 

MZL and lymphoplasmacytic lymphoma morphologically and immunophenotypically in mice, 
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the term low-grade B-cell lymphoma with plasmacytic differentiation is used. The lymphoma 

observed in our mouse model is likely to represent the LPL counterpart in humans.  

Disease-bearing CM-Aid and CM-19 mice also revealed a morphological resemblance to 

DLBCL with a non-GC phenotype. This was in line with the finding from an earlier model of 

Myd88L252P mutation in vivo that showed the onset of B lymphoproliferative disease and 

occasional ABC-DLBCL-type lymphoma (Knittel et al., 2016). We further characterized the 

Myd88L252P; CXCR4C1013G transgenic mice with IgM+ lymphoproliferation. We observed a few 

cases of serum IgM M-spike, development of predominantly extra-medullar growth pattern, 

splenomegaly, lymphadenopathy, and exhibition of molecular traits that overlapped with 

human WM.  

In previous studies, Leleu and team have shown that both AKT/mTOR is activated in WM 

cells, and their inhibition leads to apoptotic changes, further invoking a growth-promoting role 

for their activation in WM (Leleu et al., 2009). The putative mechanism of action for both AKT 

and ERK by SDF-1a (CXCL12) in WM through the acquisition of the somatic WHIM-like 

CXCR4 mutation was shown by (Cao et al., 2015). In our studies with CXCR4, as well as by 

others who investigated CXCR4R334X-related signaling (Cao et al., 2015; Lewis et al., 2021; 

McDermott et al., 2011), the use of the CXCR4 antagonist AMD3100 blocked SDF-1a-

triggered ERK activation. These data indicate that the mice expressing Myd88L252P and WHIM-

like CXCR4C1013G succumb to lymphoproliferation and promote the development of a 

polyclonal, low-grade B cell lymphoproliferative disorder of lymphoplasmacytic appearance. 

Our study supports the widely held belief that MYD88L265P is not the only mutation needed for 

the development of WM (Hunter et al., 2014b; Knittel et al., 2016; Sewastianik et al., 2019). 

We demonstrated that the presence of CXCR4C1030G significantly accelerated Myd88-driven 

lymphomagenesis. Our novel transgenic mouse models serve as compelling preclinical 

models for the potential development of novel therapeutic strategies and the investigation of 

immune surveillance for WM and other B-cell malignancies with features of plasma cell 

differentiation.  
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4.2. Immunophenotypic profile of lymphoplasmacytic 
lymphoma/Waldenström macroglobulinemia. 
 
In this study, we characterized the clinical and immunophenotypic features of WM and 

explored the role of CXCR4C1030G and  Myd88L252P mutation in B-cell transformation. Our 

findings are consistent with the established clinical criteria of WM diagnosis, which requires 

the presence of monoclonal serum IgM and at least 10% bone marrow involvement by 

lymphoplasmacytic infiltration (Schuster et al., 2010). The characteristic immunophenotypic 

signature of WM cells reveals surface expression of IgM+, CD5±, CD19+, CD20+, CD22+, 

CD79a+, CD23−, CD25+, CD27+, FMC7+, CD138+, CD103− (Kapoor et al., 2017; Konoplev 

et al., 2005).  

Waldenström's macroglobulinemia is often described as a neoplasm of small lymphocytes, 

plasmacytoid lymphocytes, plasmablasts, and plasma cells, implying a common 

cytomorphology (Morice et al., 2009). In this study, the CM19 mice demonstrated that IgM 

plasma cell expansion is at the center of MYD88-dependent B-cell transformation. Indeed, by 

examining bone marrow and spleen in these mice, we first showed that CXCR4C1030G; 

MYD88L265P in both the models were associated with increasing CD138+B220lo plasmablasts 

(Fig. 8C) which is a characteristic of malignant WM cells. Secondly, we provided evidence for 

expanding MHCII+CD80+ memory B-cells (Fig. 8D), although this phenomenon was more 

prominent in the CD19Cre model with a higher pool of cells expressing Myd88L252P. Memory B-

cells are localized both in the bone marrow and spleen and they differentiate into plasma cells 

depending on CD4+ T helper cells (Ochsenbein et al., 2000). We recapitulated these findings 

in our studies where we show elevated expression of CD4+ T helper cells in both CM-Aid and 

CM-19 mice. Interestingly this observation was specific to the mice carrying CXCR4C1030G 

mutation (Fig. 12C) and this reiterates the finding that CXCR4 might be a receptor used by T-

cells to home to the bone marrow (Müller et al., 1999). In this study, we observed a significant 

increase in bone marrow localization of IgM+ CD138+B220- plasma cells in CXCR4C1030G; 

Myd88L252P mice where Myd88L252P expression was introduced at an early developmental 

stage. This finding is in contrast to a recent study where they reported that switched IgG 
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plasma cells migrate to the bone marrow while IgM plasma cells often reside mostly in the 

spleen (Bohannon et al., 2016). This discrepancy raises questions regarding the factors 

driving bone marrow homing of WM IgM tumor B-cells. Our results suggest that the CXCR4 

mutation contributes to this phenomenon. To further explore the transforming capacity of 

Myd88, future research could utilize the adoptive transfer of tumor B-cells resembling LPs and 

investigate their persistence of the lymphoplasmacytic component of the transferred tumor. 

 
Analysis of the spleen morphology and splenic B-cell subset by flow cytometry indicated that 

continuous Myd88L252P activation was associated with the early expansion of 

CD93+B220+IgM+CD23- transitional 1 and CD93+B220+IgM-CD23+ transitional 2 B-cells (Fig. 

13B). This suggests that oncogenic Myd88 enhances the germinal center transition, driving 

towards CD138 positive cells in vivo (Flümann et al., 2021). CXCR4C1030G mice have 

demonstrated increased Ag-specific PCs despite splenic follicular hypoplasia. However, the 

number of GC B-cells was comparable between WT and CXCR4C1030G mice suggesting the 

immune response is normal for CXCR4C1030G mice despite the B-cell lymphopenia (Biajoux et 

al., 2016). In our model, we observed expansion of CD93-B220+CD21loCD23+ follicular B-cells 

but no difference in CD93-B220+CD21+CD23- marginal zone B-cells specifically in mice 

expressing oncogenic Myd88, this expansion was diminished in mice expressing both 

CXCR4C1030G and Myd88L252P, proposing the dampening effect of CXCR4C1030G in B-cell 

transformation. Together our data suggest that the pro-proliferative activity of the Myd88L252P 

mutation extends into later stages of B-cell differentiation.  

The Hoxb8 system has been widely used to study various aspects of immune cell biology, 

including lymphoma development and progression. Our finding demonstrated that the 

CXCR4C1030G; MYD88L265P collaboration enhanced the differentiation of Hoxb8 cells into B-cell 

lineage. However, the Hoxb8 system has limitations in fully characterizing the phenotype 

observed in the in vivo model. One of the key limitations is its inability to differentiate further 

into the plasma cell population. This is important, as plasmacytic differentiation is a hallmark 

feature of low-grade B-cell lymphoma with plasmacytic differentiation. Therefore, while the 
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Hoxb8 system provides a valuable tool for studying lymphoma development, its use in 

characterizing the phenotype observed in vivo should be carefully considered. Despite its 

limitations, the Hoxb8 system also provides significant benefits in terms of its unlimited 

expansion potential, which is not possible with in vivo animal models. This allows for the 

generation of a large number of cells for experimentation and characterization, which is critical 

in understanding the underlying mechanisms of lymphoma development. Additionally, the 

Hoxb8 system is highly reproducible and allows for controlled experimentation in a laboratory 

setting. The CXCR4C1030G; MYD88L265P Hoxb8 and control cell lines generated in this study are 

very useful tools for performing high throughput drug screenings and mechanistic studies to 

further explore the dependency of the mutations on the synergistic engagement of the BCR, 

CXCL12-CXCR4 and MYD88-dependent TLR signaling. 

 

4.3. CXCR4C1030G; Myd88L252P mice harbors elevated serum IgM and 
accelerate an early Myd88L252P driven B-cell disorder 
 
It remains uncertain regarding the origin of malignant clones in WM and whether the malignant 

B-cells in WM are unable to switch Ig isotype from IgM to a different class (IgA or IgG). It is 

also unclear whether neoplastic B-cell-derived clones have undergone somatic hypermutation 

but not isotype switching, and retain the capability of plasmacytic differentiation. (Growková et 

al., 2017; Sahota et al., 2002; Zojer et al., 2003). In our study, we demonstrated that the 

activation of the mutation by CD19Cre in early B-cells caused a polyclonal, low-grade 

lymphoproliferative disease accompanied by plasma cell expansion and increasing serum IgM 

titers (Fig. 10B), whereas the activation of the mutation at the initiation of the GC stage by 

AidCre caused a similar, albeit weaker, phenotype, consistent with a lower number of mutated 

B-cells, plasma cells, and low serum IgM titers (Fig. 9 and 10A). 

Recent studies have shown that the clonal lymphoplasmacytic cell phenotype in WM is 

consistent with the late stage of B-cell differentiation and is most likely derived from memory 

B-cells that produce IgM but have not undergone an isotype switch (Kapoor et al., 2015). 

Moreover, the pathological WM cell population is characterized by aberrant cells of mature 
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stages of B-cell development as germinal center B-cells, plasmablasts, and plasma or memory 

cells. In line with this work, we demonstrated what appears to be a competitive advantage of 

IgM expressing Myd88L252P and WHIM-like CXCR4C1030G mutated B-cells over normal B-cells, 

resulting in a larger pool of germinal center B-cells, long-lived plasma cells, and memory B-

cells. Previous studies have identified that CXCR4C1030G mutation intrinsically and locally 

promoted germinal center response and PC differentiation (Biajoux et al., 2016). Another study 

reported the cooperation of oncogenic Myd88 and BCL2 in enhancing reactive splenomegaly 

and germinal center formation in vivo (Flümann et al., 2021). This observation was integrated 

and recapitulated in our study by the histological analysis results showing an increase in the 

number and size of germinal centers in CM-19 mice compared to the control genotypes (Fig. 

11). 

Additional research is required to determine whether the extrafollicular plasma cells that 

developed preferentially as a result of the engineered mutations, rather than the germinal 

center reaction, were the cause of the enhanced number of plasma cells observed in the CM19 

mice. Further investigation using our model can be used to find the direct link between the IgM 

M spikes seen in the WM patient and the associated frequently detected clones through 

proteomics analysis.  

 

4.4. The transcriptional profile associated with CXCR4C1030G; 
Myd88L252P mice  
 
In this study, we conducted the first RNA sequencing-based profiling of the transcriptional 

program in CXCR4C1030G; Myd88L252P associated B-cell lymphomagenesis. We found that 

distinguished pathways associated with B-cell cancer biology and DNA repair were enriched, 

while pathways relating to apoptosis and cell cycle progression were diminished in CM19 bone 

marrow samples compared to CD19. Notably, spleen samples from CM19 mice showed 

enrichment of pathways involved in cell cycle progression and proliferation (G2M checkpoint, 

E2F targets, cell cycle checkpoints, myogenesis) and immune response and inflammation 

(IL2_STAT5), while, MYC and mTOR signaling pathways were depleted. Analysis of 
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transcriptomic CXCR4C1030G; Myd88L252P signature in spleen revealed enrichment of pathway 

associated with activation of CXCR4/CXCL12 axis and epithelial-mesenchymal transition 

(Aversa et al., 2017; Oh et al., 2020). Furthermore, the enrichment of oxidative 

phosphorylation, heme oxidation, and cellular stress signaling pathways observed in the 

spleen of CM19 mice could be influenced TLR/MYD88 pathway (Bauerfeld et al., 2012; Qi et 

al., 2022; Zhou et al., 2018). 

In previous studies, gene-expression analysis of WM pathological alterations in humans 

employed healthy cells as control. A total of 171 genes were found to be differentially 

expressed between the two groups when comparing Waldenström′s macroglobulinemia-B-

cells and normal B-cells with 109 genes downregulated in WM-BC and 62 genes upregulated 

(Gutiérrez et al., 2007). The transgenic mouse model generated in this study would aid in 

differentiating and benchmarking the WM phenotype. Further analysis should be performed 

by investigating if the transcriptome data derived from CM-Aid and CM-19 lymphomas co-

cluster with data derived from human WM, human GCB- or ABC-DLBCL by performing a 

cross-species analysis. 

Another study that investigated the transcriptional profile of WM cells and classified patients 

based on their MYD88 and CXCR4 mutational profiles found similarities between patients who 

had CXCR4WHIM and healthy memory B and circulating B-cells. Patients with 

MYD88L265PCXCR4WHIM also exhibit diminished differentiation and correspondingly lower gene 

expression relevant to the conversion of memory B-cells into plasmablasts and plasma cells. 

Despite the MYD88L265P mutation, these patients displayed a pattern similar to that of healthy 

peripheral B-cells (Hunter et al., 2016). The entire CD19+ cell population from patients and 

mice was employed in gene expression analysis in our study and previous studies. These 

analyses include WM cells as well as healthy CD19+ cells and there remains a need for the 

identification of the best cell population for gene expression analysis. In the future, it would be 

essential to conduct a gene expression profile of WM plasma cells which would help support 

conclusions regarding the maturation process and clonality of these cell types.  
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5.  SUMMARY 
 
This study aimed to establish autochthonous models of Waldenström macroglobulinemia 

with CXCR4C1030G and Myd88L252P mutations, which mimic the most prevalent mutations 

observed in WM. To this end, we generated two conditional mouse models to examine the 

disease’s development mechanisms and evaluate cutting-edge therapeutic approaches. Our 

study primarily focused on investigating the mechanism underlying the collaboration of mutant 

MYD88 and CXCR4 and its impact on the signaling pathways of B-cell receptor and Toll-like 

receptor. 

We found that the tumor sample taken from the transgenic mice was oligoclonal, suggesting 

that as WM develops, several cryptic clones may take part in the disease progression. This 

observation raises important questions regarding the processes that underlie the relevance of 

partner clones and the various transformation events in WM. 

Furthermore, we investigated the immunophenotypic profile of 

the CXCR4C1030G; Myd88L252P mice. Our findings suggest that the plasma cell compartment is 

enriched throughout the transition to symptomatic WM, presenting an immature/plasmablastic 

phenotype with restricted isotypes of both the Ig heavy and light chains. These 

lymphoplasmacytic cells were discovered as having intermediate light scatters of cells with 

features between small B- lymphocytes and plasma cells. This subpopulation lacks high 

expression of B220 on the surface while expressing high levels of CD138. 

Overall, our study provides important insights into the pathogenesis of WM and its precursor 

state, IgM monoclonal gammopathy of undetermined significance. The role played by plasma 

cells and plasmablasts in the pathogenesis of Waldenström's disease is less explored, and 

our study highlights the need for further research in this area. Our autochthonous models of 

WM can serve as a valuable resource in understanding the pathogenesis of the disease and 

the development of new therapies. These models can help to identify new therapeutic targets 

and test the efficacy of new drugs before they are tested in clinical trials. 
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