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Abstract

The germinal center (GC) reaction is an adaptive immune response to select B cells bearing high-

affinity B cell receptors (BCRs) to undergo further differentiation into antibody-producing cells or 

memory B cells. To drive affinity maturation, (GC) B cells undergo rounds of hypermutation and 

rapid proliferation, which can enhance susceptibility to malignant transformation. Lymphomas 

frequently originate from GC B cells, but the etiology for most lymphoma subtypes is unknown. 

Work in the past decade has more fully documented the mutational landscape in lymphomas, but 

the impact of these genomic lesions is often difficult to ascertain. In addition, while mutations 

affecting BCR signaling are well studied, the impact of extrinsic microenvironmental factors has 

not been widely addressed. Murine models are useful tools to study lymphomagenesis and disease 

progression, as well as potential treatment in a pre-clinical setting. Herein we discuss advances in 

murine models of lymphoma and how they inform on key characteristics of human lymphomas.

Introduction

B cell non-Hodgkin lymphoma (B-NHL) is the most common lymphoma and mainly derives 

from (GC) B cells. Despite intense research efforts in the field, tools to demonstrate causal 

relationships are scarce. Mice are the most utilized animal model and a key research tool for 

human biology due to their genetic similarity, availability of inbred strains, short generation 

time, cost efficiency and ease of genetic manipulation. Utilization of genetically modified 

mice can provide insight into the genetic dependencies and microenvironmental influences 

of human B-NHL, potentially allowing for the clonal tracing of pre-malignant cells to full 

disease presentation. Here, we review recent advances and opportunities in the use of 

genetically modified mouse models to represent GC-derived human B-NHL.

Germinal center B cells as the origin of the majority of lymphomas

The life cycle of a B cell is distinguished by the increased risk of genomic lesions associated 

with immunoglobulin (Ig) gene rearrangement and hypermutation and massive cell 

proliferation driving clonal expansion. In humans and mice, B cells develop in the bone 

marrow (BM) and egress upon maturation to populate B cell follicles in secondary lymphoid 
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organs such as the spleen and lymph nodes. To initiate an immune response, B cells bind 

cognate antigen via the BCR and present derived MHC-II-bound peptides to T cells, 

resulting in the receipt of critical cytokine support. A cohort of T cell-activated B cells 

undergo further differentiation in the GC, a distinct microenvironment wherein somatic 

hypermutation (SHM; Ig point mutations directed to V(D)J rearrangements) and class-

switch recombination (CSR; orchestrated double-strand DNA breaks in the Ig heavy chain 

locus resulting in isotype switch and the acquisition of distinct antibody effector properties) 

occur. Both SHM and CSR are mediated by the enzyme activation-induced cytidine 

deaminase (AID).

The GC is functionally organized into a dark zone (DZ) and a light zone (LZ) (Figure 1). In 

the LZ, B cells with superior BCR affinity are positively selected to undergo cell division in 

the DZ, which is a dynamic and iterative process [1]. In addition to BCR stimulation, many 

cytokines impact B cell differentiation and survival in the GC, including CD154 (CD40L), 

IL-4, IL-21, and BAFF. While most GC B cells undergo apoptosis, the small fraction of 

positively selected B cells in the LZ induce PI3K signaling and the expression of MYC, a 

proto-oncogene that is absent in rapidly cycling DZ B cells but obligatory for GC passage 

[2–5]. These cells then either undergo differentiation into plasma or memory cells, or re-

enter the DZ to undergo further rounds of cell division. While PI3K signaling is important 

for BCR signaling (GC initiation and LZ selection), the canonical (RELA/p50 and c-REL/

p50) and non-canonical (RELB/p52) NF-κB pathways also have distinct roles in the GC 

response (e.g. antigenic stimulation and CD40 signaling) [6]. Interestingly, the 

transcriptional profile of the majority of B-NHL is consistent with that of a LZ B cell origin 

[7]. B-NHLs that derive from the GC can be identified by immunophenotype, morphology, 

gene expression profile and distinct chromosomal translocations or gene mutations mediated 

by aberrant AID activity. Genetic evidence of SHM is indicative of GC origin, and clonality 

is readily determined by V(D)J sequencing.

Regulators of lymphomagenesis in murine in vivo models of B-NHL

Cancer driver genes can be categorized into twelve core signaling pathways that affect cell 

fate, survival and genome integrity [8]. In GC-derived B-NHL, critical signaling pathways 

and gene expression signatures have been associated with some lymphoma subtypes, in 

addition to hallmark translocations (i.e. BCL2 or MYC). In this review, we will mainly focus 

on recently generated genetically-modified mouse models of lymphoma in which B cells 

incur genomic lesions at distinct developmental stages (summarized in Table 1). The Cre-

loxP system has greatly aided this approach by enabling stage-specific gene modifications in 

pro-B cells (Cd19-Cre [9] and Mb1-Cre [10]), mature B cells (Cd23-Cre [11] and hCD20-

Cre-ERT2 [12]), and GC B cells (Aid-Cre [13] and Cγ1-Cre [14]). The introduction of a 

specific mutation may have tumorigenic effects at different cell stages, but the nature, impact 

and relevance may differ.

Burkitt lymphoma

Burkitt lymphoma (BL) is an aggressive lymphoma of IgM+ transformed DZ B cells, that 

manifests predominantly with translocations between the IGH or IGL locus and MYC. 
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Chronic infections with one or multiple pathogens including, Epstein-Barr virus (EBV), 

human immunodeficiency virus (HIV) or Plasmodium occur in nearly all three clinical BL 

variants (endemic BL, sporadic BL and immunodeficiency-associated BL; with the lowest 

incidence in sporadic BL). In mice lacking p53 in the B lineage via Cd19Cre-mediated 

deletion, chronic challenge with Plasmodium chabaudi-infected murine erythrocytes shifted 

the lymphoma phenotype from a mature to GC origin [15••]. Lymphomagenesis is dependent 

on AID in this model, as B cell hyperplasia is observed with the additional loss of Aid but 

not frank lymphoma.

The PI3K signaling axis is absent in normal DZ B cells, but functions as a dominant 

signaling pathway in BL [16] and is inhibitory to CSR via silencing of FoxO1 [17]. In Cγ1-

Cre driven induction of hyperactive MYC and P110α (the catalytic subunit of PI3K), a 

single challenge with sheep red blood cells (SRBCs) induces aggressive tumors bearing GC 

markers (IgM+ GL7+ Fas+ Bcl6+) within two months [18]. While deregulated MYC and 

PI3K are sufficient for lymphomagenesis, some tumors presented with mutations in Ccnd3 
(encoding cyclin D3) [18]. Interestingly, the same mutations in CCND3 as well as mutations 

in the upstream transcription factor, E2A (encoding TCF3) or its negative regulator ID3, are 

common in human BL [16,19]. However, deletion of Id3 (with Cd19-Cre or Cγ1-Cre) in 

SRBC-challenged mice does not drive malignant transformation, most likely due to 

redundancy with Id2 [20].

Follicular lymphoma

Follicular lymphoma (FL) is a common and incurable B cell lymphoma. The oncogenic 

hallmark of FL is BCL2 translocation t(14;18)(q32;q21), which places BCL2 under the IGH 
regulatory elements. Strikingly, this translocation is also present at low frequency in ~70% 

of all healthy individuals [21••]. BCL2 is normally not expressed in GC B cells where 

survival signaling is mediated by the BCL2 family members, BCL-XL, MCL1 and A1 [22]. 

Forced expression of BCL2 in transgenic mice is insufficient to drive neoplastic growth, but 

several challenges with SRBCs results in re-entry of memory B cells into the GC reaction. 

Here, constitutive BCL2 expression confers a survival advantage and an opportunity to 

acquire secondary lesions by AID, promoting clonal evolution toward malignant FL [21••].

Mutations in histone modifiers MLL2 (encoded by KMT2D), CREBBP, and EZH2 are 

frequently found in FL patients [23]. Interestingly, Kmt2d deletion with Cγ1-Cre is not 

sufficient for transformation under continuous SRBC challenge (8-week intervals), but 

cooperates with BCL2 in transgenic mice (VavP-BCL2) to promote lymphomagenesis [24•]. 

Additionally, knockdown of Kmt2d in VavP-BCL2 hematopoietic progenitor cells 

transplanted into recipient mice reduced the latency period of lymphoma relative to VavP-

BCL2 alone [25•]. Likewise, knockdown of Crebbp (in VavP-BCL2 cells) accelerates 

lymphoma onset [26]. Consistent with this phenotype, Cg1-Cre-mediated monoallelic 

deletion of Crebbp in VavP-BCL2 mice drastically increased FL penetrance [48]. This 

synergism of BCL2 with histone modifiers is also seen in other B cell lymphomas. For 

example, introduction of activating Ezh2 mutations (Ezh2Y641F/+) with Cd19-Cre induces B 

lymphoma (B220+ CD19+ IgM+ CD43+ CD5+ Mac1+), and the added provision of retroviral 

BCL2 expression accelerates lymphoma progression [27]. Other epigenetic modulators 

Ramezani-Rad and Rickert Page 3

Curr Opin Immunol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



involved in DNA methylation are also commonly found to be dysregulated in B lymphomas. 

The methyl-cytosine dioxygenase TET1 is transcriptionally silenced in FL, and loss of Tet1 

in mice drives B lymphoma (B220+ CD19+ IgM+ IgD+ CD43−) with late onset after one to 

two years [28].

If left untreated (‘watch and wait’ protocol), FL follows a clinical course with an initial 

indolent phase followed by an accelerated histologic transformed FL (tFL; ~45% incidence) 

that often resembles aggressive lymphomas of diffuse large B cell lymphoma (DLBCL) 

and/or BL [29]. The molecular basis of the indolent to tFL stage is still largely unknown. 

However, the majority of patients with tFL acquire secondary mutations or deletions in 

MYC, CDKN2A/B, CCND3 and/or TP53 genes that affect cell cycle regulation and are 

believed to accelerate disease progression [30•]. Recipient mice transplanted with VavP-

BCL2 hematopoietic progenitor cells transduced with MYC develop aggressive large cell 

lymphomas resembling tFL, whereas ectopic expression of molecules enforcing G1 cell 

cycle entry (e.g. cyclin D3) produces aggressive tumors that are phenotypically distinct from 

tFL and feature small (PNA+) cells [31].

Diffuse large B cell lymphoma

Transcriptional profiling defines two major DLBCL subtypes, including germinal center B 

cell (GCB)-like and activated B cell (ABC)-like DLBCL [32]. The tumors of DLBCL are 

diverse and not genetically identified by hallmark translocations. However, there are some 

distinct pathways that are deregulated due to acquired mutations or epigenetic events in one 

or more subtype(s) [33]. Oncogenic mutations in EZH2 have been shown to potentially 

cooperate with BCL6 since mice chronically challenged with SRBCs constitutively 

expressing Ezh2 (IμBcl6;Ezh2Y641F/+;Cγ1-Cre) develop lymphomas but require co-

expression of Bcl6 [34]. In GC B cells, Blimp1 (aka Prdm1) promotes plasma cell 

differentiation and mutations affecting BLIMP1 are specific for ABC DLBCL. In mice, 

inactivation of Blimp1 with Cγ1-Cre confers a developmental arrest to GC B cells, and 

chronic SRBC challenge drives lymphomagenesis [35,36].

Constitutive NF-κB signaling occurs frequently in ABC DLBCL via mutations in genes 

encoding the signaling subunits of the BCR, A20 and other intermediates in the NF-κB 

pathway, including the TLR adaptor protein MYD88 [37]. In mice, activating mutations in 

Myd88 (Myd88L252P) induced by Cd19-Cre or Aid-Cre develop tumors (CD138− Bcl6− 

Irf4+) sharing characteristics with human ABC DLBCL [38]. Further, non-canonical NF-κB 

signaling during lymphomagenesis is highlighted in hyper-immunized mice overexpressing 

Nik and Bcl6 (IμBcl6;Nik;Cγ1-Cre) [39]. The necessity for Bcl6 in lymphomagenesis is 

shared by a large fraction of ABC and GCB lymphomas. Cγ1-Cre-mediated inactivation of 

Fbxo11, a regulator of Bcl6 proteasomal degradation, in hyper-immunized mice induces 

lymphoproliferative disease [40], but requires additional factors to drive lymphoma. 

Analogous to BL, chronic infection with EBV is associated with DLBCL. This infection 

requires the expression of LMP1, a functional homolog of constitutively active CD40, which 

drives DLBCL lymphomagenesis following induction with Cd19-Cre in T cell deficient 

mice [41].
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The germinal center microenvironment during pathogenesis

The influence of the GC microenvironment in B cell differentiation and predisposition to 

transformation is poorly understood, including the differential dependence on tumor stromal 

elements [42]. Thus, while much attention has been justifiably focused on the role of the 

BCR in B lymphomagenesis and progression, B cell extrinsic factors in the GC 

microenvironment need to be considered. Interestingly, it was recently demonstrated that the 

GC, particularly the LZ, is a hypoxic region that impacts AID expression and promotes 

glycolysis [43]. This increased glycolytic demand is regulated by GSK3 to prevent 

metabolic collapse in GC B cells, especially under limited glucose supply [49]. Notably, 

BCR-dependent DLBCL rely on glycolysis for energy production, whereas the OxPhos-

subtype of DLBCL exhibits elevated mitochondrial activity and an independence from BCR 

signaling [44], which illustrates a need to identify metabolic factors that are of relevance to 

the transformation and therapeutic targeting of lymphoma.

Recent studies on the impact of GNA13 and HVEM mutations highlight the impact of the 

GC microenvironment. The guanine nucleotide binding protein Ga13 (encoded by Gna13), a 

signaling mediator of sphingosine-1-phosphate receptor-2 (S1PR2), represses B cell growth 

in the context of the GC and is inactivated in a subset of GCB DLBCL. This deficiency 

promotes the transformation of B cells bearing a GC phenotype (GL7+ CD138 Bcl6+ Irf4 ) 

following deletion with Mb1-Cre in naı ¨ve mice [46••]. Confinement of these cells to the 

GC is lost, resulting in their dispersal into circulation and possible seeding of secondary 

sites. HVEM (encoded by TNFRSF14) is a receptor for the inhibitory ligand BTLA and is 

frequently mutated in tFL and FL. Interestingly, knockdown of Hvem in VavP-BCL2 

hematopoietic progenitor cells contributes to lymphomagenesis in mice and 

immunotherapeutic delivery of a soluble HVEM receptor kills tumor cells [47•]. These 

findings illustrate the complexity of cis/trans relationships among receptor/ligand 

combinations within the GC. Orthotopically engrafted patient-derived xenografts (PDXs) 

may recapitulate the crosstalk between malignant cells and the microenvironment of the 

patient [45]. These studies, in conjunction with genetically-modified mouse models, have 

the potential to elucidate the cytokine dependency and metabolic requirements of human B-

NHL.

Concluding remarks

Murine models have significantly advanced our understanding of the etiology of B 

lymphoma, yet there is much to learn in terms of clonal evolution, metastasis, immune 

evasion and the tumor microenvironment. Advances in genomics have provided a large and 

growing resource of genetic information documenting gene mutations, gene expression and 

epigenetic regulation in B-NHL subtypes. Coupled with the rapid adoption and advancement 

of CRISPR technology, we have entered a new era of genome engineering in mice that will 

allow for the modeling of complex genetic diseases such as cancer. However, even faithful 

mouse models cannot entirely mimic human disease in full scope. Thus, identification of 

shared and distinct features of murine and human lymphomas needs to be carefully 

considered. PDXs may help to address these potential discrepancies and fill the gap as a 
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hybrid model. In the age of personalized medicine, tailored mouse models that accurately 

reflect the origin and progression of lymphoma will allow for better targeted treatments.
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Figure 1. 
The germinal center reaction and cell of origin in germinal center-derived B lymphomas. In 

the germinal center (GC), GC B cells undergo clonal expansion in the dark zone (DZ) and 

are positively selected in the light zone (LZ). In the LZ, follicular dendritic cells (FDC) 

retain antigen and cooperate with follicular helper T (Tfh) cells to support competitive GC B 

cells for survival and either differentiation or iterative rounds of cell division in the DZ. 

Several pathways are differentially regulated in DZ and LZ GC B cells. Mutations in these 

pathways manifest to different degrees in human B cell non-Hodgkin lymphoma (B-NHL) 

derived from GC B cells. The oncogenic potential of the highlighted pathways has been 

mechanistically assessed in murine models of B-NHL.
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Table 1

Regulators of lymphomagenesis in mouse models of B-NHL

Gene Mutational type Functional effect Implications in B-NHL References

MYC Gain (CAG; Em) Growth, Proliferation BL, tFL, DLBCL [18]

Pik3ca Gain (P110CA) Growth, Proliferation, Survival BL [18]

BCL2 Gain (VavP; Em) Survival FL, tFL, DLBCL [21••,24•,25•,26,31,47•]

Kmt2d Loss Proliferation FL, tFL, DLBCL [24•,25•]

Crebbp Loss Differentiation Block, Proliferation FL, tFL, DLBCL [26,48]

Ezh2 Gain (Ezh2Y641F) Proliferation, Differentiation Block FL, tFL, GCB DLBCL [27,34]

Tet1 Loss DNA Damage FL, DLBCL [28]

Blimp1 Loss Differentiation Block ABC DLBCL [35,36]

Myd88 Gain (Myd88L252P) Proliferation, Survival ABC DLBCL [38]

Bcl6 Gain (Im) DNA Damage, Differentiation Block DLBCL, FL, tFL [34,39]

Gna13 Loss Migration, Survival GCB DLBCL, BL [46••]

Hvem Loss Proliferation? FL, tFL, DLBCL [47•]
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