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1. General immunity
 

Every organism is equipped with some defense system in order to be able to cope with poten�ally 
harmful agents. Vertebrates possess a complex immune system to neutralize or inac�vate toxins, 
viruses, bacteria, fungi and parasites. The immune system can be divided in two main branches; 
the innate immune system and the adap�ve immune system. Leukocytes are central to all immune 
responses, but also all other �ssue cells are armed with an innate system to sense infec�on or the 
presence of microbial agents in their vicini�es. The main executers of the innate immune system are 
the phagocy�c cells, such as the monocytes, macrophages and granulocytes. T- and B- lymphocytes 
represent the adap�ve immune system as they are able to specifically recognize individual agents 
or an�gens (Ags). Each lymphocyte clone carries a unique, randomly generated, Ag receptor (T 
cell- or B cell- receptor, TCR and BCR). Upon an an�genic challenge, the Ag-specific lymphocytes 
are ac�vated via these receptors to undergo clonal expansion and differen�a�on into effector 
cells and memory cells. Upon later challenge, with the same Ag, memory cells react quickly and 
establish a strong immune response. This feature of the adap�ve immune response is designated 
as immunological memory. A third category of lymphocytes is called natural killer (NK) cells which 
do not have a unique and specific Ag receptor but whose func�on is to lyse infected cells. NK cell 
killing is triggered via invariant receptors, and their known func�on in host defense is in the early 
phases of infec�on with several intracellular pathogens.
The T cell lineage can be subdivided in CD4-expressing helper/regulatory T cells and CD8-
expressing cytotoxic T cells which are involved in lysis of infected cells. CD4 T cells recognize Ag 
which is endocytosed and degraded into pep�des and presented in the major histocompa�bility 
complex class II (MHC-II) at the surface of Ag presen�ng cells. MHC class I molecules are involved 
in the presenta�on of pep�des to TCRs of CD8-expressing T cells. MHC-II is expressed mainly by 
the cells of the immune system, whereas MHC-I is expressed by all nucleated cells of the body. 
Thus, T cells recognize, with their TCRs, an�genic pep�des in MHC complexes. B cells, on the other 
hand, recognize unprocessed Ags with their BCR and upon this recogni�on the Ag-s�mulated B 
cells can differen�ate into cells that produce a soluble form of the membrane bound BCR, also 
called immunoglobulin (Ig) or an�body (Ab). Abs are crucial for the clearance or neutraliza�on of 
poten�ally harmful agents. Clearance is executed via a diverse array of effector mechanisms i.e. 
by lysis by the complement cascade or by Fc-receptor mediated phagocytosis by monocytes or 
granulocytes.

2. Early B cell development: The building of a    
         func�onal an�gen receptor 

2.1 B cell development from hematopoie�c stem cells 
B cells in jawed vertebrates (gnathostomes) originate from long-lived and self-renewing 
hematopoie�c stem cells (HSC). In man, B cell development ini�ates in the fetal liver star�ng from 
week 7-8 of gesta�onal age and from week 10 also in the fetal omentum. From mid-gesta�on (week 
18), B cell development is also apparent in the bone marrow (BM) where it will from then on take 
place throughout life 1. In the first differen�a�on phases, a part of the divided HCS differen�ate into 
common lymphoid progenitor cells (CLP), which give rise to the B, T and NK lymphocytes as well 
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as to conven�onal and plasmacytoid dendri�c cells (DC). The common myeloid progenitors mature 
into myeloid cells i.e. monocytes and granulocytes as well as DCs. The megakaryocyte/erythrocyte 
progenitors generate erythrocytes and trombocytes (reviewed in 2). The genera�on of pro-B cells 
cri�cally depends on two basic helix-loop-helix (bHLH) transcrip�on factors, i.e. E12 and E47. In 
addi�on to these bHLH transcrip�on factors, the transcrip�onal regulators EBF and Pax-5 are key 
players in B-lineage development. Mice deficient for E2A, EBF or Pax-5 have matura�on arrests at 
the earliest stages of B cell development (Figure 1) 3. 

2.2 An�body func�on, structure and genes 
The primary func�on of the B cell lineage is to produce soluble an�bodies (Abs) as plasma cells. 
To achieve an almost unlimited repertoire of Abs, the Ag binding part of Abs is generated in the 
developing B cells by soma�c DNA rearrangements of Ig gene segments 4. A complete Ig molecule 
is composed of two iden�cal Ig heavy chains (IgH) and two iden�cal light chains (IgL), either kappa 
(Igκ) or Ig lambda (Igλ) 5-8. 
The IgH locus contains a region consis�ng of 39-46 func�onal variable (VH), 27 diversity (DH) and 
6 joining (JH) gene segments which is flanked by exons encoding the Ig constant regions (Cμ-Cδ, 
Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε and Cα2). The Igκ locus contains 34-38 func�onal Vκ and 5 Jκ gene 
segments and one exon encoding the constant region of Igκ (Cκ). The Igλ locus comprises 29-30 
func�onal Vλ and 4 func�onal Jλ-Cλ combina�ons 9-11. Ig gene loci rearrangement, also called V(D)
J recombina�on, generates the IgVH and IgVL region which includes the Ag binding part of the Ab 
molecule. On mature naïve B cells, IgVH is expressed with the Cμ constant region as an IgM isotype 
and simultaneously, by alterna�ve splicing, to the Cδ constant region yielding the IgD isotype. 
During a humoral immune response, the IgM-expressing B cells can change their Ig isotype by 
class switch recombina�on (CSR) into either IgG, IgA or IgE isotypes. The different Ig isotypes have 
different capaci�es to bind to Fc receptors and complement and thus mediate dis�nct effector 
func�ons.
The IgVH and IgVL regions each contain four framework regions (FR1 – FR4), essen�al for their overall 
Ig structure, and three complementarity determining regions (CDR1 – CDR3), the actual contact 
sites for Ag. The CDR1 and 2 are encoded within V gene segments of the H and L chains. The CDR3 
is located at the VH-DH-JH junc�on of IgVH and at the VL-JL junc�on of IgVL. The CDR3 regions are thus 
the most hypervariable parts of the IgVH and IgVL chain and are considered of major importance for 
the an�genic binding capacity of an Ig. The IgVH-CDR3 displays a 15-85 bp length varia�on among B 
cells. This variability is based on size differences of DH gene segments and the random dele�on and 
inser�on of non-templated nucleo�des during the V(D)J gene joining process. 

2.3 Immunoglobulin V(D)J recombina�on
V(D)J recombina�on is ini�ated in precursor B cells. For this process the recombinase ac�va�ng 
genes 1 and 2 (RAG-1 and RAG-2), which are uniquely expressed in developing B- en T- cells, are 
essen�al. The RAG-1/RAG-2 dimer recognizes recombina�on signal sequences which flank the 
Ig gene segments. At these sites, the DNA is cut resul�ng in double stranded breaks (DSBs) that 
are repaired by a process of non-homologous end joining (NHEJ). The intervening DNA between 
the two joined gene segments is removed 12-15. V(D)J recombina�on starts at the IgH locus by a 
DH-JH rearrangement, followed by a VH to DH-JH rearrangement. The variability created is not only 
due to the combina�on of the different gene segments, but is enlarged due to imprecise joining 
of the gene segments and the fact that DH gene segments can be translated in three different 
reading frames. During V(D)J recombina�on, the enzyme terminal deoxynucleo�dyl transferase 
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Figure 1. B cell development from hematopoie�c stem cells to mature naïve B cells. Hematopoie�c stem cells (HCS) dif-
feren�ate into common lymphoid progenitor cells (CLP), common myeloid progenitor cells (CMP) or into megakaryocyte/
erythrocyte progenitor cells (MEP). Under cri�cal control of the transcrip�on factors E12, E47 and EBF, CLP proceed to pro 
B cells which start rearranging their IgH variable gene segments. Pre B-I cells have completed IgH rearrangement and the 
large pre B-II cells start expressing the pre-BCR at the membrane. Small pre B-II cells rearrange IgL variable gene segments 
and start expressing a mature BCR at the membrane. If the BCR is not strongly self-reac�ve, the immature B cells leave the 
bone marrow (BM) as transi�onal B cells that mature into naïve B cells in the spleen. GL = germ line.
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(TdT) is expressed which adds random nucleo�des at the junc�ons of the joined gene segments 
thus crea�ng addi�onal junc�onal variability 16. In at least two-third of the rearrangements, the 
resul�ng IgVH is not func�onal due to stop codons and/or frame shi
s. Then, the pre-B cell ini�ates 
V(D)J recombina�on at the other allele. If V(D)J recombina�on is successful, the complete in frame 
IgVH is expressed as an Igμ H chain in the cytoplasm (Cy-Igμ) and on the membrane together with 
a surrogate light chain consis�ng of VpreB and λ5 gene products. This membrane complex is also 
called the pre B cell receptor complex (pre-BCR). It has been shown that a func�onal pre-BCR has 
ligand-independent signaling proper�es. The pre-B-II cells start prolifera�ng and are referred to as 
large cycling pre-B-II cells 17;18. This prolifera�on phase is followed by a G1 arrest during which the 
cells loose pre-BCR expression and re-express the RAG proteins allowing VJ recombina�on at the 
IgL loci. If VL-JL rearrangement at one of the Igκ or Igλ loci is successful, the now called immature B 
cells express a func�onal BCR of the IgM (μ) isotype (Figures 1 and 2). S�ll, a part of these immature 
B cells may bind to self-Ags present in the bone marrow. Experiments in mice have shown that 
at least three mechanisms account for silencing of self-reac�ve BCRs, i.e. by receptor edi�ng, 
anergy induc�on or clonal dele�on 19-22. During receptor edi�ng, the RAG proteins are re-expressed 
allowing for addi�onal IgVL recombina�on, thereby replacing the self-reac�ve IgVL by another IgVL. 
If the BCR with this new IgVL is non self-reac�ve, the B cell con�nues its differen�a�on. Clonal 
dele�on is executed by apoptosis, whereas anergy induc�on implies the release of hypo-reac�ve 
B cells in the periphery 23. 

3. Peripheral B cell development and CD5+ B cells

3.1 B cell matura�on and selec�on in the spleen
It has been es�mated that in the mouse only ~10% of the BM-generated B cells reach the periphery 
24. Those B cells are designated as new emigrant, immature or transi�onal B cells. Transi�onal B cells 
are sensi�ve to apoptosis and migrate to the spleen where they undergo final matura�on into either 
mature naïve B2, also called follicular (FO) B cells, or marginal zone (MZ) B cells 18. Another dis�nc�ve 
B cell popula�on in mice is the CD5+ B1a cell. In humans, transi�onal B cells have been defined as 
CD27- CD5+ CD10+ CD24hi CD38hi and L selec�nlo B cells that comprise ~2% of the peripheral B cells 25. 
Analogous to their murine counterparts, these cells are characterized by limited prolifera�ve capacity 
and low survival upon BCR s�mula�on. In contrast to human transi�onal B cells, murine transi�onal 
B cells do not express CD5 25. Upon presumed matura�on in the spleen, human transi�onal B cells 
loose CD10 and CD5 and start expressing higher levels of L selec�n and CD44 and recirculate as 
conven�onal naïve B2 or FO B cells. It is temp�ng to speculate that upon matura�on some transi�onal 
B cells do not loose CD5, thus giving rise to a human naïve CD5+ (B1) cell popula�on (see also 3.2). 
Naive B cells recirculate via the blood to the secondary lymphoid �ssues and via the efferent lymph 
vessels back into the blood. Recruitment into peripheral lymph nodes depends on expression of 
L-selec�n and the integrin αLβ2 (LFA-1), while recruitment to mucosa-associated lymphoid �ssues 
(MALT) such as mesenteric lymph nodes and Peyer’s patches, depends on expression of L-selec�n 
and the integrin α4β7. Within the secondary lymphoid �ssues, the B cells con�nue to migrate in 
search for their Ags. Naïve B cells, expressing the chemokine receptor CXCR5, migrate to primary 
follicles in which the CXCR5 ligand CXCL13 (BLC) is produced by follicular dendri�c cells (FDC) as well 
as by other less differen�ated stromal cells 26;27. Without an�genic ac�va�on, the naive B cells again 
leave the secondary lymphoid �ssue to con�nue recircula�on.
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Figure 2. Genera�on of func�onal pre-BCR and BCR. (A) First a DH gene segment is joined to a JH gene segment a
er which 
a VH gene segment is coupled to the DH-JH complex. The resul�ng Ig(VH-DH-JH) exon is transcribed and spliced to the Cμ exons 
as an Igμ heavy chain mRNA. A func�onal Igμ protein is expressed on the plasma membrane together with the surrogate Ig 
light chain as pre-BCR (B) or, with a func�onal Ig light chain, as BCR (C). The CD79a/CD79b dimer is associated with the (pre-) 
BCR as the signal transduc�on unit. Figure adapted with permission from Dr. M. van Zelm, Dept. Immunology, Erasmus MC, 
Ro�erdam.
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In humans, B cells producing self-reac�ve BCRs are removed from the repertoire during matura�on. 
The frequency of self-reac�ve Ab-producing B cells gradually drops in the adult BM from as much 
as ~75% of the early immature B cells (CD34- CD19+ CD10+ Igκ or Igλ+) to ~40% of the immature 
B cells (CD34- CD19+ CD10+ sIgM+) 28. Also ~40% of transi�onal B cells express self-reac�ve BCRs, 
which drops to ~20% in all mature naïve B cells, including CD5+ naïve B cells 28. The counterselec�on 
against self-reac�ve B cells during development coincides with a decrease of the IgVH-CDR3 
lengths from a mean of 15.6 amino acids (aa) of pre B cells to a mean of 13.4 aa of mature 
naïve B cells, as well as with the dele�on of posi�vely charged aa in the IgVH-CDR3s (Figure 3) 28.  
Transi�onal B cells expressing strong self-reac�ve BCRs likely ini�ates strong BCR signals that lead 
to receptor edi�ng, apoptosis or anergy. Numerous mouse studies have indicated that BCR signals 
are essen�al for survival and differen�a�on of transi�onal B cells into mature B cells 18. Regarding 
the development of B1 versus B2 and MZ B cells in rodents, two models have been proposed 
supported by experimental evidence: A model in which B1 and B2 cells are considered as separate 
lineages and an ac�va�on model in which B1 versus B2 development is guided by differen�al BCR 
signal strengths (Figure 3 and see also Chapter 7 Figure 2) 18;29;30. In man, no experimental proof has 
been provided for the no�on that the CD5+ (B1) cells represent a separate lineage. Pa�ents with 
a par�al BCR-signaling defect due to CD19 deficiency have decreased numbers of circula�ng CD5+ 
(B1) cells, lending some support for the ac�va�on model in humans 31. 
In addi�on to the dependence of BCR signals, BAFF has been shown to play a cri�cal role in mice in 
the transit to the mature B2 cell popula�on. Impaired BAFF-R signaling results in a near-complete 
absence of mature B2 and MZ B cells, despite expression of a signaling-competent BCR 32;33. 
Conversely, BAFF-transgenic mice have increased numbers of B2 and MZ B cells 33. In addi�on, MZ 
B cell development is also dependent on Notch2 signaling. Mice lacking (i) Notch2, (ii) the Notch2 
ligand Delta1 or (iii) the key Notch mediator RBP-Jκ are MZ B cell deficient 34-36. Moreover, mice 
with a defect in the nega�ve Notch regulator Msx2-interac�ng nuclear target protein (MINT) have 
increased numbers of MZ B cells (see also Chapter 7 Figure 2) 37.

3.2 CD5-expressing B cells and B cell development early in life
In mice, the CD5+ naïve B1 cells harbor unmutated IgV genes and frequently display poly- and/or 
self-reac�vity 38. In humans, a popula�on of naïve CD5+ CD27- B cells is present, comprising 10-25% 
of all peripheral B cells, of which it was ini�ally reported that they frequently produce poly-/self- 
reac�ve Abs 39;40. However, more recent work in men demonstrated a similar frequency of poly-/
self- reac�vity between CD5- and CD5+ naïve B cells 41;42. The CD5 molecule is physically associated 
with the BCR and nega�vely regulates BCR signals 43;44. B1 cells in mice are believed to be the primary 
source of natural IgM Abs, which are produced in the absence of exogenous an�genic s�mula�on 
and are polyreac�ve, i.e. weakly self-reac�ve and reac�ve with many common pathogen-derived 
carbohydrate moie�es 45.
In mice, B1 cells are generated efficiently out of fetal precursors of the liver but inefficiently from 
precursors of adult BM 30. In human newborns, ~80% of cord blood B cells express CD5, including 
~15% of transi�onal B cells. The percentage of CD5+ peripheral B cells declines with age 46. 
Apparently, the default mode in fetal/neonatal development yields CD5+ (B1) cells, whereas later in 
life CD5+ cells may only occasionally develop from B cells which may display intermediate strengths 
of self-reac�vity. In adult humans, ~25% (range: 10-40%) of all CD19+ B cells express CD5 of which 
~20% (range: 8-28%) are naïve CD27- B cells and ~8% (range: 4-12%) are memory CD27+ B cells 
(unpublished measurements). As we define CD5+ B1 cells as naïve B cells, only the CD5+ CD27- B 
cells may be considered as human B1-like cells. The no�on that alone CD5 expression by B cells can 
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Figure 3. Self- and poly- reac�vity of B cell popula�ons during their development. Counterselec�on of poly-/self- reac�ve 
B cells at the various differen�a�on stages from small pre-B-II to mature naïve B cells. Percentages of self-/poly- reac�vity 
were taken from references 28;51-53, * indicates percentages determined in reference 53
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not be taken as a marker for B1 cells is supported by the fact that CD5 can be induced on B2 cells 
a
er s�mula�on with polyclonal B cell s�mulators like PMA and SAC 47;48.
About 30% (range 8-62%) of cord blood B cells (~85% CD5 posi�ve) produce polyreac�ve Abs as 
determined by the binding to both insulin and β-gal 41. In adults, the frequency among all peripheral 
B cells producing polyreac�ve Ab is ~10% (range : 4-25%). Of the polyreac�ve B cells in adults, 
~50% (range 37-69%) express CD5, indica�ng that also a frac�on of CD5- B2 cells in men produces 
polyreac�ve Abs 41. The fact that the number of poly-reac�ve Ab producing B cells is far higher in 
the newborn than in the adult is reflected by differences between fetal and adult IgVH repertoires. 
Indeed, IgVH gene studies of human B cell development revealed that IgVH-CDR3s of fetal B cells are 
significantly shorter than those of adult B cells 49;50. Remarkably, in adult B cells, on the contrary, 
longer IgVH-CDR3s are associated with poly-/self- reac�vity 28. The short IgVH-CDR3s of fetal B cells 
are caused by limited TdT ac�vity, par�cularly during DH-JH joining and the abundant usage of the 
short DH gene segment D7-27. D7-27 is used in ~20% of fetal produc�ve rearrangements, but is 
virtually absent in adult rearrangements. The preferred D7-27 usage by fetal B cells relate to its 
posi�on on the IgH locus proximal to JH 49;50. 

4. T cell independent B cell ac�va�on and    
        marginal zone B cells

4.1 Ac�va�on of mature B cells
Differen�a�on of mature naive B cells into Ab secre�ng plasma cells can be accomplished in three 
different manners: (i) polyclonal B cell ac�va�on via invariant receptors, independent of an�gen 
binding, also called T-helper-independent B cell ac�va�on type I (TI-1), (ii) B cell ac�va�on by 
crosslinking of the BCR by polyvalent an�gens (Ags), either or not in combina�on with ac�va�on 
of invariant receptors, also called T-helper-independent B cell ac�va�on type II (TI-2) and (iii) B cell 
ac�va�on by monovalent Ag in combina�on with the help of CD4-expressing T cells, also called 
T-helper-dependent (TD) B cell ac�va�on (see Paragraph 5). The prototypical TI-1 an�gen in the 
mouse is lipo-polysaccharide (LPS) which is able to ac�vate B cells via the toll-like receptor 4 (TLR-
4), and leads to differen�a�on of Ab-producing cells. Human naive B cells do not express TLR-4 and 
thus cannot be directly ac�vated by LPS. TI-2 Ags are for example large polysaccharides of bacterial 
cell walls and polymeric bacterial flagellin, having repe��ve an�genic epitopes, which par�cularly 
ac�vates MZ B cells.

4.2 Marginal zone B cells
In rodents, MZ B cells are a naïve, essen�ally non recircula�ng B cell lineage, separate from mature 
B2 and B1 cells. Human MZ B cells, in contrast to rodent MZ B cells, harbor mutated IgV genes and 
recirculate 54-57.
The MZ was originally defined as an anatomical compartment within the spleen, located around 
primary or secondary follicles, containing B cells of dis�nct phenotypic and func�onal characteris�cs. 
It is thought that the MZ of the spleen is posi�oned in such a way that it primarily encounters blood 
borne pathogens. Later, primary mucosa-associated lymphoid �ssues (MALT) of e.g. Waldeyer’s 
ring, Peyer’s patches and appendix, loca�ons also known for a significant influx of Ags, were also 
recognized to harbor a MZ. 
Splenectomized pa�ents have a severe reduc�on of all CD27+ memory B cells 58. In a congenitally 
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asplenic pa�ent as well as in a pa�ent who had been splenectomized 40 years earlier, no IgM+ CD27+ 
MZ B cells were found whereas low numbers of class-switched memory B cells were present 58. This 
indicates that the spleen is indispensable for the genera�on and survival of MZ B cells whereas 
class-switched memory B cells can develop and can be maintained, to a certain extent, in other 
lymphoid �ssues.
MZ B cells par�cularly respond to TI-2 Ags, i.e. large polysaccharides of bacterial cell walls and 
polymeric bacterial flagellin, which by their repe��ve an�genic epitopes are able to crosslink BCRs. 
It has been demonstrated that about 4% of MZ B cells are responsive to bacterial polysaccharides. 
S�ll, a large frac�on of MZ B cells may thus have other specifici�es 51. 
Human IgM+ CD27+ MZ B cells, when compared to IgM+ CD27- naïve B cells, appear to be selected 
against poly- and self- reac�vity of their BCRs (Figure 3). This selec�on goes along with a decrease 
in the average length of the IgVH-CDR3s, which is largely due to dele�on of B cells expressing the 
JH6 gene 51. Indeed, long IgVH-CDR3s have been associated with self- and poly- reac�vity 28. Upon 
ar�ficial reversion of soma�c IgV muta�ons to their corresponding germline IgV sequences, the 
Abs of MZ B cells did not gain poly- and/or self- reac�vity. This indicates that naïve B cells with 
poly-/self-reac�ng BCRs are efficiently excluded from the MZ B cell pool already before the onset of 
soma�c hypermuta�on 51. Also in the rat, selec�on of naïve B cells into the MZ B cell compartment 
is accompanied by a decrease in IgVH-CDR3 lengths 54. This selec�on is most likely driven by self 
an�gens as it is also observed in germ-free rats 59. Notably, no preferen�al selec�on of short CDR3s 
is observed in conven�onal class-switched IgG+ CD27+ memory B cells. Surprisingly, it has been 
described that ~50% of IgG+ CD27+ B cells show poly-/self- reac�vity which is generally lost when 
rever�ng IgV SHM (Figure 3). Thus, the poly-/self- reac�vity of IgG+ memory B cells is due to the 
accumula�on of muta�ons of IgV and not due to intrinsic proper�es of the CDR3s 52.
An in depth overview regarding the phenotype and func�on as well as the ongoing discussion of 
where and when human MZ B cells obtain their IgV soma�c muta�ons is provided in chapter 7.

5. T cell dependent B cell ac�va�on

5.1 The germinal center reac�on
T-helper-cell dependent (TD) Ags enter the lymphoid �ssues either as free Ags, as part of immune 
complexes or at the surface of Ag presen�ng cells (APC) such as DCs. B cells become ac�vated as 
they recognize Ag with their BCR. This leads to up-regula�on of CCR7 and leaves CXCR5 expression 
unchanged. Consequently, there is a small shi
 in the balance of chemokine responsiveness causing 
the B cells to re-localize from the follicle to the B/T-zone boundary. Here, the B cells present degraded 
and processed Ag as pep�des in the MHC-II groove to Ag-specific T helper cells. The ac�vated T 
helper cells on their turn supply essen�al cos�mulatory molecules such as CD28/CD152(CTLA4) 
and CD40-L(CD154). The properly s�mulated B cells will, a
er some ini�al prolifera�on, either 
directly differen�ate into short-lived, Ab-forming plasma cells or migrate back into the primary 
follicle and undergo a phase of brisk prolifera�on thereby star�ng a germinal center (GC) reac�on 
60-62. In a GC structure, CD10+, CD38+ and BCL-6+ B cells proliferate. These so-called centroblasts 
express low amounts of BCR at their surface. Centroblasts accumulate nucleo�de subs�tu�ons in 
their immunoglobulin variable (IgV) genes, a process designated as soma�c hypermuta�on (SHM), 
which may alter the affinity of the BCR for the Ag 63-65. B cells in the GC generally are des�ned to 
undergo apoptosis, except those B cells that, based on favorable point muta�ons, obtain higher 
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affini�es of their IgV regions (BCR) for the Ag. These high-affinity B cells are selected in the GC 
light zone, based on compe��on for survival signals elicited by na�ve Ag presented in the form of 
immune complexes at the surface of follicular dendri�c cells (FDC) and on CD40 signals obtained 
from GC T cells 66. In addi�on, the Ag-selected B cells may undergo class switch recombina�on 
(CSR) due to recombina�on of the switch (S) region sequence of IgM/IgD with any of the other 
downstream S region sequences, found 5’ of each constant region gene (Cγ3, Cγ1, Cα1, Cγ2, Cγ4, 
Cε and Cα2). This leads to juxtaposi�on of the VH-DH-JH region to one of the downstream IgG, IgA 
or IgE constant region genes 67. The either or not class switched and Ag-selected B cells will finally 
differen�ate into memory B cells or Ab-producing plasma cells 61;62. 

5.2 Mechanisms of GC soma�c hypermuta�on and class switch 
             recombina�on   
Both SHM and CSR are dependent on transcrip�on of the variable and the S regions, respec�vely. 
SHM is restricted to the region 1-2 kb downstream of the Ig promoter i.e. exactly within the 
rearranged IgVH and IgVL regions. Transcrip�on of S regions starts upstream of an I exon which is 
located 5’ of each S region, giving rise to non-coding germline transcripts that span the I exon, the S 
region and downstream CH exons. Different combina�ons of cytokines and cos�mulatory molecules 
drive the transcrip�onal ac�va�on of individual I promoters and thus determine the S region and 
the Ig isotype that is involved in the CSR event 68. SHM introduces mainly point muta�ons, but to a 
lower extent also inser�ons and dele�ons 69;70. The rate of SHM is ~1 muta�on on 1000 nucleo�des 
per cell division. 
Both SHM and CSR essen�ally depend on the B-cell-specific enzyme ac�va�on-induced cy�dine 
deaminase (AID) which is highly expressed by GC B cells (Chapter 11) 71;72. AID has a preference for 
the DNA sequence mo�f RGYW (R = A or G, Y = C or T and W = A or T). AID catalyzes the deamina�on 
of cy�dine in single-stranded DNA (ssDNA), opened during transcrip�on 73;74. The resul�ng U:G 
mismatches can be repaired by dis�nct DNA repair pathways, resul�ng in either SHM or CSR 
73. In SHM, direct replica�on of the U:G mismatch results in a C → T or a G → A transi�on. The 
U:G mismatch can also be recognized by the base-excision repair system (BER) by which the U is 
removed by uracil-DNA glycosylase (UNG). The resul�ng abasic site is cleaved by an endonuclease 
and can be repaired error free or an error prone DNA polymerase may insert any nucleo�de at 
the abasic site. Alterna�vely, when the U:G mismatch is repaired by the mismatch repair (MMR) 
machinery it may create an ssDNA gap around the U:G mismatch which is repaired by a translesion, 
error-prone DNA polymerase, resul�ng in A/T biased mismatches in the vicinity of the original U:G 
mismatch (Figure 4) 73.
 CSR involves a DNA recombina�on event of two heterologous S regions, resul�ng in the loss of 
intervening DNA which is released as a circular episome. This process is associated necessarily with 
double-strand breaks (DSBs) in donor and acceptor S regions. For successful CSR, DSBs of donor 
and acceptor S regions must be detected, brought into close proximity and be ligated. There is 
evidence that in CSR the DSBs in the S regions are repaired by the general cellular process of non-
homologous end joining (NHEJ). The exact mechanism by which DSBs in S regions are generated is 
not known, but it likely involves the processing of AID-mediated lesions by BER and MMR 73;74. 

5.3 Signals controlling GC B cell prolifera�on, survival and sor�ng
Although BCR and CD40 signals are of crucial importance for the ini�al ac�va�on, prolifera�on and 
migra�on, it has been reported that GC B cell prolifera�on occurs in the absence of a con�nuous 
CD40 signal, indicated by the lack of nuclear NF-κB in GC B cells 75. The signals that control 
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prolifera�on of the C-MYC nega�ve centroblasts, are s�ll elusive 76. Probably, BCL-6 is important 
as it promotes cell cycle progression and inhibits differen�a�on (see 5.4). In parallel, molecules 
produced and presented by FDCs, such as IL-15, 8D6 (CD320), BAFF and hepatocyte growth factor 
(HGF), may all have a role in centroblast prolifera�on and/or survival 77-81. Ac�ve HGF is present in 
the GC dark zone, where HGF-receptor (MET) posi�ve centroblasts proliferate (Chapter 2). HGF 
s�mula�on of B cells mediates integrin ac�va�on, thereby promo�ng B cell adhesion to VCAM-1 
and ICAM-1, molecules which are highly expressed by FDCs 79. Furthermore, centroblasts express 
higher levels of CXCR4 whereas its ligand is more abundantly expressed in the dark zone 82;83. In 
the light zone, higher levels of the CXCR5 ligand CXCL13 are produced than in the dark zone. The 
CXCL12/CXCL13 chemokine balance is of importance for a proper sor�ng of GC B cells in the dark- 
and light- zones, respec�vely 82. 

Figure 4. AID in soma�c hypermuta�on. AID deaminates a cy�dine to a uracil. When direct replica�on takes place this will 
lead to a C → T or a G → A transi�on in 50% of the daughter cells. Excision of the uracil by the BER generates random or 
polymerase-biased subs�tu�ons whereas repair by the MMR pathway will lead to muta�ons in a region flanking the original 
U/G mismatch. Grey rectangles indicate mutated nucleo�des. BER; base excision repair, MMR; mismatch repair, UNG; uracil 
DNA glycosylase, MSH2/MSH6; mut S homologues 2 and 6.
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5.4 BCL-6 in the GC reac�on and plasma cell differen�a�on     
The transcrip�onal repressor BCL-6 is essen�al for the GC reac�on 84. In established GCs, BCL-6 
promotes cell cycle progression and inhibits differen�a�on. In addi�on, BCL-6 represses ATR and 
p53 expression 85;86, which is essen�al for tolera�ng higher loads of genotoxic stress, i.e. muta�ons 
and DNA strand breaks generated during SHM and CSR. Too high levels of DNA damage will inhibit 
BCL-6 expression, allowing for re-expression of ATR and p53 and induc�on of apoptosis 85-87. In 
addi�on, in concert with the transcrip�onal ac�vator Miz-1, BCL-6 was shown to suppress the cell 
cycle arrest gene CDKN1A (p21-Cip1) and the an�-apopto�c gene BCL-2 88;89. Other direct or indirect 
BCL-6 targets are: (i) the chemokines CCL3 and CXCL10, (ii) p27-Kip1, which encodes a nega�ve 
regulator of cell cycle progression and (iii) the surface molecules CD44 and CD69 90. Altogether, BCL-
6 seems to facilitate the high prolifera�on rate and endurance of the genotoxic stress.
BCL-6 blocks plasma cell differen�a�on by inhibi�ng the expression of an essen�al transcrip�on 
factor for plasma cell differen�a�on, i.e. BLIMP-1. BLIMP-1, on its turn, represses PAX-5 and is able 
to reinforce its own expression by repressing BCL-6, its own repressor 91. Centrocytes in the GC 
light zone, expressing high affinity BCRs, can receive CD40 signals of follicular helper (FH) T cells 
which induce IRF-4 (MUM-1) a repressor of BCL-6. This allows for expression of BLIMP-1 and thus 
for plasma cell differen�a�on 92. It is not clear whether IRF4 alone is sufficient to induce expression 
of BLIMP-1, and with it plasma cell differen�a�on. IL-21, produced by FH T cells can also induce 
BLIMP-1, through ac�va�on of STAT3 93;94. It has been shown that even in the presence of BCL-
6, ac�ve STAT3 was able to induce BLIMP-1 and to drive Ig produc�on but not full plasma cell 
differen�a�on (Figure 5) 95. Centrocytes that acquire ac�ve STAT5, due to reasons not determined, 
are CD25+, have sustained expression of BCL-6 and were suggested to differen�ate into memory 
B cells 96. By contrast, in the mouse B-cell lymphoma cell line BCL1, ac�ve STAT5 was shown to 
downregulate Bcl-6 expression. The STAT5-responsive region of Bcl-6 of this cell line appeared to 
be the region that is frequently mutated in human B-NHLs 97. The 5’ untranslated region of BCL-6 
is targeted by SHM. Moreover, BCL-6 is involved in chromosomal transloca�ons in ~40% of diffuse 
large B cell lymphoma (DLBCL) and also found to be oncogenic in mice (see paragraph 6). For these 
and other reasons, BCL-6 is subject of intense research (Figure 5).

5.5 Memory B cells
Memory B cells are generally considered as Ag-selected B cells, derived from TD GC responses. Classic 
memory B cells are long-lived, express class switched Ig (IgG, IgA or IgE) and contain hypermutated 
IgV genes. Following s�mula�on through CD40 by CD40L (CD154), together with combina�ons of 
IL-2, IL-4 and IL-10, memory B cells in vitro display a compe��ve advantage over naïve B cells with 
respect to prolifera�on and Ab secre�on 98;99. Memory B cells rapidly generate plasma cells producing 
high affinity, class switched, IgG/IgA Abs.
Three major subsets of peripheral B cells have been iden�fied based on expression of CD27 and IgD. 
Since CD27+ B cells, upon in vitro s�mula�on, were found to secrete 10- to 100- fold more Ig than 
CD27- B cells, the CD27+ B cells were considered as memory B cells. CD27+ memory B cells can be 
divided into IgM- IgD-, classical class switched memory B cells and the IgM+ IgD+ memory B cells, each 
comprising about 20% of all peripheral B cells in human adults 100. In addi�on, two minor subsets of 
memory B cells were iden�fied each comprising about 1% of peripheral B cells; i.e. the IgM+ IgD- (IgM-
only) memory B cells and the IgM- IgD+ (IgD-only) memory B cells. Later, the B cells of all these four 
CD27 subsets were found to harbor soma�c muta�ons in their IgV genes 101. The IgM+ IgD+ memory 
B cells are also called marginal zone (MZ) B cells, because of their localiza�on in MZs of lymphoid 
�ssues (see 4.2). It is debated whether they obtain their IgV SHM during GC reac�ons or as a result 
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of an innate diversifica�on programme (as extensively discussed in Chapter 7). The minor popula�on 
of CD27+ IgD-only B cells has undergone a Cμ dele�on due to a non-canonical CSR event, between 
switch μ (Sμ) and a region upstream of Cδ (Cδ lacks a classical S region) 102. Nearly all IgD-only B cells 
express Igλ and contain extremely high levels of soma�c IgV muta�ons 102; IgD-only B cells contain 
on average 37 ± 8 muta�ons per IgVH (12.5% ± 2.5%) 103. Many of the analyzed IgD-only B cells within 
individuals belong to large expanded clones. Furthermore, IgD-only B cells show a strongly biased 
usage of the V3-30 IgVH gene segment i.e. in ~40% of the IgD-only B cells whereas this gene segment 
is found in 8% - 9% of naïve- and MZ- B cells 103. It has been proposed that IgD-only B cells bind super-
Ag with their IgD and Igλ constant regions and also with the FRs of the V3-30 IgVH gene segment. 
Subsequently, these super-Ag binding B cells undergo prolonged GC reac�on(s) in which the high 
load SHM accumulate and the typical IgD CSR event would occur 103. It was shown by recombinant 
expression of IgD as IgG that more than half of the IgD-only B cells display self-reac�vity towards HEp-
2 cells 53. However, this is unlikely to be a specific feature of IgD-only B cells since also 47% of normal 
IgG memory B cells were found to be HEp-2 reac�ve. This reac�vity appeared to be largely due to the 
IgV soma�c muta�ons of IgG memory B cells (Figure 3) 52. 
More recently, the ATP-binding casse�e (ABC)B1 transporter was reported to discriminate be�er 
between naïve- and memory- B cells. The (ABC)B1 transporter is exclusively present in mature 
CD27- naïve B cells, while it is absent in CD27+ memory B cells and in a heterogeneous subset of 

Figure 5. Biological func�ons of BCL-6 in the GC. BCL-6 is a transcrip�onal repressor, facilita�ng high prolifera�on and 
tolera�ng genotoxic stress induced by SHM and CSR. In later GC stages, BCL-6 expression is downregulated by IRF-4, follow-
ing CD40-s�mula�on and by ubiquityla�on-mediated degrada�on in response to BCR s�mula�on. Downregula�on of BCL-6 
facilitates differen�a�on into memory B cells and plasma cells.
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CD27- B cells comprising both switch memory- and transi�onal- B cells (Table 1) 104. Also other 
researchers have iden�fied CD27- IgD- memory B cells, comprising ~5% of all peripheral B cells, 
including IgM+ (~1%), IgG+ (~2%) and IgA+ (~2%) CD27- memory B cells 105;106. Phenotypic analysis 
of IgG+ CD27+ versus IgG+ CD27- B cells showed that these popula�ons express similar levels of 
CD38, CD40, CD70 and CD126 (IL-6 receptor α chain). Both popula�ons lacked the MZ B cell marker 
CD1c 105. Interes�ngly, IgG+ CD27- B cells express significantly more IgG3 and virtually no IgG2 as 
compared to IgG+ CD27+ B cells which express more IgG2 and less IgG3. IgG1 expression is similar 
among both IgG+ popula�ons 104;105. IgVH muta�on frequencies are significantly lower among IgG+ 
CD27- B cells, harboring ~10 muta�ons per IgVH on average (~3%) as compared to an average of 
~18 muta�ons per IgVH (~6%) of IgG+ CD27+ B cells 105. The fact that hairy cell leukemias also lack 
CD27 and show a predominance of the IgG3 isotype led to the hypothesis that the non-malignant 
counterpart of this leukemia might be the small subset of CD27- IgG+ memory B cells 107.
Disturbances of the rela�ve frequencies of peripheral B cell subsets have been observed in some 
auto immune diseases. The frequency of CD27+ peripheral B cells is significantly lower in primary 
Sjögren’s syndrome (SS) pa�ents as compared to healthy individuals (reported are 14% versus 31%108 
and 20% versus 30%109). In contrast, rheumatoid arthri�s (RA) pa�ents have higher frequencies of 
CD27+ peripheral B cells as compared to healthy individuals (reported are 40% versus 31%108 and 
32% versus 24%110). Par�cularly the frequency of class-switched memory B cells appeared to be 
higher in RA pa�ents 110. Among systemic lupus erythematosus (SLE) pa�ents, higher frequencies 
of IgD- CD27- B cells were found (12% 106) as compared to healthy individuals, RA pa�ents and HCV 
infected pa�ents (4% 106). The increased frequency of IgD- CD27- B cells in SLE was reported to 
be associated with higher disease ac�vity and disease-associated self-reac�ve Abs such as an�-
dsDNA, an�-Smith and an�-ribonucleoprotein Abs. 

Table 1. Adult peripheral B cell subsets.

* Only the CD27- CD5- popula�on contains IgG transcripts (memory cells) which are not detected in the CD27- CD5+ 
   popula�on which thus solely contains naive B cells (unpublished data).
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5.6 Plasma cells and serum levels of immunoglobulins
Humoral immunity is provided by Abs secreted by plasmablasts and plasma cells. Ab �ters a
er 
live viral vaccina�ons such as vaccinia, rubella and measles have half-lifes of 50 years or more. 
Vaccina�ons with nonreplica�ng Ags such as tetanus and diphtheria, result in Ab levels which 
wane more quickly, with es�mated half-lifes of 10-20 years 111. The pool of secreted Abs comprises 
pathogen-specific Abs which can be, but are not necessarily, protec�ve and ‘natural’ IgM Abs which 
are poly-reac�ve, including self-reac�ve, Abs. Natural IgM Abs derive from ac�vated poly-reac�ve 
CD5- and CD5+ naïve B cells and probably also from ac�vated MZ B cells. MZ B cells also produce 
bacterial capsular polysaccharide-reac�ve Abs 41. It has been es�mated that in healthy humans 
~20% of naïve B cells express self-reac�ve Abs, as assessed by HEp-2 reac�vity. About 6% of naïve 
B cells are poly-reac�ve to various common self an�gens 28. About 2% of MZ B cells express self- 
and poly- reac�ve Abs (Figure 3) 51. Because the half life of Abs is in the range of a few weeks, their 
maintenance over long �me periods requires the persistent produc�on. There are three scenarios, 
which are not mutually exclusive, that might explain humoral memory: (i) con�nued genera�on of 
plasma cells, with a limited half life, out of memory B cells driven by persis�ng Ag 112, (ii) con�nued 
genera�on of new plasma cells with a limited half life from memory B cells, driven by cytokine 
receptors and/or toll like receptors. 113 and (iii) long-�me survival of, GC generated, plasma cells in 
survival niches in the BM 114.
The fact that a
er live viral vaccina�ons, Ab levels show longer half lifes argue, to a certain extent, 
in favor of con�nued Ag-specific s�mula�on of memory B cells. However, recent peripheral B 
cell deple�on experiments in mice showed that Ab levels were not affected up �ll 16 weeks a
er 
treatment. Moreover, plasma cell numbers in spleen and bone marrow did not decline 115. Although 
these experiments unequivocally showed that plasma cells can be long-lived in the absence of 
memory B cells, it is uncertain to what extent memory B cells would renew long lived plasma cells 
under physiological condi�ons. Mice in which plasma cells were purged from the bone marrow 
by treatment with monoclonal Abs (MAbs) specific for LFA-1 and VLA-4, were repopulated with 
plasma cells as soon as the LFA-1 and VLA-4 MAbs were cleared from the circula�on. However, co-
injec�on of an�-CD20 MAbs led to prolonged plasma cell deple�on. Memory B cells are thus most 
likely required for repopula�ng the plasma cell niches in the bone marrow 116.
SLE pa�ents treated with an�-B-cell therapy with rituximab (an�-CD20) generally showed preserved 
levels of Abs specific for tetanus toxoid, pneumococcal capsule polysaccharide, measles, rubella 
virus and diphtheria 117;118. However, a reduc�on of self-reac�ve Abs, including an�-dsDNA Abs was 
observed in most of these SLE pa�ents 117;118. This suggests that self-reac�ve Abs are not produced 
by long lived plasma cells, but most likely by CD20+ plasmablasts located in different secondary 
lymphoid �ssues. Likewise, decreased levels of rheumatoid factors (RFs) and an�-cardiolipine 
Abs have been reported upon rituximab treatment in rheumatoid arthri�s and an�-phospholipid 
syndrome pa�ents, respec�vely 119. In contrast, it has been reported that in SLE and SS pa�ents no 
decline of Ab levels specific for the self an�gens SSA/Ro52, SSA/Ro60 and SSB/La44 was measurable 
upon rituximab treatment 117-119.
Although plasmablasts can develop from any type of ac�vated B cell, including naïve CD5- and 
CD5+ B cells, MZ B cells, GC B cells and memory B cells, it is unknown whether plasmablasts of all 
these different origins become long-lived. The observa�ons in the autoimmune pa�ents suggest 
that self-reac�ve Abs are not produced by long-lived plasma cells, but by short-lived plasmablasts 
derived from self-Ag and/or TLR and/or cytokine receptor-s�mulated naïve, MZ or memory B cells. 
Moreover, there is evidence that BM plasma cells are affinity selected, indica�ng that GCs have a 
crucial role in BM plasma cell genera�on 120. These no�ons suggest that only plasmablasts from 
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memory and GC B cells may become long-lived plasma cells and that self- and poly- reac�ve Ab 
producing plasmablasts derive from naïve and/or MZ B cells and are short lived. 
Plasmablasts express the adhesion molecules E-selec�n ligand (CD62-L), P selec�n ligand, CD44 
and LFA-1 (CD11a/CD18) 121. Plasma cells addi�onally express CD38 and CD138 (Syndecan 1). 
CD138 is a cell surface heparan sulfate proteoglycan which is both a receptor for the extracellular 
matrix as well as a co-receptor for chemokines and growth factors such as CXCL12, APRIL, HGF 
and several members of the epidermal growth factor (EGF) family 122-124. The chemokine receptor 
CXCR4 is invariably expressed by plasmablasts and its ligand CXCL12 is expressed in the red 
pulp of the spleen, medullary cords of LNs and stroma of bone marrow, thus providing homing 
niches for migratory plasmablasts 125;126. Plasmablasts generated in inflamed �ssues, in which 
high levels of IFN-γ are present, increase the expression of CXCR3 127. CXCR3 is specific for IFN-γ-
induced chemokines (CXCL9, 10 and 11), which are correspondingly also highly expressed in (IFN-γ 
high) inflamed �ssues. IFN-γ  might thus be of par�cular importance in the indirect a�rac�on of 
plasmablasts into inflamed �ssues. In mucosal immune responses, the chemokine receptors CCR9 
and CCR10 can be induced on IgA-secre�ng plasmablasts, allowing homing to mucosal sites. The 
CCR9 ligand CCL25 is mainly restricted to the small intes�ne 128, whereas the CCR10 ligand CCL28 
is produced by epithelial cells of various mucosal �ssues such as salivary glands and thus have a 
broader role in mucosal plasma cell trafficking 129. It is currently not known whether plasma cells at 
mucosal sites are long-lived. 

6. B cell lymphomas

6.1 General features of B cell lymphomas
B-cell non Hodgkin’s lymphomas (B-NHL) are defined according to their clinico-pathological and 
gene�c features. Most of the en��es share characteris�cs with the differen�a�on stages of normal 
B cell development. The classifica�on is based on morphology, the muta�on status of the BCR IgV 
genes, expression of membrane-associated molecules, more recently also in combina�on with mRNA 
expression and genomic profiling data (Figure 6).
Except for mul�ple myeloma (MM) and Hodgkin lymphoma (HL), mature B-NHL express, as expected, 
B cell markers such as CD19, CD20 and CD22. MM are transformed plasma cells (PC) and express CD38 
and CD138 (Syndecan 1). B cell chronic lymphocy�c leukemia (B-CLL) and mantle zone B cell lymphoma 
(MCL) express CD5 and are nega�ve for the GC B cell markers CD10 and BCL-6. B-CLL and MCL can be 
dis�nguished based on the expression of cyclin D1 by MCL and CD23 by B-CLL 130. The IgVH genes of 
roughly half of all B-CLL contain soma�c muta�ons. B-CLL pa�ents with unmutated IgVH genes (6 or 
less muta�ons/IgVH) express in general higher levels of CD38 and of the zeta-associated protein of 70 
kD (ZAP-70) and have a worse clinical prognosis 131-134. Follicular lymphomas (FLs) have a characteris�c 
follicular growth pa�ern and express typical GC B cell markers such as CD10 and BCL-6. Extranodal, 
nodal and splenic marginal zone B cell lymphomas (MZBCL) are biological unrelated en��es. All three 
types consist of small lymphocytes without dis�nguishing markers. They do not express GC B cell 
markers nor CD5 130. Three types of Burki�’s lymphoma (BL) are dis�nguished, i.e. endemic BL, sporadic 
BL and immunodeficiency-associated BL. Epstein-Barr virus (EBV) is present in all endemic BL. Only 
20-40% of sporadic- and immunodeficiency-associated- BL are associated with EBV. BL cells resemble 
GC centroblasts and correspondingly express GC B cell markers like CD10 and BCL-6 whereas they lack 
CD5, CD23 and BCL-2 130. Gene expression profiling have subdivided diffuse large B cell lymphomas 
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(DLBCL) into germinal center (GC)-like DLBCL and ac�vated B cell (ABC)-like DLBCL (see 6.3).
The fact that the vast majority of NHLs is of B cell origin may causally be related to the fact that B 
cells undergo two unique differen�a�on phases (SHM and CSR) which are associated with DNA 
remodeling and which bear intrinsic risks for gene�c derailment. Well-known transloca�ons due to 
erroneous V(D)J rearrangement are t(14;18) in FL, and t(11;14) in MCL, in which the an�-apopto�c 
BCL-2 and cell cycle regulator cyclin D1 become under the control of the IgH Eμ enhancer, respec�vely. 
Transloca�ons owing to erroneous CSR are t(3;14) and t(14;16) leading to deregula�on of BCL-6 and 
C-MAF in DLBCL and MM, respec�vely. All BLs harbor transloca�ons of C-MYC, mostly to the IgH and 
less commonly to the IgL loci at chromosomes 2 (Igκ) or 22 (Igλ). In endemic BL, the transloca�on 
involves a hypermutated IgVH-DH-JH region whereas in sporadic BL cases Ig swich regions are o
en 
involved. Transloca�ons involving BCL-6 and various partner genes have been a�ributed to erroneous 
SHM. An overview of transloca�ons in B-NHL is given in chapter 13. Altogether these transloca�ons 
lead to deregulated expression of important genes involved in apoptosis inhibi�on (BCL-2), prolifera�on 
(C-MYC, Cyclin D1), differen�a�on (BCL-6) or cons�tu�ve ac�va�on of NF-κB (MALT-1, BCL-10 and API-
MALT). Although these transloca�ons are essen�al for lymphomagenesis, addi�onal gene�c hits are 
necessary for cellular transforma�on (see also Chapter 7 and 13). 

Figure 6. Mature B cells and mature B cell lymphomas. Depicted are the neoplas�c counterparts of the various B cell 
subsets, i.e. B cell chronic lymphocy�c leukemia (B-CLL), mantle cell lymphoma (MCL), Burki�’s lymphoma (BL), follicular 
lymphoma (FL), marginal zone B cell lymphoma (MZBCL), germinal center type diffuse large B cell lymphoma (GC-DLBCL), 
ac�vated B cell type DLBCL (ABC-DLBCL), B cell lymphoma unclassifiable with features intermediate between BL and DLBCL 
(BCLU), lymphoplasmacy�c lymphoma (LPL) and mul�ple myeloma (MM).
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6.2 Soma�c hypermuta�on and class switch recombina�on in experimental     
             lymphomagenesis
As SHM and CSR essen�ally depend on AID, experiments in mice were undertaken to test whether 
AID might catalyze the ini�a�on of chromosomal transloca�ons. Indeed, c-Myc/IgH transloca�ons 
in plasmacytomas, which spontaneously develop in IL-6 transgenic mice, appeared cri�cally 
dependent on the presence of AID 135. This was true for both c-Myc transloca�ons occurring in 
switch regions as well as those occurring in the IgH variable region 135;136. In other mouse models, 
AID deficiency prevented the genera�on of Bcl-6-dependent, GC-derived B cell lymphomas but 
had no influence on development of c-Myc driven pre-GC lymphomas 137. Also in another c-Myc 
AID -/- model, pre-B cell lymphomas developed, whereas mature B cell lymphomas did not unless 
AID was present 138.
Remarkably, AID transgenic mice generally develop T cell lymphomas instead of B cell lymphomas. 
In these T cell lymphomas several non-Ig genes such as the T cell receptor, c-myc, pim-1, cd4 and 
cd5 harbor high loads of soma�c muta�ons 139. 

6.3 RNA expression arrays of DLBCL, FL and extranodal MZBCL
Expression microarray studies have further enhanced our insight in the biology of B-NHL and allowed 
for clinically relevant sub-classifica�on of DLBCL and FL 140-144. DLBCLs have been subdivided into 
three categories; (i) DLBCL having a GC-B-cell like gene expression profile (GC), (ii) DLBCL with an 
ac�vated B-cell-like profile (ABC) and (iii) a dis�nct DLBCL group arising primarily in the medias�num, 
also called primary medias�nal B cell lymphoma (PMBCL). The GC-DLBCL group expresses genes 
such as BCL-6, GCET (HGAL) and CD10. The ABC-DLBCL subgroup is characterized by genes which 
are normally expressed by ac�vated B cells, such as IRF-4 (MUM-1), Cyclin D2, Cyclin E, FOX-P1 and 
CD44. ABC type DLBCLs express high levels of molecules belonging to the NF-κB pathway and NF-
κB targets. It is now thought that ABC-DLBCLs derive from a late GC B cell expressing transcrip�on 
factors necessary for differen�a�on towards plasma cells such as IRF-4 (MUM-1) and XBP1. The 
PMBCL subgroup is characterized by expression of genes such as MAL, SNFT, TARC and CD30. 
Interes�ngly, the expression profiles of the PMBCL subgroup show remarkable overlap with those 
found in Hodgkin’s lymphoma 145. 
ABC-DLBCLs harbor dis�nct gene�c altera�ons, virtually never detected in other DLBCL subtypes. 
Examples are: trisomy 3 (in ~25% of the cases), amplifica�on of 3p12-q12 containing NFKBIZ (in 
~10%), gain of 18q or of a telomeric region of 18q (in ~50%), homozygous or hemizygous dele�on 
of the CDKN2 locus at 9p21 containing p16INK4A, p14ARF and p15INK4B (in ~30%) and gain of 19q or 
a telomeric region of 19q (in ~45%) 146. These gene�c altera�ons are supposedly instrumental 
in the up- or down- regula�on of genes characteris�cally expressed by ABC-DLBCLs, like high 
expression of FOX-P1 due to trisomy 3 or gain on 3p, high expression of BCL-2 and NFAT-C1 due 
to gain on 18q, low expression of p16INK4A due to CDKN2 dele�ons and high expression of SPI-B 
due to gain on 19q 146. Other molecular altera�ons preferen�ally occurring in ABC-DLBCL are the 
inac�va�on of BLIMP1 by muta�ons, dele�ons and rearrangements in ~25% of the cases 147;148, 
ac�va�on of CARD11 by soma�c muta�ons in ~10% of the cases 149;150, inac�va�ng muta�ons of the 
NF-κB inhibitor TNFAIP3/A20 in ~25% of the cases 150 and muta�ons of other NF-κB components 
such as TRAF2, TRAF5, MAP3K7/TAK1 and RANK, altogether in ~15% of the cases 150. In addi�on, 
chronic ac�ve BCR signaling e.g. due to muta�ons of the first tyrosine of the ITAM mo�f of CD79b 
(also called Igβ or B29) was found in ~20% of ABC-DLBCL 151. Thus, ABC-DLBCLs generally seem to 
depend on the disrup�on of two key pathways, i.e. a block in plasmablast differen�a�on and the 
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cons�tu�ve ac�va�on of the NF-κB pathway (Figure 7). Indeed, NF-κB inhibi�on cause apoptosis 
and cell-cycle arrest of ABC DLBCL cell lines (Ly3 and Ly10) but not of GC-DLBCL cell lines (Ly7, Ly19 
and SUDHL6) 152;153.
Dis�nct gene�c altera�ons of GC-DLBCL are: a 13q amplifica�on containing MIHG1, which produces 
a non-coding RNA harboring the mir-17-92 and REL which encodes an NF-κB transcrip�on factor 
subunit (in ~12% of the cases), PTEN loss (in ~11%) and loss of the tumor suppressor ING1 in ~30% 
of GC-DLBCLs and in ~10% of ABC-DLBCLs.
Overall survival a
er CHOP chemotherapy (cyclophosphamide, doxorubicin, vincris�ne and 
prednisone) differs significantly among the ABC, GC and PMBCL subgroups, with 5 year survival 
rates of 31%, 59% and 64%, respec�vely 141. More recently, B-NHLs are, in addi�on to CHOP, co-
treated with an an�-CD20 monoclonal Ab called Rituximab (R-CHOP). This led to marked responses 
and improvement of survival 154;155.
In FL, gene expression profiling studies have been performed on whole FL samples and on FL samples 
before and a
er transforma�on into DLBCL (see also Chapter 13). From one profiling study of whole 
FL samples and the correla�on with survival, two main expression profiles were dis�nguished 
which were merely based on genes expressed by infiltra�ng immune cells. The long survival group 

Figure 7. The two key pathways disrupted in ABC BLBCL.
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was characterized by expression of par�cular T cell and macrophage genes, whereas the short 
survival group was characterized by macrophage- and/or dendri�c cell- related genes 143. A
er this 
study, different immunohistochemical studies were published assessing the rela�onship between 
the microenvironment of FL and survival. These studies did not always show concordant results 
which may be due to the variability in �ming of obtaining the biopsies in rela�on to the disease 
process and the treatment. In three studies, high numbers of CD68+ macrophages were correlated 
with worse survival in pa�ents which were treated with standard chemotherapy (like CHOP) 156-

158, but not in another study 159. In two studies of R-CHOP-treated FL pa�ents, high macrophage 
counts were not associated with worse survival 158, in one study even with be�er survival 157. In 
another study, in which two chemotherapy regimes were compared, high macrophage counts were 
associated with be�er survival in CVP (cyclophosphamide, vincris�ne and prednisone) -treated 
pa�ents whereas with worse survival in fludarabine-treated pa�ents 160. These results illustrate that 
the microenvironmental ‘status’ is to a certain extent dependent on the treatment given. In three 
studies, concordant high numbers of FOX-P3+ regulatory T cells and be�er overall survival have 
been reported of which in one study these cells were located perifollicular 159-161. Moreover, the 
presence of CD21+ CD23+ FDC networks and high numbers of FOX-P3+ regulatory T cells in indolent 
FL may support the no�on that these FLs more closely resembles normal lymphoid �ssues with GCs 
(see also Chapter 13).
Of extranodal MZBCL, no studies have been published correla�ng expression microarrays with 
prognosis. One study compared expression profiles of pulmonary (p-) MZBCL to other lymphoma 
sub types 162. The p-MZBCLs were clearly dis�nguished by a lack of a GC signature (CD10, BCL-6 
and AID) and low expression of prolifera�on associated genes. Typical memory-/MZ- B cell genes 
were highly expressed such as CCL5, CCL6, CCR6, CXCR6, IFNGR1 (IFN-γ receptor) and IL27-RA. 
Specifically overexpressed as compared to all other lymphoma types were MMP7, SIGLEC6 and 
PRO1853. Underexpressed were WNT1, MYCL1 and TCL1C. In p-MZBCL cases with a MALT-1 
transloca�on [t(11;18) or t(14;18)] significantly up-regulated were TRAF4 and TNFSF7 (CD70) and 
the most significantly down-regulated genes include CD64, IL6R, EPHA4 and XBP1. In general the 
genes overexpressed in MALT-1 transloca�on-posi�ve cases form a NF-κB network, as expected. 

7. Scope of this thesis
The aims of the studies described in this thesis were to explore:

(1) Normal germinal center reac�ons and the immunoglobulin diversifica�on processes therein, 
in secondary and ter�ary (ectopic) human lymphoid �ssues and their role in lymphomagenesis 
(chapter 2, 3, 7 and 13).

(2) The an�genic specificity and immunological micro-environment of mature B cell lymphomas, in 
par�cular of extranodal marginal zone B cell lymphomas (Chapter 4, 5, 6, 7, 10, 12 and 13).

(3) The configura�on of immunoglobulin genes in low grade B cell lymphomas, in order to 
recapitulate the clonal history and evolu�on of the malignant B cells (Chapter 8, 9, 10, 11, 12, 13 
and 14).
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Follicular Dendritic Cells Catalyze Hepatocyte Growth Factor
(HGF) Activation in the Germinal Center Microenvironment
by Secreting the Serine Protease HGF Activator

Esther P. M. Tjin,* Richard J. Bende,* Patrick W. B. Derksen,* Anne-Pauline van Huijstee,*
Hiroaki Kataoka,† Marcel Spaargaren,* and Steven T. Pals1*

Ag-specific B cell differentiation, the process that gives rise to plasma cells and memory B cells, involves the formation of germinal
centers (GC). Within the GC microenvironment, multiple steps of B cell proliferation, selection, and maturation take place, which
are controlled by the BCR in concert with cytokines and contact-dependent signals from follicular dendritic cells (FDCs) and T
cells. Signaling by the multifunctional cytokine hepatocyte growth factor (HGF) and its receptor MET has been shown to induce
integrin-mediated adhesion of B cells to VCAM-1, which is expressed by FDCs. In the present study we have examined the
expression of regulatory components of the HGF/MET pathway, including HGF activator (HGFA), within the secondary lymphoid
organ microenvironment. We show that MET is expressed by both centroblasts and plasma cells, and that HGFA is expressed by
plasma cells. Because we have shown that HGF is a potent growth and survival factor for malignant plasma cells, HGF may also
serve as a survival factor for normal plasma cells. Furthermore, we demonstrate that FDCs are the major source for HGF and
its activator within the GC microenvironment. Both HGF and HGFA are expressed by FDCs in the GC dark zone (CD21high/
CD23low), but not in the light zone (CD21high/CD23high). These findings suggest that HGF and HGFA provided by dark zone FDCs
help to regulate the proliferation, survival, and/or adhesion of MET-positive centroblasts. The Journal of Immunology, 2005, 175:
2807–2813.

T he germinal center (GC)2 comprises a dynamic microen-
vironment in which Ag-specific B cell differentiation
takes place. Morphological studies have shown that the

GC consists of two distinct compartments, the dark and light
zones, associated with important separate functions (1–4). B cells
in the dark zone, called centroblasts, undergo rapid clonal expan-
sion and somatic hypermutation of their Ig variable region genes.
They subsequently move to the light zone to become centrocytes,
which undergo selection based on the affinity of their BCR for Ag
presented by follicular dendritic cells (FDCs) (3, 5). Centrocytes
with low-affinity receptors and centrocytes that do not receive T
cell help undergo apoptosis, whereas centrocytes with a high-af-
finity BCR receive survival signals from FDCs and T cells and
differentiate into plasma cells or memory B cells (1–3, 5, 6).
Notwithstanding ample insight into the anatomy and function of

the GC, the mechanisms orchestrating GC polarity and guiding B
cell movement and differentiation within the distinct GC compart-
ments are as yet incompletely understood. Molecules that play a
crucial role are chemokines and adhesion receptors. Chemokines,
including CXCL13 (B cell-attracting chemokine/B lymphocyte
chemoattractant) (7, 8) and CXCL12 (stromal cell-derived factor-1

(SDF-1)), recruit B cells into the GC and regulate their positioning
in the dark and light zones (9). The integrin adhesion molecules
LFA-1 and VLA-4 mediate attachment of GC B cells to FDCs (10,
11). The integrin activation required for this adhesion presumably
is controlled by high-affinity interactions of the BCR with Ag pre-
sented by FDCs (12). Apart from establishing physical contact
with FDCs, integrin signaling can rescue GC B cells from apopto-
sis (13, 14) and hence may directly contribute to B cell selection.
Once positioned within the GC microenvironment, B cell prolif-
eration, survival, and differentiation are supported by cytokines
produced by T cells, FDCs, and other GC accessory cells. A FDC-
produced cytokine that may play a role in GC organization as well
as in promoting GC B cell proliferation, survival, and differenti-
ation is hepatocyte growth factor/scatter factor (HGF) (15). HGF is
a multifunctional cytokine with a domain structure and a proteo-
lytic mechanism of activation similar to those of the blood serine
protease plasminogen, but it lacks protease activity (15). Via the
tyrosine kinase receptor MET, HGF induces complex biological
response in target cells, including growth, survival, and motility.
Whereas a functional HGF/MET pathway is indispensable for
mammalian development, uncontrolled MET signaling is onco-
genic and has been implicated in the development of a variety of
human cancers (16, 17). Within the GC microenvironment, MET
is expressed by centroblasts, whereas FDCs express and secrete
HGF (18). Upon CD40 and BCR stimulation, naive B cells acquire
MET expression, and functional studies have shown that HGF in-
duces integrin-dependent adhesion of MET-positive B cells to
VCAM-1, expressed by FDCs (18–20). Together, these data sug-
gest a role for the HGF/MET pathway in regulating B cell-FDC
interaction.
Upon secretion, HGF normally retains its 90-kDa single-chain

(sc) precursor form, which is probably cell surface or extracellular
matrix associated. For biological function, however, proteolytic
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conversion of scHGF to the heterodimeric active form is essential
(21). Plasminogen activators, particularly urokine plasminogen
activator and factor XIIa, have been shown to activate scHGF,
although at low rates (22, 23). More recently, HGF activator
(HGFA), a factor XIIa-related serine protease with efficient HGF-
activating activity, was identified (21, 23). HGFA has been impli-
cated in HGF activation at sites of inflammation and tissue re-
pair (24) as well as by tumor cells (25), including multiple
myeloma (MM), a malignancy of plasma cells (26). In this
study we have examined the mechanism of HGF activation
within the GC microenvironment. We show that FDCs derived
from the GC dark zone, in contrast to those from the GC light
zone, produce HGFA and in this way are able to catalyze HGF
activation. In addition, we demonstrate that normal plasma cells
express HGFA.

Materials and Methods
Abs and reagents

The mAbs used were FITC-conjugated anti-human IgD (DakoCytoma-
tion); allophycocyanin-conjugated anti-human CD38 (IgG1; BD Bio-
sciences); PE-conjugated anti-human CD20 (DakoCytomation); anti-
human MET DO-24 (IgG2a; Upstate Biotechnology); anti-HGFA (A1 and
P1-4, IgG1) (24); anti-factor XIIa, OT-2 (IgG1; Sanquin); anti-human
CD21 long isoform (dendritic reticulum cell (DRC)-1); anti-human CD21
(clone 1F8), FITC-conjugated anti-human CD21 (clone 1F8), and anti-
CD20 (L26; all from DakoCytomation); anti-CD14 (Leu M3, IgG2b);
anti-CD3 (Leu 4, IgG1; BD Biosciences); and isotype controls anti-
IgG1, anti-IgG2a, and anti-IgG2b (DakoCytomation). Secondary Abs
used were post-Ab for powervision (Immunovision Technologies),
HRP-conjugated goat-anti-mouse/rat IgG, and HRP-conjugated anti-
FITC (DakoCytomation).

Purification of B cell populations and FDCs

B cells were purified from human tonsils obtained from children undergo-
ing routine tonsillectomy as previously described (13). Briefly, mononu-
clear cells were isolated by Ficoll-Isopaque density gradient centrifugation.
Monocytes and T cells were depleted by plastic adherence and SRBC ro-
setting, respectively. The total B cells fraction was �97% pure as deter-
mined by FACS analysis. To obtain the different B cell populations (naive
B cells, memory B cells, GC B cells, and plasma cells), total B cells were
stained with FITC-conjugated anti-human IgD, PE-conjugated anti-human
CD20, and allophycocyanin-conjugated anti-CD38 and were sorted using a
FACS aria (BD Biosciences).
FDC clusters (enriched FDC preparation) were isolated from human

tonsils as described previously by Liu et al. (27). Tonsils were cut into
pieces and treated with collagenase/DNase mix (200 U/ml collagenase IV
and 10 U/ml DNase I; Roche), followed by Ficoll-Isopaque density gra-
dient centrifugation and density sedimentation on a BSA gradient
(1.5% BSA).
FDCs (CD21high) were stained with FITC-conjugated anti-CD21 and

sorted using FACS aria (BD Biosciences). PE-conjugated anti-CD23 to-
gether with anti-CD21 were used to obtain the CD23 FDC populations.
For immunocytochemical staining, FDCs were isolated from an en-

riched FDC preparation by cell sorting of large cells. Cell purity was�60–
80%, as judged by staining for DRC-1, a FDC-specific marker.

Assay for HGF activation

HGF activation was assayed as described previously (25). In brief, scHGF
(R&D Systems) was incubated with FDC-conditioned medium. Condi-
tioned medium was obtained as described previously (28). For HGF acti-
vation, 20 �l of conditioned medium were pretreated with 1 U of thrombin
and added to 0.1 �g of scHGF. Inhibitor studies were performed in the
presence of leupeptin (500 �g/ml), neutralizing Ab against FXII (OT-2;
provided by E. Hack, Sanquin, Amsterdam, The Netherlands), or neutral-
izing Ab against HGFA (P1-4; 40 �g/ml).

FDC sarcoma

The FDC sarcoma, which is a rare neoplasm that arises from lymph nodes
as well as extranodal regions (29), was obtained from a 38-year-old male
patient and was diagnosed at the Department of Pathology, Academic Med-
ical Center (Amsterdam, The Netherlands). The tumor showed �95%
CD21- and DRC-1-positive cells, indicating almost complete replacement
of the normal follicle structure by the neoplasm.

Immunocytochemistry

Immunocytochemical stainings were performed on acetone-fixed cyto-
spins. The cytospins were preincubated with 1% BSA in PBS for 15 min.
After incubating with the primary Ab (overnight at 4°C), endogenous per-
oxidase was blocked with 0.1% NaN3 and 0.3% H2O2 in PBS for 10 min.
Subsequently, the cytospins were stained with post-Ab of Powervision (Im-
munovision Technologies) for 15 min, followed by poly-HRP-conjugated
goat anti-mouse/rabbit IgG for 30 min. Substrate was developed with 3,3-
amino-9-ethylcarbazole (Sigma-Aldrich).

RNA isolation, cDNA synthesis, and RT-PCR

RNA from B cell fractions and cultures was isolated with Nucleospin RNA
11 (Macherey-Nagel). For sorted fractions of plasmablasts and FDCs, Pico
Pure RNA isolation kit (Arcturus) was used. After RNA isolation, cDNA
was synthesized using 2 nmol Pd(N)6 primer (Pharmacia Biotech) and 160
U of mouse Moloney leukemia virus reverse transcriptase (Invitrogen Life
Technologies). The reaction mixture also contained 8 mmol/l DTT, 1
mmol/l of each dNTP, 1� first-strand buffer (50 mmol/l Tris-HCl (pH 8.3),
75 mmol/l KCl, and 3 mmol/l MgCl2), and 24 U of RNase inhibitor
(Roche). The reaction was performed for 15 min at 37°C, after which the
enzyme was inactivated for 10 min at 95°C.
PCR was performed using Taq DNA polymerase (Invitrogen Life Tech-

nologies), 10�MdNTPs (Pharmacia Biotech), and 1.5 mMMgCl2 in 1� PCR
buffer (Invitrogen Life Technologies). The primers used were as follows:
HGFA forward, 5�-AGGACACAAGTGCCAGATTG-3; HGFA reverse, 5�-
GTTGATCCAGTCCACACATAGT-3�; MET forward, 5�-GAGACTCATA
ATCCAACTG-3�; MET reverse, 5�-AGCATACAGTTTCTTGCAG-3�;
HGF forward, 5�-CAGCATGTCCTCCTGCATCTCC-3�; and HGF reverse,
5�-TCGTGTGGTATCATGGAACTCC-3�.

Results
MET is expressed in human GC B cells and plasma cells

We investigated the expression of MET mRNA (Fig. 1B) and pro-
tein (Fig. 1A) in human tonsillar B cell subpopulations using pu-
rified B cell subsets isolated by FACS sorting or by FACS analysis
of unsorted B cell fractions, respectively. As shown in Fig. 1, we
detected MET mRNA (Fig. 1B) and protein expression by GC B
cells (Fig. 1, A and C), but not by naive (IgD�,CD38�) and mem-
ory B (IgD�,CD38�) cells. In addition, we observed that MET is
expressed by plasma cells (Fig. 1, A–C), which represent a small
(�1–4%) subset of tonsillar cells characterized by a high expres-
sion of CD38 (30). Consistent with the results obtained by study-
ing isolated B cell subsets, immunohistochemical studies of tissue
sections of human tonsils and lymph nodes also demonstrated
MET expression on GC B cells (Fig. 1D). This expression was
most prominent in the GC dark zones, indicating preferential ex-
pression of MET on centroblasts. Taken together, these data con-
firm our previous observation that MET is expressed by centro-
blasts (18) and, moreover, demonstrate that plasma cells also
express MET.

Plasma cells and FDCs express the serine protease HGFA

We have previously shown that FDCs express and secrete HGF,
the ligand of MET (18). However, for biological function, proteo-
lytic conversion of scHGF to the active heterodimeric form is es-
sential (21). In a recent study we demonstrated that MM plasma
cells produce HGFA and in this way may activate HGF in the bone
marrow microenvironment (26). To assess whether HGFA is ex-
pressed and mediates HGF conversion in normal lymphoid tissue,
we first assessed the expression of HGFA mRNA and protein by B
cells and plasma cells. Interestingly, purified plasma cells strongly
expressed HGFA mRNA (Fig. 2A) and protein (Fig. 2B), whereas
HGFA expression in naive, memory, and GC B cells was either
weak or absent. In contrast to HGFA, HGF mRNA was not de-
tected in purified B cell subsets or plasma cells. The observed
expression of HGF mRNA in the unsorted B cell fractions is ex-
plained by the presence of FDCs (see below).
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To confirm and extend these observations, we also performed
immunocytochemistry on human tonsillar B cells depleted of T
cells and monocytes (Fig. 2C). This population consisted of�97%
CD20-positive cells and did not contain monocytes (CD14�) or T
cells (CD3�). Of note, scattered cells within this population
showed a strong expression of HGFA (Fig. 2C). Apart from a few
cells with a plasmacytoid morphology, these HGFA-positive cells
showed morphological features of FDCs, i.e., large oval cells with
an eccentric or double nucleus (Fig. 2C). Indeed, immunocyto-
chemical staining of FACS-sorted FDCs showed a distinct gran-
ular HGFA expression pattern (Fig. 2D), whereas immunoblotting
confirmed the expression of HGFA (Fig. 2E). Hence, both plasma
cells and FDCs express HGFA.

HGF and HGFA are specifically expressed by GC dark zone
FDCs

GCs consist of dark and light zones. The FDCs within these dis-
tinct functional compartments show marked phenotypic differenc-
es: whereas both dark and light zone FDCs express the long iso-
form of CD21, FDCs in the light zone express additional
molecules, including CD23, Fc�RII, VCAM-1, and CXCL13 (1, 8,
9, 31, 32). To assess whether HGF and HGFA are also differen-
tially expressed in dark and light zone FDCs, these cells were
separated based on differential CD23 expression (Fig. 3A; Ref. 33).
Although no expression of HGF and HGFA mRNA was detected
in the CD23high FDCs, the expression of both transcripts was
prominent in the CD23low FDCs (Fig. 3B). Hence, HGF and

HGFA expression is a feature of dark zone FDCs. In addition to
differential HGF and HGFA expression, we also observed differ-
ential expression of CXCL13 mRNA in the CD23-sorted FDCs,
confirming the study by Allen et al. (9) showing that this chemo-
kine is predominantly expressed by GC light zone FDCs.

Expression of HGF and HGFA by FDC sarcoma

To corroborate our finding that FDCs express both HGF and
HGFA, we also studied the expression of HGF and HGFA mRNA
in FDC sarcoma, a rare neoplasm composed of malignant FDCs
(29). As in normal dark zone FDCs, both HGF and HGFA were
prominently expressed by this tumor (Fig. 3B). We were unable to
detect MET expression on the FDC sarcoma cells (data not
shown), indicating the absence of an autocrine HGF/MET loop in
this tumor.

FDCs convert HGF by producing HGFA

Subsequently, we investigated whether FDCs are able to process
scHGF to its active form. Conditioned medium of FDCs effec-
tively converted scHGF (Fig. 4). This required thrombin, whereas
the conversion was completely inhibited by the serine protease
inhibitor leupeptin (Fig. 4A). Because proteases other than HGFA
are, although with low efficiency, capable of activating scHGF in
vitro, we explored whether the conversion of scHGF by FDCs
could be inhibited by specific interference with HGFA activity. We
observed that the anti-HGFA mAb P1-4, which blocks HGFA

FIGURE 1. A, Expression of MET by B cell subsets. B cell subsets were identified by IgD and CD38 staining as being naive B cells (IgD�,CD38�),
GC founder B cells (IgD�,CD38�), GC B cells (IgD�,CD38�), plasma cells (IgD�,CD38��), and memory B cells (IgD�,CD38�; left panel). Unsorted
B cells were analyzed for the expression of MET using a CD38/IgD/MET triple-FACS staining. Results are shown as the mean fluorescence intensity (MFI)
minus the MFI of the isotype control (right panel). B, MET mRNA is expressed in human GC B cells and plasma cells. Tonsillar B cell subsets were isolated
by FACS sorting using CD20/CD38/IgD triple staining. After RNA isolation and cDNA synthesis, RT-PCR for MET was performed. �2-Microglobulin
was used as housekeeping gene control. C, Expression of MET protein in human GC B cells and plasma cells. B cell subsets were collected by FACS
sorting, and the expression for MET was analyzed using immunoblotting. The MM cell line LME-1 was used as a positive control. D, MET expression
in human tonsil. Immunohistochemical double staining of tonsillar sections for MET (blue) and IgD (brown), showing MET expression on GC B cells. DZ,
dark zone; LZ, light zone.
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function, effectively inhibits scHGF conversion by FDCs (Fig.
4A). These findings identify HGFA as the (major) serine protease
responsible for the conversion of scHGF by FDCs and identify
FDCs as important regulators of HGF activity in the GC
microenvironment.

Discussion

Proteolytic activation of HGF in the extracellular milieu is a crit-
ical limiting step in HGF/MET signaling (21), In this study we
present data indicating an important role of the serine protease

FIGURE 2. A, Expression of HGFA in B cell subsets. Tonsillar B cell populations were isolated by FACS sorting using CD20/CD38/IgD triple staining.
After RNA isolation and cDNA synthesis, RT-PCR for HGFA and HGF was performed. �2-Microglobulin was used as housekeeping gene control. B,
Plasma cells express HGFA. Highly purified B cell populations were collected after FACS sorting, and the expression of HGFA was analyzed using
immunoblotting. The MM cell line LME-1 was used as a positive control. C, HGFA expression in total tonsillar B cell preparations. Immunocytochemical
staining of unsorted B cell preparations for HGFA, the B cell marker CD20, and the monocyte marker CD14 was performed. The arrowhead indicates a
plasmacytoid cell (inset), whereas the arrow indicates a FDC. D, HGFA is expressed by FDCs. FDCs were isolated from an enriched FDC preparation by
cell sorting of large cells. The cell purity was determined by staining for the FDC marker DRC-1 and the B cell marker CD20. The mAb A-1 against HGFA
was used to detect HGFA expression. The arrow indicates a FDC. E, MET and HGFA expression in sorted FDC preparations. Purified FDC preparations
were analyzed by immunoblotting for the expression of MET and HGFA.

FIGURE 3. A, Dark zone FDCs express HGF and HGFA. Highly purified FDCs were collected from enriched FDC preparation after FACS sorting using
the markers CD21 and CD23. The purity of both sorted FDC fractions was determined by restaining the cells with FITC-conjugated anti-human CD21,
followed by HRP-conjugated anti-FITC and detection with 3,3-amino-9-ethylcarbazol. Inset, High magnification of the cells. B, CD21� FDCs, CD23low

FDCs (GC dark zone), CD23high (GC light zone), and FDC sarcoma were analyzed for the expression of HGF, HGFA, CD21, and CXCL13 using RT-PCR.
�2-Microglobulin was used as a housekeeping gene control.
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HGFA in regulating HGF activation in normal lymphoid tissue.
We demonstrate that HGFA is expressed by plasma cells, but not
by other B-lineage populations. Furthermore, we show that HGFA
is strongly expressed by FDCs and is confined to FDCs in the GC
dark zone. These cells coexpress HGF and are in close contact with
MET-positive centroblasts. Our findings suggest specific functions
of the HGF/MET pathway in Ag-specific B cell differentiation,
affecting plasma cell and centroblast functions.
Previous studies from other and our own laboratories have im-

plicated the HGF/MET pathway in the pathogenesis of the plasma
cell malignancy MM (34–37). Our current study represents the
first report of HGF/MET pathway components in normal plasma
cells. We observed that normal plasma cells express the receptor
tyrosine kinase MET, but do not express its ligand, HGF (Figs. 1
and 2A). In addition, we show that HGFA is expressed by plasma
cells, but not by other B-lineage populations (Fig. 2, A and B). The
coexpression of MET and HGFA in plasma cells is of interest
because it indicates that plasma cells are well equipped to receive
paracrine HGF signals. Indeed, tonsillar as well as bone marrow
stromal cells have been reported to produce HGF, and it is hence
conceivable that plasma cells receive paracrine stimulation from
the microenvironment (18, 20, 38). Contrary to their malignant
counterparts (35), normal plasma cells do not express HGF and
hence do not possess an autocrine HGF/MET loop. Although the
functional consequences of HGF/MET signaling in the plasma cell
have not yet been explored, as in B cells (18, 20, 39), the pathway
might regulate integrin-mediated adhesion and promote migration.
HGFA expression by plasma cells could thus play a role in their
homing to the bone marrow and control their integrin-mediated

interaction with bone marrow stromal cells. These stromal cells
produce cytokines that support plasma cell survival, including
IL-5, IL-6, TNF-�, and SDF-1. In view of the potent effects of
HGF on the survival of MM plasma cells (37), it is conceivable
that HGF produced by bone marrow stromal cells also contributes
to plasma cell survival.
Differential protein expression within the GC dark and light

zones reflects the distinct processes that take place within these
compartments. One of the key findings of our study is that FDCs
are able to autocatalyze HGF activation by producing both HGF
and HGFA (Fig. 4) and that HGFA and HGF expression by FDCs
is confined to the CD23high subset, which resides in the GC dark
zone (Fig. 3B). Combined with our previous observation that MET
is selectively expressed by B cells in the GC dark zone, i.e., by
centroblasts, these observations suggest specific functions for the
HGF/MET pathway in the GC dark zone. HGF stimulation of B
cells has been shown to mediate integrin activation, promoting B
cell adhesion to VCAM-1 and ICAM-1 (11, 19), two important
integrin ligands on FDCs (10, 11). Hence, active HGF in the GC
dark zone could play a role in initiating physical contact of MET-
positive centroblasts, which have down-regulated their BCR, with
FDCs. Upon transition to the light zone, the B cells, now centro-
cytes, re-express their BCR, which engages in interactions with Ag
presented by FDCs. At this stage, high-affinity interactions of the
BCR with Ag could take over the regulation of integrin activity
required for B cell-FDC interaction (12). Alternatively, MET-me-
diated growth and survival signals might directly contribute to the
expansion of centroblasts. These signals could be crucial at a dif-
ferentiation stage at which the cells are largely devoid of BCR

FIGURE 4. FDCs autocatalyze HGF activation by
producing HGFA. A, Conditioned medium of an en-
riched FDC preparation was incubated with scHGF for
6 h in the presence of thrombin combined with either
the serine protease inhibitor, leupeptin, or neutralizing
Ab against HGFA (P1-4) or against factor XII, as indi-
cated. B, As a positive control, HGF conversion by re-
combinant HGFA is shown. HGF conversion was de-
termined by immunoblotting with anti-HGF. �HGF,
�-chain of HGF; HC, H chain of Ig.

FIGURE 5. Components of the HGF/MET pathway
in the GC and bone marrow microenvironments. During
B cell differentiation, HGF and HGFA produced by
dark zone (DZ) FDCs (CD23�) may act as proliferative
and survival factors for the MET-positive centroblasts
(CB). In the light zone (LZ), where the FDC network is
more extensive, the centrocytes (CC) are found in tight
association with FDCs (CD23�), and via direct physical
contact, the CCs receive survival signals. After B cell
differentiation, the plasma cells home to the bone mar-
row (BM), where BM stromal cells secrete HGF. The
MET-positive plasma cells autoactivate HGF by pro-
ducing HGFA, which may contribute to plasma cell
survival.
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expression and may not receive sufficient growth and survival
signals.
Cell migration within the lymphoid organs is directed by che-

mokines and is essential during GC reaction. The chemokine
CXCL13 produced by follicular stromal cells is required for re-
cruiting Ag-activated B cells to the GC (8). We observed that
CD23high FDCs expressed high levels of CXCL13 mRNA com-
pared with CD23low FDCs (Fig. 3B). This observation confirms
that by Allen et al. (9), who, by immunohistochemical staining of
the GC and by microdissection of the different GC regions, also
demonstrated that CXCL13 is more abundantly expressed in the
GC light zone than in the dark zone. Mice lacking CXCL13 (B
lymphocyte chemoattractant) or its receptor, CXCR5, show de-
fects in GC localization and size, indicating an important role in
GC organization (8, 40). CXCR4 and its ligand, SDF-1, also con-
tribute to GC organization, specifically to sorting of centroblasts
into the GC dark zone (9).
Several studies have implicated the HGF/MET pathway in the

pathogenesis of B cell neoplasia (18, 19, 34–37, 39). The expres-
sion of MET has been demonstrated in MMs and a subset of non-
Hodgkin’s lymphomas. Activation of the pathway in these tumors
may involve autocrine stimulation, because coexpression of HGF
and MET has been observed (35, 41–43). In MMs, MET activation
promotes proliferation and survival (37). We observed that MMs,
compared with normal plasma cells, strongly expressed HGFA
as well as MET protein (Fig. 2B). Overexpression of HGFA by
tumor cells may enhance HGF/MET signaling, promoting cell
growth and survival, and may contribute to disease progression.
In the FDC sarcoma tested (Fig. 3B), we observed strong ex-
pression of both HGF and HGFA, suggesting that the tumor was
related to GC dark zone FDCs. However, the tumor cells did not
express MET, excluding a role for autocrine HGF/MET signal-
ing in this tumor.
In summary, our study indicates that FDCs regulate the bio-

availability of HGF within the GC microenvironment, a function
that may contribute to the control of B cell growth, survival, and
adhesion during normal B cell differentiation within lymphoid tis-
sue (Fig. 5).
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Abstract
To reveal migra�on trails of Ag-responsive B cells in lymphoid �ssue, we analyzed IgM-VH and IgG-
VH transcripts of germinal center (GC) samples microdissected from three reac�ve human lymph 
nodes. Single B-cell clones were found in mul�ple GCs, one clone even in as many as 19 GCs. 
In several GCs, IgM- and IgG-variants of the same clonal origin were iden�fied. The offspring of 
individual hypermutated IgG memory clones were traced in mul�ple GCs, indica�ng repeated 
engagement of memory B cells in GC reac�ons. These findings imply that recurring soma�c 
hypermuta�on progressively drives the Ig-repertoire of memory B cells to higher affini�es and infer 
that transforming gene�c hits in non-Ig genes during lymphomagenesis do not have to arise during 
a single GC passage but can be collected during successive recall responses.
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Introduc�on

The humoral immune response relies on mature B cells, each producing a unique immunoglobulin 
(Ig). A�er a primary an�genic (Ag) challenge, triggered naïve B cells can differen�ate directly into 
plasma cells producing a first wave of specific, low-affinity IgM an�bodies (Abs). In parallel, germinal 
center (GC) reac�ons are ini�ated which are cri�cally dependent on T-helper cells and are essen�al 
to generate B cells with high-affinity Abs of different classes and to produce memory cells. During 
the GC reac�on, B cells undergo a phase of brisk cell division thereby crea�ng the GC dark zone 1-3. 
These rapidly dividing cells, centroblasts, accumulate nucleo�de subs�tu�ons in their Ig variable 
region (IgV) genes, a process designated as soma�c hypermuta�on (SHM) 4-6. Based on compe��on 
for survival signals elicited by na�ve Ag presented at the surface of follicular dendri�c cells, B cells 
with Ig variants with highest affini�es obtain growth advantage in the GC light zone 7. In addi�on, 
the Ag-selected B cells may switch Ig class due to a genomic recombina�on process at the IgH locus 
by which the rearranged VH region is juxtaposed to one of the downstream Cγ3, Cγ1, Cα1, Cγ2, 
Cγ4, Cε or Cα2 constant region genes 8. The selected, Ig-affinity matured B cells, either or not class-
switched, finally differen�ate into Ab-producing plasma cells or memory B cells 2;3. 
The kine�cs of the GC reac�on have been extensively studied in rodents a�er immuniza�on with 
sheep red blood cells or with haptens coupled to carrier proteins. Immuniza�on experiments with 
T-cell dependent Ags revealed that recognizable GCs are formed within 4-5 days and are maintained 
for about 21 days 1-3;9;10. In spleens from mice immunized with (4-hydroxy-3-nitrophenyl)acetyl 
coupled to chicken-gamma-globulin (NP-CG), SHM in the GCs was detectable star�ng from day 8 to 
reach ~3 muta�ons on average per IgVH gene by day 14. Based on stringent selec�on, GCs finally 
become oligoclonal and are reported to contain 3-6 Ag-specific B cell clones on average 11. In man, 
in situ analyses on lymph nodes 12;13 and Peyer’s patches 14 showed that the GCs contained 4-13 
B-cell clones with func�onal IgVH. As yet, it is uncertain whether B cells can engage in a GC reac�on 
more than once; in secondary an�-arsonate responses in mice, GC B cells were found to carry 
higher numbers of soma�c muta�ons in their IgVH genes as compared to the primary response 
whereas affinity-enhancing muta�ons seemed to appear more rapidly. It remained unclear 
however whether this was due to accelerated SHM rates or recruitment of memory B cells into 
these responses 15. At least two groups have reported that in man the IgVH muta�on frequencies in 
both peripheral B cells and intes�nal plasma cells increase with age, sugges�ng repeated rounds of 
Ag-driven hypermuta�on 16;17. 
To gain insight in the expansion and dissemina�on of Ag-responsive B cells in man, we analyzed 
the clonal B cell composi�on of 48 GCs of reac�ve lymph nodes origina�ng from three donors. We 
observed that single B cells clones seed into mul�ple GCs, o�en located at significant distances and 
evidence was obtained for ac�ve class switch recombina�on (CSR) of B cell clones within individual 
GCs. Importantly, in the lymph nodes of three donors, we encountered the offspring of single, 
hypermutated IgG clones in mul�ple GCs, indica�ve of repeated involvement of Ag-experienced B 
cells in this unique microenvironment.

Materials and Methods
Pa�ent Material 
All lymph nodes were fresh-frozen in liquid nitrogen shortly a�er surgical resec�on. Lymph 
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node 1 (LN1) was a cervical LN removed from a 4 year-old male suffering from sustained 
lymphadenopathy, LN2 originated from the arteria hepa�ca communis region and had been 
removed from a 75 year-old male suffering from pancrea�c carcinoma. LN3 was a cervical LN 
resected out of a 46 year-old woman suffering from chronic sialadeni�s. All LNs contained 
reac�ve lymph follicles. Of note, LN2 was purely reac�ve and did not contain carcinoma cells. 
The study was performed in accordance with the ethical standards and approved by the research 
code commi�ee on human experimenta�on of our ins�tute. 

Immunohistochemistry 
The immunohistochemical stainings were performed on acetone-fixed cryostat sec�ons using 
the Powervision + detec�on system (ImmunoVision Technologies, Daly City, CA). Endogeneous 
peroxidase ac�vity was blocked with 0.1% NaN3, 0.3% H2O2 in PBS. Visualiza�on of an�body 
binding was performed with 3-amino-9-ethylcarbazole (AEC) (Sigma, St Louis, MO), 0.03% H2O2 
in sodium acetate pH 4.9. A monoclonal an�body specific for Ki-67 (MIB-1) (DAKO, Glostrup, 
Denmark) was used.

Laser Aided Microdissec�on and cDNA Synthesis 
Frozen �ssue sec�ons of 10 μm were mounted on polyethylene (PEN) membranes (PALM, 
Bernried, Germany) and briefly stained with haematoxylin for 1 min, followed by gentle rinsing 
with tap water and finally with dis�lled water. A�er air drying, microdissec�on was performed 
using the PALM system. Using the 20X objec�ve, �ssue pieces with a diameter of about 50 μm 
were cut out and catapulted in the cap of a microfuge tube containing 20 μl reverse transcriptase 
(RT) reac�on mix. Next, the tubes were incubated, up side down, in direct contact with a hea�ng 
block at 42 °C for 1 hour, followed by an inac�va�on at 95 °C for 10 min. The RT mix contained: 
0.1 mmol/l Pd(N)6 random primers, 8 U/μl molony murine leumemia virus reverse transcriptase 
(Invitrogen, Breda, The Netherlands), 1 mmol/l of each dNTP and 1.2 U/μl RNAse inhibitor (Roche, 
Almere, The Netherlands) in 1X first strand buffer (Invitrogen). 

IgVH amplifica�on by RT-PCR, Cloning and Sequencing 
IgM-VH and IgG-VH transcripts were amplified using VH family-specific leader primers for the VH1, 
VH3 and VH4 families of the IgVH genes in combina�on with Cμ and Cγ primers, respec�vely 37. 
In some experiments, a fluorochrome (FAM) labeled Cμ primer was used to enable automated 
detec�on of PCR products by genescanning with capillary sequencing equipment 18. The PCR was 
performed with 1μl cDNA in a 25 μl volume and started with 4 min at 95 °C followed by 10 cycles of 
1 min at 95 °C, 30 sec at 57 °C and 1 min at 72 °C followed by 40 cycles of 30 sec at 95 °C, 30 sec at 
55 °C and 1 min at 72 °C, the reac�on was terminated for 6 min at 72 °C. The PCR was performed 
in 1.5 mmol/l MgCl2 using Pla�num Taq polymerase and PCR buffers (Invitrogen) according to 
the manufacturer’s descrip�on. In each RT-PCR run, water controls were included, which were in 
all cases nega�ve. Moreover, three control samples of the PEN membrane were also tested and 
turned out to be nega�ve. VH1/VH4-IgVH RT-PCR products were cloned into pTOPO-TA-vectors and 
transformed into TOP10 bacteria (Invitrogen), to generate molecular IgVH clones. Sequencing on 
both strands was performed using the big dye-terminator cycle-sequencing kit (Applied Biosystems, 
Foster City, CA). To iden�fy the IgVH germline gene used and the soma�c muta�ons therein, the 
sequences were compared to published germline IgVH genes, using the Vbase database 38 and 
DNAplot on internet (h�p://www.mrc-cpe.cam.ac.uk). The Taq error rate in our 50 cycle RT-PCR 
was experimentally determined in an RT-PCR specific for CD20 using two follicular mantle zone 
samples of LN1. By sequencing 29 clones, the Taq error rate was found to be ~ 0.3 bp per 300bp.
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Results
Laser-aided microdissec�on and IgVH amplifica�on of germinal center B-cells
Small �ssue samples of 40-80 cells were isolated out of haematoxylin-stained, frozen sec�ons of three 
reac�ve lymph nodes (LNs) from different donors. In order to dis�nguish GCs with cycling B cells, adjacent 
sec�ons were immunohistochemically stained for the prolifera�on marker Ki-67. We thus microdissected 
�ssue samples of 30, 11 and 16 GCs out of sec�ons of LN1, LN2 and LN3, respec�vely. As controls, 
samples from follicular mantle zones (FM) surrounding the GCs and samples from T cell areas (TZ) were 
collected. IgVH transcripts were amplified by RT-PCR, using VH1-, VH3- and VH4- family-specific leader 
primers in combina�on with a fluorochrome-labeled Cμ primer, allowing analysis by ‘genescanning’ 
on automated capillary sequencing equipment 18. Based on length variability of the complementarity 
determining regions 3 (CDR3s), the samples generally yielded mul�ple peaks, represen�ng different B 
cell clones (not shown). In LN1, we observed in 19 GCs a recurrent 481 bp peak in the VH4-Cμ PCR (Fig. 
1). In LN3, products of the same lengths were obtained out of GC1 and GC2 in the VH1-Cμ PCR (not 
depicted). 
We thus decided to extensively clone and sequence VH4-Cμ PCR products of LN1 and LN2 and VH1-Cμ 
PCR products of LN3. RT-PCR products which were used for cloning, were generated in parallel using 
an unlabeled Cμ primer. Depending on the availability of material, also IgG transcripts were amplified, 
cloned and sequenced.

Figure 1. Genescanning analyses of the IgM-VH4 transcripts amplified out of 4 individual germinal center samples of lymph 
node 1. Shown are 4 representa�ve examples of genescanning analyses of IgM-VH4 transcripts present in microdissected 
�ssue samples and amplified by RT-PCR. On the x-axis are the lengths in bps as determined using internal length markers. 
The recurrent A-μ clone with an IgM-VH4 PCR product length of 481 bp is found in GC16, GC19 and in GC21, but not in GC27. 
These findings correlated well with the cloning experiments separately performed.
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The offspring of single B cell clones inhabits mul�ple follicles 
Out of most samples, IgVH products of different lengths were amplified represen�ng B cell clones with 
unique IgVH composi�ons. Interes�ngly, by PCR and cloning we now iden�fied in LN1 and LN3 as many 
as 7 dis�nct IgM clones of which the offspring was detected in more than one GC. In LN3, four IgM-VH1 
clones were iden�fied, termed B-μ, C-μ, D-μ en G-μ, which were each present in two GCs (Fig. 2 and Fig. 
S1). The B-μ clone, found in GC1 and GC2 of LN3 comprised 14 sub-clones (each designated by addi�ve 
lower case le�ers Ba-Bn), with amino acid sequence differences in their IgVH-CDR3 regions. Of this major 
‘B’ clone, both IgM- as well as IgG-expressing variants were detected, see below and Figs. S2 and S3. In 
the two GCs the Bg-μ sub-clone was found. 
In the 24 GCs isolated from two separate sec�ons of LN1, three recurrent IgM-VH4 clones were iden�fied, 
designated A-μ, H-μ and I-μ. The H-μ and I-μ clones were each present in two GCs. Most striking was the 
recurrent A-μ clone, which was traced both by genescanning and sequencing in 19 GCs (Figs. 1 and 2). 
In all the LN1 samples containing the A-μ clone, two iden�cal nucleo�de subs�tu�ons in the rearranged 
V4-30.4 IgVH gene were observed, i.e. one silent (S) muta�on at codon 37 of FR2 and one replacement 

Figure 2. Localiza�on of recurrent IgM and IgG clones in lymph nodes 1, 2 and 3. To visualize the prolifera�ng B cells within 
GCs, the LN sec�ons were immunohistochemically stained for Ki67 (red) and subsequently counterstained with haematoxylin 
(blue). LN1: The red-filled circles indicate the 19 GCs in which the IgM-VH4 A-μ clone was found. GCs highlighted by a yellow 
triangle (GC5 and GC25) (Δ) and by a yellow box (GC11 and GC16) ( ) contained the IgM-VH4 H-μ and I-μ clones, respec�vely. 
GCs highlighted by a yellow star (GC5, 7, 16, 17 and 20) (*) contained the recurrent IgG-VH4 C-γ clone. LN2: The red-filled 
GC4 and GC8 harbored the IgG-VH4 G-γ clone. LN3: The red-filled GCs harbored the four recurrent IgM-VH1 clones, i.e. the 
B-μ clone in GC1 and GC2, the C-μ clone in GC2 and GC3 and the D-μ- and G-μ clones, both detected in GC11 and GC13. GCs 
marked by a yellow star (GC10, 11 and 13) (*) contained the recurrent IgG-VH1 J-γ clone. Samples from FMsz and T Zs are 
indicated by (m) and (t), respec�vely. Unlabelled bars represent 2 mm.
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(R) muta�on at codon 56 of the CDR2. In 5 of the 19 GCs (GC7, 10, 12, 13 and 25), we detected clones 
containing these two ‘basic’ muta�ons only, whereas in 14 GCs (GC1, 2, 3, 5, 11, 16, 19, 21, 22, 23, 
24, 26, 28 and 29), daughter clones with addi�onal muta�ons were detected (Fig. 3 and Fig. S4). All 
A-μ clones of GC11 contained an extra R muta�on at codon 93. A dissimilar muta�on at codon 93 was 
detected in 7 clones derived from GC3 (sub-clones A) and in one clone from GC5 (sub-clone 1G1). This 
may be coincidental or due to selec�on for binding of an iden�cal an�genic epitope. Codon 93 is part of 
a RGYW mo�f, the preferen�al target sequence of the hypermuta�on machinery 19 (Fig. 3 and Fig. S4). 
Importantly, the A-μ clone was not detected in the �ssue samples from the T cell areas nor from the 
mantle zones (FM), with excep�on of the FM7 sample. In the la�er, two A-μ clones were detected out of 
a total of 26 sequenced IgM-VH clones. Overall, shared muta�ons between the GC samples were found 
in 4 of the 7 recurrent clones i.e. the A-μ and H-μ clones of LN1 and the C-μ and G-μ clones of LN3 (Figs. 
S1 and S4).

Germinal centers contain isotype-switch variants of individual B cell clones
Within individual GCs of LN1, LN2 and LN3, a total of 11 IgVH clones were iden�fied of which 
both IgM and IgG variants were present. In 8 of these 11 clonotypic IgM/IgG sets, at least one 
replacement muta�on in the IgVH gene was shared between the IgM and IgG transcripts (Fig. 4). 
Interes�ngly, in GC16 and GC19 of LN1, IgG transcrips of the A-μ clone were detected. Small amino 
acid sequence differences in the IgVH-CDR3 regions were observed between some of the clonal 
IgM/IgG sets, i.e. in GC16 (clone A-μ), GC19 (clone D) and in GC20 (clone E) of LN1 (Fig. 4a) and in 
GC13 (clone F) of LN3 (Fig. 4c). Of note, the IgM and IgG variants of the Bh sub-clone in GC1 of LN3 
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Figure 3. Selec�on of the IgM-VH4 sequences and muta�ons therein of the recurrent A-μ clone in four germinal centers 
of LN1. Lollipop-shaped symbols indicate nucleo�de differences as compared with the V4-30.4 germline IgVH gene. 
Replacement- and silent- muta�ons are indicated by closed and open circles, respec�vely. Gray shaded bars at codons 37 
and 56 indicate iden�cal soma�c muta�ons found in all A-μ clones. The gray shaded muta�on at codon 93 in GC3 and GC5, 
represents an iden�cal muta�on which differed from the codon 93 muta�on found in all A-μ clones of GC11. The total 
number of clones in which a par�cular IgVH muta�on pa�ern was found is indicated by (Nx).
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Figure 4. IgVH sequences and muta�ons therein of related IgM and IgG clones found within individual germinal centers 
of lymph nodes 1, 2 and 3. Lollipop-shaped symbols indicate nucleo�de differences as compared with the respec�ve 
germline IgVH genes. Replacement- and silent- muta�ons are indicated by closed and open circles, respec�vely. Gray 
shaded bars covering muta�ons of IgM and IgG clones indicate iden�cal muta�ons. The total number of clones in which a 
par�cular IgVH muta�on pa�ern was found is indicated by (Nx).
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Figure 5. Mean IgVH muta�on numbers of all clones analyzed ordered according to anatomical loca�on in LNs 1, 2 and 3. 
FM indicates samples from mantle zones, GC indicates samples from germinal centers and TZ indicates samples from T cell 
areas. Numbers underneath the base of the bars indicate the number of sequenced clones.

Figure 6. Mean IgVH muta�on numbers of related IgM and IgG clones found within individual GCs. The mean IgVH 
muta�on numbers of the eleven clonal IgM/IgG sets of figure 4 are shown. M and G indicate related IgM and IgG clones, 
respec�vely.
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Lymph node 1 

   GC Amplified Number of    Clones Mean number of IgVH    GC Amplified Number of    Clones  Mean number of IgVH 

Samples Ig transcripts RT-PCR Sequenced mutations of all clones Samples Ig transcripts RT PCR Sequences mutations of all clones

   GC1* VH4-IgM  5  47  2.3    GC22 VH4-IgM  1  15  1.7 

   GC1* VH4-IgG  1  15  0.5  

           GC23 VH4-IgM  1  14  2.3 

   GC2* VH4-IgM  7  74  1.9  

           GC24 VH4-IgM  1  14  1.9 

   GC3* VH4-IgM  3  22  4.3    GC24 VH4-IgG  1  8  1.5 

         

   GC5* VH4-IgM  9  53  2.6    GC25 VH4-IgM  1  11  3.1 

   GC5* VH4-IgG  2  5  29.0    GC25 VH4-IgG  1  16  1.6 

         

   GC7 VH4-IgM  1  6  2.0    GC26 VH4-IgM  1  14  2.6 

   GC7 VH4-IgG  1  6  5.8  

           GC27 VH4-IgM  1  14  21.1 

   GC10 VH4-IgM  1  7  2.0    GC27 VH4-IgG  1  12  1.3 

   GC10 VH4-IgG  1  7  3.4  

           GC28 VH4-IgM  1  12  2.3 

   GC11 VH4-IgM  3  22  3.5  

   GC11 VH4-IgG  2  18  6.8    GC29 VH4-IgM  1  9  2.7 

         

   GC12 VH4-IgM  1  2  2.0    GC30 VH4-IgM  1  8  1.3 

    

   GC13* VH4-IgM  2  13  2.0         

           FM1 VH4-IgM  1  23  0.2 

   GC16 VH4-IgM  1  15  2.4    FM2 VH4-IgM  1  8  0.1 

   GC16 VH4-IgG  1  25  10.3    FM3 VH4-IgM  1  27  0.0 

           FM4 VH4-IgM  1  26  0.2 

           FM5 VH4-IgM  1  26  1.6 

   GC17 VH4-IgM  1  13  0.3    FM6 VH4-IgM  1  23  0.5 

   GC17 VH4-IgG  1  18  6.3    FM7* VH4-IgM  2  26  1.5 

           FM8* VH4-IgM  2  28  1.8 

   GC18 VH4-IgM  1  14  4.9    FM9 VH4-IgM  1  6  0.8 

   GC18 VH4-IgG  1  6  8.0    FM10 VH4-IgM  1  23  0.3 

         

   GC19 VH4-IgM  1  17  2.1  

   GC19 VH4-IgG  1  16  4.7    TZ1 VH4-IgM  1  12  4.7 

           TZ2 VH4-IgM  1  16  3.1 

   GC20 VH4-IgM  1  5  1.8    TZ3 VH4-IgM  1  20  2.8 

   GC20 VH4-IgG  1  14  4.3  

         

   GC21 VH4-IgM  1  15  2.3  

         

* Of GC2, GC3, GC5, GC13, MZ7 and MZ8 two microdissected samples were analyzed

Table I. IgVH clones found in samples microdissected out of three reac�ve human lymph nodes
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Lymph node 2 

   GC Amplified Number of    Clones Mean number of IgVH    GC Amplified Number of    Clones  Mean number of IgVH 

Samples Ig transcripts RT-PCR Sequenced mutations of all clones Samples Ig transcripts RT PCR Sequences mutations of all clones

   GC1* VH4-IgM  4  51  2.8    GC6 VH4-IgM  1  13  5.2 

   GC1* VH4-IgG  6  66  6.0    GC6 VH4-IgG  2  17  6.1 

   GC2* VH4-IgM  2  15  2.1    GC8 VH4-IgM  1  4  7.8 

   GC2* VH4-IgG  6  44  5.2    GC8 VH4-IgG  1  25  7.9 

        

   GC3 VH4-IgM  1  9  1.6    GC10 VH4-IgM  1  11  4.9 

        

   GC4 VH4-IgM  1  16  4.4    FM1 VH4-IgM  1  16  1.1 

   GC4 VH4-IgG  1  7  6.9 

           FM2 VH4-IgM  1  14  0.1 

   GC5 VH4-IgM  1  14  4.7 

   GC5 VH4-IgG  2  21  2.9    FM3 VH4-IgM  1  8  0.3 

        

* Of GC1 and GC2 four and two microdissected samples were analyzed, respectively 

Lymph node 3 

   GC Amplified Number of    Clones Mean number of IgVH    GC Amplified Number of    Clones  Mean number of IgVH 

Samples Ig transcripts RT-PCR Sequenced mutations of all clones Samples Ig transcripts RT PCR Sequences mutations of all clones

   GC1* VH1-IgM  2  24  7.2    GC11 VH1-IgM  1  14  5.2 

   GC1* VH1-IgG  2  26  12.7    GC11 VH1-IgG  1  13  8.1 

   GC2 VH1-IgM  1  9  3.6    GC12 VH1-IgM  1  8  1.6 

   GC2 VH1-IgG  1  10  5.1    GC12 VH1-IgG  1  12  16.3 

        

   GC3 VH1-IgM  1  4  1.3    GC13 VH1-IgM  1  25  10.5 

   GC3 VH1-IgG  1  14  7.0    GC13 VH1-IgG  1  8  5.4 

        

   GC4 VH1-IgM  1  12  3.6    GC14 VH1-IgM  1  15  1.7 

   GC4 VH1-IgG  1  15  3.6    GC14 VH1-IgG  1  8  9.4 

        

   GC5 VH1-IgM  1  14  13.0    GC15 VH1-IgM  1  9  1.3 

        

   GC7 VH1-IgM  1  12  2.8    GC16 VH1-IgM  1  5  2.4 

           GC16 VH1-IgG  1  8  16.3 

   GC8 VH1-IgM  1  11  8.2  

   GC8 VH1-IgG  1  10  21.3    GC17# VH1-IgM  1  12  1.3 

         

   GC9 VH1-IgM  1  14  6.4    FM1# VH1-IgM  1  15  2.0 

   GC9 VH1-IgG  1  14  8.0    FM2# VH1-IgM  1  15  0.2 

           FM3# VH1-IgM  1  14  2.8 

   GC10 VH1-IgM  1  8  10.5    FM4# VH1-IgM  1  15  0.6 

   GC10 VH1-IgG  1  13  9.2    FM5# VH1-IgM  1  57  0.3 

* Of GC1 two microdissected samples were analyzed 

# The microdissected samples of GC17 and FM1 – FM5 are indicated in Supplementary Fig.5 
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Figure 7. IgVH sequences and muta�ons therein of the recurrent IgG clones found in LNs 1, 2 and 3. The C-γ clone found 
in five GCs of LN1 is shown in the upper panel, the G-γ clone found in two GCs of LN2 in the middle panel and the J-γ clone 
found in three GCs of LN3 in the lower panel. Lollipop shaped symbols indicate nucleo�de differences as compared with the 
V4-4, V4-30.4 and the V1-69 germline IgVH genes, respec�vely. Replacement- and silent- muta�ons are indicated by closed 
and open circles. Gray shaded bars indicate the iden�cal soma�c muta�ons in the different GCs. 2X, two muta�ons in the 
indicated codon. The total number of clones in which a par�cular IgVH muta�on pa�ern was found is indicated by (Nx).
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belong to the already men�oned large clone ‘B’ of which the IgM expressing Bg-μ sub-clone was 
found in GC1 and GC2. As judged by IgVH-CDR3 differences, we iden�fied 11 IgM-, 4 IgG- and 1 IgM/
IgG-expressing variants of this major ‘B’ clone, which were all found in GC1 and GC2 of LN3 (Fig.4c 
and Figs. S2 and S3).

IgM- and IgG expressing B cells have different muta�on frequencies 
Out of LN1, LN2 and LN3, we analyzed 48 different GCs, 18 FMs and 3 T-cell areas. Thus, a total of 
739 IgM-VH and 524 IgG-VH sequences of the GC samples and 370 and 48 IgM-VH sequences of the 
FM and T cell area samples were obtained (Table I). The number of unique IgVH clones detected per 
GC varied from 1 to as much as 14 (GC1 of LN2) (Tables S1-S3). The average number of muta�ons 
of GC IgM clones and of GC IgG clones were 4.1 and 7.4 per IgVH, respec�vely (Fig. 5). Of note, a 
muta�on frequency difference was also found when IgM and IgG sequences, either or not clonally 
related, of individual GCs were compared (Fig. 6). In a minority of GCs only, higher mean numbers 
of IgVH muta�ons were observed in IgM clones as compared to the IgG clones, i.e. in GC1, 24, 25 
and 27 of LN1, GC5 of LN2 and in GC10 and 13 of LN3 (Table I). The IgM-VH clones isolated from 
the FM samples harbored, as expected, hardly if any soma�c muta�ons, i.e. 0.8 muta�ons per 
IgVH on average. The IgM-VH clones of the T cell area samples of LN1 harbored on average 3.5 
muta�ons per IgVH (Fig. 5). When applying an arbitrary cut off of ≤ 1 muta�on per IgVH, unmutated 
IgM-expressing B cell clones were iden�fied in 24 of the 46 GCs examined (52%). Interes�ngly, 
unmutated IgG-expressing B cell clones were iden�fied as well in 8 of the 33 GCs examined (24%). 
Moreover, applying the same cut off criterion, we found overall 22% unique, mutated IgM clones in 
the FMs, 61% mutated IgM and 90% mutated IgG clones in the GCs and 56% mutated IgM clones in 
the T cell areas, respec�vely (Tables S1-S6).

The offspring of single hypermutated IgG B cell clones is present in mul�ple 
germinal centers 
In addi�on to the IgM clones A-μ, H-μ and I-μ of LN1 and B-μ, C-μ, D-μ and G-μ of LN3, we also 
encountered three IgG-VH expressing clones in mul�ple GCs of all three LNs. In GC5, 7, 16, 17 and 
20 of LN1, the offspring of a heavily mutated VH4-IgG-VH clone, termed C-γ, was detected. The 
daughter C-γ clones contained, in the 5 GCs men�oned, mean numbers of 29.0, 17.5, 16.6, 16.3 
and 25.0 muta�ons, respec�vely. As many as nine muta�ons were shared between all the C-γ 
clones (Figs. 2 and 7). In GC4 and 8 of LN2, a recurrent VH4-IgG-VH clone termed G-γ was found. 
All G-γ clones harbored one shared muta�on. Similarly, in LN3 one recurrent, hypermutated VH1-
IgG-VH clone J-γ was detected in GC10, 11 and 13. All the daughter clones of J-γ harbored, except 
for 2 clones in GC10 (J-γ sub-clones A2 and A5), two shared replacement muta�ons in IgVH. In 
addi�on, some J-γ clones showed differences of their IgVH-CDR3 as compared to the consensus 
CDR3 sequence (J-γ sub-clones A2 and A13 of GC10) (Figs. 2 and 7). 

Discussion 
Our in situ analyses on the reac�ve human lymph nodes point out that the B cell response is a highly 
dynamic process based on entrance and re-entrance of single naïve and memory B cell clones in 
mul�ple germinal centers. The RT-PCR approach to amplify IgVH genes was chosen to be able to 
discriminate between IgM- and IgG- expressing B cells, informa�on which cannot be obtained by 
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using genomic DNA. We were aware of a poten�al bias due to intra-GC plasmacytoid cells as they 
produce dispropor�onately more Ig per cell. Immunohistochemical stainings indicated that in the 
GCs of LN1 and LN2, CD138 (syndecan-1) expressing plasma cells were virtually absent whereas 
they were abundantly present in the extrafollicular areas. In LN3, about 50% of the GCs did contain 
sca�ered plasmacytoid cells, weakly expressing CD138 (Fig. S6). Intra-GC plasmacytoid cells are, 
for several reasons, unlikely to be just random follicular immigrants but are rather maturing locally 
and thus are a direct reflec�on of the an�gen-s�mulated GC B cell popula�on. Extra-follicular 
differen�a�ng plasma cells upregulate CD138 and downregulate receptors that are essen�al to 
enter GCs, i.e. membrane bound Ig to interact with an�gen and the follicle-a�rac�ng chemokine 
receptor CXCR5 20. Moreover, they upregulate CXCR4 whose ligand (CXCL12/SDF) is highly expressed 
in the medullary cords 20. Finally, the fact that in several GCs isotype switch variants of individual 
B-cell clones were detected, underscores the solidity of the experimental strategy. 
The number of unique VH4- or VH1- expressing clones iden�fied per GC varied between 1 and 14 
(GC1 of LN2) (Tables S1-S3). Others have reported numbers of unique clones in human GCs, i.e 
ranging between 4-13 and 1-16 12-14, whereas in immuniza�on studies with T-cell dependent an�gens 
in the mouse, averages of 3-6 clones per GC have been documented 11. These combined results are 
sugges�ve for a more diverse B-cell repertoire in GCs in man, which s�ll is an underes�ma�on 
since only one IgVH gene family was analyzed in detail per LN. Furthermore, these findings must be 
interpreted with cau�on since in the human system one is not informed on the kine�cs and stage 
of the GC reac�on studied.   
In LN1 and LN3, we detected 7 dis�nct IgM-expressing clones which each were present in at 
least two separate GCs (Figs. 1-3 and Figs. S1 and S2). Most remarkable was the IgM-VH4 A-μ 
clone that was traced in 19 of 24 GCs in two consecu�ve sec�ons of LN1 (Fig. 2). It is emphasized 
that, whereas the A-μ clone was detected in the majority of the GC samples, it was found only in 
one of the 10 analyzed samples from adjacent mantle zones and not at all in randomly collected 
samples from the T cell areas of LN1. All the A-μ clones contained two iden�cal muta�ons and in 
14 GCs daughter clones with unique addi�onal muta�ons were detected. (Fig. 3 and Fig. S4). The 
finding of the widely disseminated A-μ clone in LN1 is in accordance with studies in mice showing 
that a�er a primary immuniza�on with the hapten arsonate, some clonotypic B cells expanded 
and subsequently populated different follicles in which the daughter cells underwent their own 
clonal evolu�on 15. Extra-follicular prolifera�on has also been demonstrated in mice immunized 
with NP-CG. In this system, unmutated and mutated daughter cells of a B cell clone were found in 
an extra-follicular plasma cell focus and in a neighboring GC, respec�vely 21. Thus, two scenarios 
may explain the presence of IgM clones with shared muta�ons in mul�ple GCs, such as the A-μ 
clone: (i) an�genic ac�va�on of a naïve IgM precursor B cell, induc�on of SHM and, a�er limited 
prolifera�on, migra�on into mul�ple primary follicles and (ii) extra-follicular re-ac�va�on and 
prolifera�on of one or more members of a mutated memory IgM B cell and subsequent seeding 
into various follicles. 
As expected, hypermutated IgVH clones were found mainly in the GC samples. By contrast, the mean 
number of muta�ons of the IgM clones from follicular mantle zones did not exceed 0.7 per IgVH. S�ll, 
the FM samples contained 22% of mutated IgM clones and, conversely, in the GCs as many as 39% 
of the IgM clones and 10% of the IgG clones were unmutated. These findings are compa�ble with 
previous microdissec�on studies on human lymph nodes12;13 and are explained by recent intravital 
two-photon microscopy studies. In the la�er studies, it was demonstrated that trafficking of naive 
B cells is not completely restricted to the mantle zones as they frequently surpass the GC borders 
22;23. We found means of 3.2, 4.2 and 4.8 muta�ons for IgM clones and 6.4, 5.8 and 9.9 muta�ons 
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for IgG clones in LNs 1, 2 and 3, respec�vely (Fig. 5). For tonsillar IgM and IgG B cells, average 
muta�on loads of 5.7 and 9.5 have been reported 24. Interes�ngly, we iden�fied eleven clones of 
which IgM and IgG isotype variants were present within individual GCs, providing formal proof for 
ac�ve CSR in this environment in man. Shared replacement muta�ons were iden�fied in 8 out of 
the 11 paired IgM/IgG clones (Fig. 4). Again, the IgG clones generally contained more muta�ons 
as compared to the corresponding IgM clones (Fig. 6). This finding is a priori not expected no�cing 
that the 11 isotype switch variants each originate from single an�gen-responsive precursor cells 
that had resided for equal �mes in their par�cular GCs. Isotype-related muta�on differences within 
GCs can, hypothe�cally, be explained by a non-random process of CSR which is more due at higher 
IgV-affini�es and thus stronger BCR signals. However, the finding of unmutated IgG clones in 8 of 
the 33 GCs examined, indicates that such an affinity threshold is not absolute.
In three lymph nodes, recurrent hypermutated IgG clones were iden�fied, i.e. in LN1 the IgG-VH4 
C-γ clone in 5 GCs, in LN2 the IgG-VH4 G-γ clone in 2 GCs and in LN3 the IgG-VH1 J-γ clone in 3 
GCs. Importantly, as many as 9 muta�ons were shared among the C-γ clones found in the 5 GCs 
whereas in the J-γ clones retrieved from the 3 GCs, two replacement muta�ons were common (Fig. 
7). This, together with the fact that no corresponding IgM variants were traced, indicate earlier GC 
passage(s) of precursor clones of C-γ, G-γ and J-γ. These recurrent IgG-expressing clones are thus to 
be considered as re-ac�vated memory B-cell clones. Repeated GC engagement has been proposed to 
occur in mice as well. Secondary response to phosphorylcholine-KLH yielded B-cells that were more 
heavily mutated as compared to primary response B cells, while most of the muta�ons appeared to 
be shared among the clones. This la�er observa�on suggested mere expansion of memory B cells 
within GCs with minimal addi�onal SHM 25. Recent intravital two-photon microscopic experiments 
in mice also indicated that memory B cells are able to join an exis�ng GC, provided they have a 
compe��ve advantage in an�gen binding affinity 23. Repe��ve passing of memory B cells through 
GCs is compa�ble with (i) the fact that peripheral blood memory B cells on average harbor higher 
muta�on loads as compared to GC B cells in LN and tonsil 24;26, (ii) the posi�ve correla�on between 
mean IgVH muta�on frequencies of memory B cells and age: In young and aged humans, respec�ve 
mean muta�on numbers of 9.7 and 11.5 for IgM and 17.3 and 22.5 for IgG memory B cells have 
been reported 17 and (iii) the reported difference in replica�on history of memory B cells in children 
and adults, having undergone approximately 8 and 11 cell divisions, respec�vely 27. In this respect, 
it can be envisaged that the rela�ve contribu�on of memory B cells to GC responses increases with 
age.
It is generally believed that B cells expanding in GCs are at increased risk of gene�c derailment. 
The facts that lymphomas are in majority of B cell origin, of GC or post-GC phenotype and 
carrying hypermutated IgVH genes support the no�on that most lymphomas arise during this 
turbulent differen�a�on phase. The processes of SHM and CSR, both accompanied by single- and 
double-stranded DNA breaks, imply gene�c instability and are poten�ally dangerous since they 
may act also beyond the Ig locus 28-30. Indeed, ample evidence is now available that many of the 
chromosomal transloca�ons specific for the various B cell lymphoma en��es are byproducts of 
these two processes 31;32. So far, the implicit presump�on has been that the gene�c hits necessary 
for cellular transforma�on have to occur during the rela�vely brief prolifera�on phase of a single 
GC reac�on. Knowing now that memory B cells re-enter secondary follicles, most likely upon 
renewed an�genic challenge, an alterna�ve scenario of B cell lymphomagenesis can be envisaged.
Hence, the transforming gene�c hits do not have to occur during the first and only GC passage 
but can, in parallel to the gain of IgV muta�ons, gradually accumulate in memory B cells during 
successive recall responses throughout life. This scenario would explain why the peak incidence 
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of B-NHL is not early in life, when most primary responses occur, but at late adulthood long a�er 
establishing the memory B cell repertoire. This pathogene�c course is also in accordance with the 
high IgVH muta�on frequencies found in all (post) GC B cell lymphomas, i.e. being in the range of 
those found in pheripheral blood memory B cells rather than those of primary GC B cells 17;24;26;33-

36. Finally, if true one would expect that B cells belonging to expanded memory clones specific for 
common pathogens would be most at risk and therefore be overrepresented among the various 
B cell lymphomas. This an�gene�c bias should be reflected in the Ig repertoire of (post) GC B cell 
lymphomas.

Online supplemental material  
Fig. S1, IgVH sequences and muta�ons therein of recurrent IgM clones found in GCs of lymph 
node 1 (H-μ and I-μ) and lymph node 3 (B-μ, C-μ, Dμ and G-μ). Fig. S2, IgVH sequences of all B-μ 
subclones found in GC1 and GC2 of lymph node 3. Fig. S3, IgVH-CDR3 amino acid sequences of all 
B subclones found in GC1 and GC2 of lymph node 3. Fig. S4, IgVH sequences of the recurrent A-μ 
clone found in 19 GCs of lymph node 1. Fig. S5, Microdissected samples of GC17 and FM1-FM5 in 
an addi�onal sec�on of lymph node 3. Fig. S6, Immunohistochemical detec�on of CD138 in lymph 
nodes 1-3. Tables S1-S3 IgVH rearrangements of all IgM and IgG clones found in the GCs of lymph 
nodes 1-3. Tables S4-S6 IgVH rearrangements of all IgM clones found in the FMs and TZs of lymph 
nodes 1-3.
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We analyzed the structure of antigen receptors of a comprehensive panel of mature B non-
Hodgkin’s lymphomas (B-NHLs) by comparing, at the amino acid level, their immunoglobulin 
(Ig)V

 

H

 

-CDR3s with CDR3 sequences present in GenBank. Follicular lymphomas, diffuse large 
B cell lymphomas, Burkitt’s lymphomas, and myelomas expressed a CDR3 repertoire 
comparable to that of normal B cells. Mantle cell lymphomas and B cell chronic lymphocytic 
leukemias (B-CLLs) expressed clearly restricted albeit different CDR3 repertoires. Lymphomas 
of mucosa-associated lymphoid tissues (MALTs) were unique as 8 out of 45 (18%) of 
gastric- and 13 out of 32 (41%) of salivary gland-MALT lymphomas expressed B cell 
antigen receptors with strong CDR3 homology to rheumatoid factors (RFs). Of note, 
the RF-CDR3 homology without exception included N-region–encoded residues in the 
hypermutated 

 

IgV

 

H

 

 genes, indicating that they were stringently selected for reactivity with 
auto-IgG. By in vitro binding studies with 10 MALT lymphoma–derived antibodies, we 
showed that seven of these cases, of which four with RF-CDR3 homology, indeed possessed 
strong RF reactivity. Of one MALT lymphoma, functional proof for selection of subclones 
with high RF affinity was obtained. Interestingly, RF-CDR3 homology and t(11;18) appeared 
to be mutually exclusive features and RF-CDR3 homology was not encountered in any of the 
19 pulmonary MALT lymphomas studied.

 

B cell non-Hodgkin’s lymphomas (B-NHLs)
comprise 

 

�

 

85% of malignant lymphomas
worldwide. They are in majority of germinal
center (GC) or post-GC phenotype and often
harbor chromosomal translocations typically
involving immunoglobulin (Ig) loci (1). In
spite of their genetic defects, most B-NHLs do
not replicate spontaneously in vitro, indicating
that they still depend on environmental stimuli
for their growth. To date, these external fac-
tors are ill defined. Evidence exists that B cell
antigen receptor (BCR) ligands have, as in
normal B cell development, a pivotal role in
the pathogenesis of at least some B-NHLs. For
example, the architecture and cellular compo-
sition of follicular lymphomas (FLs) is highly
reminiscent of normal GCs. Furthermore,
extranodal marginal zone B cell lymphomas
(MZBCLs) of mucosa-associated lymphoid tissue

(MALT) arise at sites of antigenic stimulation due
to organ-specific autoimmunity; e.g., Sjögren’s
sialadenitis (2) and Hashimoto’s thyroiditis (3),
or infection like 

 

Helicobacter pylori

 

 gastritis (4,
5) and 

 

Borrelia burgdorferi

 

 dermatitis (6, 7), re-
spectively. Similarly, a role of hepatitis C virus
(HCV) infection has been inferred in the de-
velopment of malignant B cell proliferation,
including splenic MZBCL and MALT lym-
phoma (8, 9). Most recently, it has been
claimed that ocular adnexal MALT lymphoma
and immunoproliferative small intestinal disease
(also known as 

 

�

 

-heavy chain disease) are asso-
ciated with 

 

Chlamydia psittaci

 

 and 

 

Campylobacter
jejuni

 

 infections, respectively (10, 11). The low
tendency of MALT lymphomas to spread be-
yond the environment in which they evolve
may be related to the expression of certain
homing and chemokine receptors, such as

 

�

 

4

 

�

 

7 and CXCR3 (12, 13). In addition, it has
been proposed that even during the tumor
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stage, antigen (Ag) plays a growth-sustaining role. This no-
tion is strongly supported by the observation that a propor-
tion of low grade gastric MALT lymphomas (14, 15) and
skin MZBCLs (7) are curable by bacterial eradication alone,
while interferon 

 

�

 

-2b treatment can cause regression of
HCV-associated MZBCLs (16, 17).

Analysis of the Ig variable (

 

IgV

 

) genes supported the con-
cept of Ag-driven lymphomagenesis in FL and MALT lym-
phoma. The IgV heavy (

 

IgV

 

H

 

) and IgV light (

 

IgV

 

L

 

) chain
genes of these malignancies are heavily mutated, compatible
with a GC or post-GC derivation (18–22). The mutation
patterns unequivocally indicate that Ag-based selection oc-
curs at some stage of their development; despite high muta-
tion loads, the overall structure of the Ig is generally being
preserved in these lymphomas often during years of disease.
Apparently, selective forces prevent the outgrowth of BCR

 

�

 

lymphoma mutants.
Although many studies on FL and MALT lymphomas al-

lude to a role for Ag in the pathogenesis of these lympho-
mas, only sporadic data exist on the exact ligands that these
B cell neoplasms might recognize. Although the obvious

candidate ligand for gastric MALT lymphoma was 

 

H. pylori,

 

in vitro cultures revealed that the tumor B cells were not di-
rectly stimulated by 

 

H. pylori

 

, but indirectly by CD40/
CD40L-mediated help of intratumoral, 

 

H. pylori

 

–specific T
cells (23). Hussell et al. (24) and Greiner et al. (25) observed
reactivity of MALT lymphoma–derived Abs with follicular
DCs (FDCs), various epithelia, or postcapillary venules of
Peyer’s patches, but no specific Ags were molecularly de-
fined. It is well documented that a significant proportion of
B cell chronic lymphocytic leukemias (B-CLLs) express Ig
(poly) reactive with a diversity of autoantigens (26–31). In
contrast, with other B-NHL entities, autoreactivity has only
sporadically been reported (32–34). Finally, viral antigens of
HTLV-I and HCV have been implicated as BCR ligands of
individual cases of B-CLL (35) and diffuse large B cell lym-
phoma (DLBCL; reference 36), respectively.

To address the issue of antigen-receptor specificity of
B-NHL, we performed a systematic analysis of the antigen
binding sites of 132 extranodal MZBCL (24 from our labo-
ratory and 108 from literature) and, for comparison, from a
comprehensive panel of 478 other B-NHL. We provide ev-

 

Table I.

 

Clinical presentation, immunohistochemistry, and genetics of 24 MALT lymphomas

 

Immunohistochemistry PCR

Patient Sex Age Location Clinical presentation Ig isotype Light chain CXCR3

 

�

 

4

 

�

 

7 t(11;18)

 

M4 f 60 thyroid gland Hashimoto’s thyroiditis NC

 

� � � �

 

M5 f 64 parotid gland Sjögren’s syndrome IgM

 

� � � �

 

M6’95 f 55 stomach gastritis ND

 

� � � �

 

M6’96 f 56 stomach gastritis IgM

 

� � �

 

ND

M8 m 44 parotid gland unknown IgM

 

� � � �

 

M9 f 58 tonsil unknown IgM

 

� � � �

 

M11 m 38 parotid gland unknown IgM

 

� � � �

 

M13 m 63 ileum unknown NC NC

 

� � �

 

M14 f 70 parotid gland Sjögren’s syndrome IgA

 

� � � �

 

M15 f 45 lacrymal gland Sjögren’s syndrome IgA

 

� � � �

 

M19 f 74 lung unknown IgM

 

� � � �

 

M20 m 39 lung unknown IgM/IgA

 

� � � �

 

M21 f 64 parotid gland Sjögren’s syndrome IgM

 

� � � �

 

M22

 

a

 

m 71 groin lymph node unknown IgA

 

� � � �

 

M23 m 52 lung unknown IgG

 

� � � �

 

M30 f 60 stomach gastritis NC

 

�

 

ND ND

 

�

 

M41 f 55 stomach gastritis ND ND ND ND

 

�

 

M45 m 81 stomach gastritis ND ND ND ND

 

�

 

M46 m 65 stomach gastritis ND ND ND ND

 

�

 

M55 m 41 lung unknown ND ND ND ND

 

�

 

M56 m 78 stomach gastritis IgM

 

� � � �

 

M57 m 81 stomach gastritis IgM

 

� � � �

 

M58 m 74 stomach gastritis IgM NC

 

� � �

 

M60 m 71 stomach gastritis IgM

 

� � � �

 

M61 m 38 stomach gastritis IgM

 

� � � �

 

a

 

Initially located in salivary gland.
NC, not clear.
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idence that among the various B cell neoplasms, gastric- and
salivary gland-MALT lymphomas express a distinctive Ig
repertoire and frequently originate from precursor B cells
clonally selected for auto-IgG binding capacity. The fact that
B-NHL entities express qualitatively different Igs points to-
ward different roles of the BCRs in their pathogenesis.

 

RESULTS
IgV

 

H

 

 and IgV

 

L

 

 sequence analysis of MALT lymphomas

 

A panel of 24 MALT lymphomas was analyzed (Table I). All
lymphomas were CD20

 

�

 

 and virtually all expressed the
chemokine receptor CXCR3 and the mucosal homing inte-
grin 

 

�

 

4

 

�

 

7. The pulmonary lymphomas 

 

M19, M20,

 

 and 

 

M23

 

and the gastric lymphomas 

 

M56, M57, M58, M60,

 

 and 

 

M61

 

carried the t(11;18), involving the 

 

API2

 

 and 

 

MALT1

 

 genes
(Table I). Except for 

 

M60

 

, all 

 

IgV

 

H

 

 and 

 

IgV

 

� 

 

genes analyzed
were somatically mutated with means of 21 (range 0–68) and

18 mutations (range 1–58) per IgV gene, respectively (Tables
II and III). Of 

 

M6,

 

 biopsies were available of two time points
spanning a 9 mo interval. At relapse (

 

M6

 

	

 

96

 

), 15 somatic mu-
tations were found in the expressed V3-7 

 

IgV

 

H

 

 gene while at
presentation (

 

M6

 

	

 

95

 

) an additional replacement mutation in
codon 13 had been present (Table II). Immunohistochemis-
try (Table I) and RT-PCR (Table II) indicated that the lung
lymphoma 

 

M20

 

 contained both IgM- and IgA-expressing tu-
mor cells. The IgM- and the IgA-related 

 

IgV

 

H

 

 sequences
were identical and contained 5 mutations (Table II). In 17 of
the 24 lymphomas (71%), the replacement versus silent (R/S)
mutation ratios in the framework regions (FRs) of the 

 

IgV

 

H

 

genes, were significantly 

 




 

1.5, implying that, in spite of the
high mutation frequencies, selective forces had preserved the
BCR in these lymphomas (unpublished data). Intraclonal
variation (ICV) was determined for 16 

 

IgV

 

H

 

 genes and for 8

 

IgV

 

�

 

 genes (18). In 10 out of the 16 (63%) MALT lympho-

 

Table II.

 

Immunoglobulin variable heavy chain genes of 24 MALT lymphomas

 

Patient
Ig isotype
(RT-PCR) VH family

Closest VH
germline gene No. of mutations (%) D gene JH gene Intraclonal variation

 

a

 

M4

 

�

 

VH3 V3-23 (DP47) 68 (23) NA JH4b 0.8 (5)

M5

 

�

 

VH3 V3-7 (DP54) 17 (5.8) D3-3 JH3b 0.8 (5)
M6’95

 

�

 

VH3 V3-7 (DP54) 16 (5.4) D3-22 JH3b ND
M6’96

 

�

 

VH3 V3-7 (DP54) 15 (5.1) D3-22 JH3b 1.0 (5)
M8

 

�

 

,δ

 

b

 

VH3 V3-30 (DP49) 26 (8.8) D5-24 JH5 ND
M9

 

�

 

,δ

 

b

 

VH1 V1-69 (DP10) 8 (2.7) NA JH4b ND

M11

 

�

 

VH1 V1-69 (DP10) 11 (3.7) D6-13 JH4b 3.0 (7)

M13

 

�

 

VH4 V4-31 (DP65) 14 (4.7) D5-24 JH4 1.8 (5)

M14

 

�

 

VH3 V3-23 (DP47) 43 (15.0) NA JH6 2.3 (6)
M15

 

�

 

VH1 V1-18 (DP14) 46 (16.0) NA JH4b

 




 

0.4 (5)
M19

 

�

 

,δ

 

b

 

VH3 V3-53 29 (10.0) NA JH4b ND
M20

 

�

 

,

 

�

 

VH4 V4-30.4 (DP78) 5 (1.7) NA JH3b ND
M21

 

�

 

,δ

 

b

 

VH3 V3-23 (DP47) 23 (7.8) D2-2 JH4b 0.7 (11)
M22

 

�

 

VH1 V1-69 (DP88) 14 (4.8) D4-17 JH4b

 




 

0.4 (15)

M23

 

�

 

VH1 V1-69 (DP88) 7 (2.4) NA JH4b

 




 

0.4 (7)
M30

 

� VH2 V2-5 (VII-5) 33 (11.1) NA JH1 0.7 (7)
M41 ND VH1 V1-69 (DP10) 19 (6.5) D3-22 JH4b 
0.4 (7)c

M45 ND VH1 V1-3 (DP25) 22 (7.5) D3-10 JH4b ND
M46 ND VH3 V3-30/30.5 (DP49) 12 (4.1) D5-12 JH6b ND
M55 ND VH3 V3-7 (DP54) 24 (8.1) D3-22 JH4b ND
M56 � VH1 V1-69 (DP10) 7 (2.4) D1-14 JH4b 
0.4 (11)

M57 � VH1 V1-18 (DP14) 14 (4.8) NA JH6b 1.9 (9)
M58 � VH3 V3-53 23 (7.9) D3-22 JH4b ND
M60 � VH1 V1-69 (DP10) 0 (0.0) D2-15 JH5b 
0.4 (9)
M61 � VH1 V1-18 (DP14) 19d (6.5) D2-15 JH4b 0.8 (4)
aThe intraclonal variation is indicated as the mean number of nucleotide differences observed per clone, as compared with the consensus sequence. Numbers in parentheses in-
dicate the number of clones that were sequenced.
bIgD was not detected immunohistochemically.
cM41 contained distinct subclones (Fig. 1).
dM61 had a deletion of the three nucleotides of codon 29.
NA, the germline D gene could not definitely be assigned.
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III). In M15, lacking ICV in the IgVH gene, an exceptionally
high degree of ICV was observed in its IgV� gene (Tables II
and III). Interestingly, M41 appeared a somatically diversified,
V1-69/D3-22/JH4b-expressing lymphoma, harboring dis-
tinct subclones (M41-A, B, C, and D) with 19, 19, 20, and 2
mutations, respectively (Fig. 1).

IgVH-CDR3 amino acid sequences of MALT lymphomas 
and splenic MZBCL
We compared the IgVH-CDR3 amino acid (aa) sequences of
our panel of MALT lymphomas to IgVH-CDR3 aa sequences
present on GenBank using the NCBI Protein-BLAST pro-
gram with the option “search for short nearly exact matches”
(BLASTP 2.2.6; reference 37). CDR3 regions consisting of at
least 7 aa (all except M20) were analyzed (Table IV). A CDR3
sequence was considered to be homologous to previously re-
ported CDR3 sequences on GenBank (a) if sharing at least
75% aa sequence homology and (b) a length difference be-
tween the CDR3 sequences not exceeding 3 aa (maximum
gap of 3 aa). Applying these homology criteria, we found that
the CDR3 of 4 MALT lymphomas (M23, M46, M56, and
M60) displayed homology to different B cell clones analyzed
previously in repertoire studies. Interestingly, 4 cases (M5,

Table III. Immunoglobulin variable light chain � genes of 
the MALT lymphomas

Patient
V�

family
Closest V�

germline gene
No. of

mutations (%)
J�

gene
Intraclonal
variationa

M4 V�1 L9 (Ve�) 58 (20.0) J�4 0.5 (4)
M5 V�3 L2 (kv328, DPK21) 9 (3.2) J�1 1.0 (5)
M6’96 V�3 L2 (kv328, DPK21) 5 (1.8) J�1 0.4 (5)
M8 V�1 O12/O2 (DPK9) 27 (9.5) J�4 ND
M9 V�3 A27 (kv325, DPK22) 2 (0.69) J�1 ND
M11 V�3 A27 (kv325, DPK22) 1 (0.35) J�1 1.5 (6)
M14 V�2 A19/A3 (DPK15) 51 (17.0) J�4 1.2 (6)
M15 V�4 B3 (DPK24) 17 (5.6) J�4 9.3 (6)
M21 V�3 A27 (kv325, DPK22) 13 (4.5) J�1 0.5 (4)
M22 V�3 A27 (kv325, DPK22) 6 (2.1) J�2 ND
M23 V�1 O12/O2 (DPK9) 6 (2.1) J�1 0.8 (8)

aThe intraclonal variation is indicated as the mean number of nucleotide differences 
observed per clone, as compared to the consensus sequence. Numbers in parenthe-
ses indicate the number of clones that were sequenced.

Figure 1. Schematic representation of the IgVH clones identified in 
M41. The lollipop-shaped symbols indicate nucleotide differences as com-
pared with the V1-69 (DP10) germline IgVH gene. Except for the CDR3 region, 
replacement and silent mutations are indicated with closed and open circles, 
respectively, with codon numbering according to V-base indicated under-
neath. 2, two mutations in the indicated codon. The mutations in codons 

76 and 82a are different between M41-A/B and M41-C, respectively. In the 
CDR3 and in codon 106, interclonal differences are indicated by different 
filling patterns of the circles. In the CDR3, the deduced aa sequence is 
depicted in the one-letter code underneath. The CDR3 of M41-A/D, M41-B 
and M41-C displayed, respectively, 73, 82, and 91% homology to the CDR3 
of RF-WOL. M41-D has only two mutations, shared with M41-A, B, and C.

mas, significant ICV was found in IgVH (Table II). Except for
M6, all lymphomas with ICV in IgVH genes also displayed
ICV in the IgV� genes, generally of a lower degree (Table
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M6, M11, and M41) showed strong homology with CDR3
sequences of other MALT lymphomas, as well as with CDR3
sequences of rheumatoid factors (RF). Salivary gland lym-
phoma M5 and gastric lymphoma M6, both expressing a V3-
7/JH3 rearrangement, were homologous to a plethora of
IgVH-CDR3 aa sequences originating from salivary gland
MALT lymphomas, gastric MALT lymphomas, HCV-associ-
ated lymphomas, B cell clones derived of benign myoepithe-
lial sialadenitis, one DLBCL and two genuine V3-7–encoded
RFs (Table S1, available at http://www.jem.org/cgi/content/
full/jem.20050068/DC1). Salivary gland lymphoma M11,
which expressed a V1-69/JH4 rearrangement, was homolo-
gous to five normal B cell clones, one salivary gland MALT
lymphoma Isolate-4 (38), and three V1-69-encoded RFs (Ta-
ble S1). Interestingly, Isolate-4 is one of the five cases described
by Miklos et al. (38) having distinct CDR3 characteristics, in-
dicating that M11 belongs to this group which is characterized
by distinct aa motifs (ERG and NP) at the VH-DH- and the
DH-JH-junctions, respectively. Gastric MALT lymphoma
M41, which also expressed V1-69/JH4, was homologous to
HCV-associated lymphomas of different histological subtypes,
one splenic MZBCL, one salivary gland MALT lymphoma,

one gastric MALT lymphoma and finally to one RF termed
RF-WOL (reference 39 and Table S1).

We then, additionally, examined CDR3 of 35 gastric-,
26 salivary gland- and 15 pulmonary-MALT lymphomas as
well as 32 splenic MZBCL from literature and/or GenBank
(Table V). This revealed that overall 8 out of 45 (18%) gas-
tric- and 13 out of 32 (41%) salivary gland-MALT lympho-
mas expressed IgVH-CDR3 with RF homology. Three ma-
jor RF homology groups could be distinguished, i.e., nine
encoded by V1-69/JH4 (V1-69-RF), eight by V3-7/JH3
(V3-7-RF) and three by V1-69/JH4 (RF-WOL) rearrange-
ments, respectively (Table V). Intriguingly, in all cases ho-
mology areas included aa encoded by the nontemplated nu-
cleotide (N) regions (Fig. 2). In addition, gastric MALT
lymphoma ML15 (40) was homologous to another RF
termed RF-C93 (41). Noteworthy, none of the 19 pulmo-
nary MALT lymphomas expressed RF-homologous CDR3
whereas among the splenic MZBCLs, only one case ex-
pressed a CDR3 homologous to RF-WOL (Table V).

Currently, 10 genuine V1-69/JH4-encoded RFs, iso-
lated from rheumatoid arthritis patients or from healthy do-
nors immunized with mismatched red blood cells (HID),

Table IV. Amino acid sequences of the variable heavy chain CDR3 of the 24 MALT lymphomas

Patient VH-D-JH rearrangement CDR3 amino acid sequencea CDR3 length

aa
M4 V3-23 (DP47)/JH4b CTK AHVPYFDGLSPSNV WGQG 14
M5 V3-7 (DP54)/D3-3/JH3b CAR GD FWSGDY ID AFDI WGQG 14
M6 V3-7 (DP54)/D3-22/JH3b CAR GD YFDSSGSF ID AFDI WGQG 16
M8 V3-30 (DP49)/D5-24/JH5 CAK DGSEFRLIY WFDS WGRG 13
M9 V1-69 (DP10)/JH4b CAR DWAHQGETRSNFLYY WGQG 15
M11 V1-69 (DP10)/D6-13/JH4b CAR E GIAAA VNP FDY WGQG 12
M13 V4-31 (DP65)/D5-24/JH4 CAG D RGGYN LL DC WGHG 10
M14 V3-23 (DP47)/JH6 CAK QMGLAGTQR FYGLDV WGKG 15
M15 V1-18 (DP14)/JH4b CAR ATLDLDGYM DF WGQG 11
M19 V3-53/JH4b CAT PISGTYHLY Y WGQG 10
M20 V4-30.4 (DP78)/JH3b CAR DQ AFDI WGQG 6
M21 V3-23 (DP47)/D2-2/JH4b CAK DLFFV GYCTTTGC NT FDY WGQG 18
M22 V1-69 (DP88)/D4-17/JH4b CAR GSN DYGDN VPVQPH Y WGQG 15
M23 V1-69 (DP88)/JH4b CAR VSGNSH FDY WGQG 9
M30 V2-5 (VII-5)/JH1 CAQ RGGFYDSSLGFYIAPFP H WGQG 18
M41-A V1-69 (DP10)/D3-22/JH4b CAR GP DTGGYYY F Y WGQG 11
M41-B V1-69 (DP10)/D3-22/JH4b CAR GP DTGDYYY F Y GGQG 11
M41-C V1-69 (DP10)/D3-22/JH4b CAR GP DSSNYYY F Y WGQG 11
M45 V1-3 (DP25)/D3-10/JH4b CAR GTKIRGIVKPFP DY WGQG 14
M46 V3-30/30.5 (DP49)/D5-12/JH6b CAK DSGYVNFYYT MDV WGQG 13
M55 V3-7 (DP54)/D3-22/JH4b CAK WDYENSAYFLH Y WGQE 12
M56 V1-69 (DP10)/D1-14/JH4b CAR DT GN H YFDY WGQG 9
M57 V1-18 (DP14)/JH6b CAT PPPRAGDGP YYYYGMDV WGQG 17
M58 V3-53/D3-22/JH4b CAR HSYDNNAY DF WGQG 10
M60 V1-69 (DP10)/D2-15/JH5b CAR DPVD CSGGSCY LS WFDP WGQG 17
M61 V1-18 (DP14)/D2-15/JH4b CAR D YCSGGICY GG DY WGQG 13

aThe FR3 and FR4 are indicated in italics. The assignable nontemplated region-encoded amino acids are underlined.
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have been described (42). V1-69/JH4 RFs typically contain
a 12–14 aa CDR3 and are combined with an A27(kv325)-
encoded IgV� chain. Among the V1-69-RF-homologous
MALT lymphomas, only of salivary gland lymphoma M11
the IgV� is known, which indeed proved to be the canoni-
cal A27(kv325) IgV� (Table III and Table S2, available at
http://www.jem.org/cgi/content/full/jem.20050068/DC1).
WOL-RF is also V1-69/JH4-encoded, but with a distinct 13
aa CDR3, again in combination with an A27(kv325)-encoded
IgV� chain. Five V3-7 RFs have been described, isolated
from HIDs and an RA patient (42).V3-7-RFs are encoded
by V3-7/D3-22/JH3 rearrangements, typically possessing a
16–17 aa CDR3 with the D3-22 in reading-frame 2, and in
combination with an L2 (kv328)/J�1-encoded IgV� chain.
The V3-7/JH3-expressing salivary gland lymphomas M5
and SH (43) and gastric MALT lymphoma M6 indeed all co-
expressed the canonical L2 (kv328)/J�1-encoded IgV�
chain (Table III and Table S2).

IgVH-CDR3 amino acid sequences of other mature B-non 
Hodgkin’s lymphomas
For comparison, IgVH-CDR3 analyses were extended to a
comprehensive panel of other mature B-NHLs available
from literature and/or on GenBank. For most B-NHL enti-
ties, the average CDR3 aa length was comparable to that of
mature naive B cells being 13,5 aa (44). Only splenic MZB-
CLs and the IgVH-unmutated B-CLLs expressed CDR3 of
higher mean lengths (Table V). Of 48 FLs, 20 DLBCLs, 48

Burkitt lymphomas (BL) and 31 myelomas, only 16 cases
(11%) displayed CDR3 aa homology with other CDR3 se-
quences present in GenBank. Thirteen of the 16 cases re-
sembled those of normal B cells analyzed in repertoire stud-
ies (45–47). As mentioned above, one DLBCL EJ (48)
showed homology to several gastric- and salivary gland-
MALT lymphomas as well as to V3-7-RFs (Table V).

Analyses of 23 mantle cell lymphomas (MCL), deposited
on GenBank, revealed that their CDR3 displayed a high fre-
quency of homology (10 out of 23, 44%), mostly (7 cases)
with CDR3 regions of unmutated normal B cells.

We analyzed a panel of 308 B-CLLs, 165 (54%) and 143
(46%) of the IgV-unmutated and the IgV-mutated subsets, re-
spectively (Table V). Overall, the CDR3s of 97 out of the 308
B-CLLs (31%) displayed CDR3 homology, 59 of which
(19%) with CDR3s of B-CLLs (inter B-CLL homology). Of
the group of 97 B-CLLs with any homology, 75% belonged
to the IgV-unmutated subset. This relative overrepresentation
was even more outspoken among the group with inter-
B-CLL homology in which 50 out of the 59 cases (85%) were
unmutated. In fact, applying our criteria for homology, we
distinguished eight CDR3-homology groups within 37 of
these 59 B-CLLs, each of which with at least three representa-
tives (Table VI). Very recently, B-CLL homology groups, ex-
cept for our group 8, have been identified by other investiga-
tors as well based on distinct homology criteria (references
49–52 and supplemental legend to Table VI, available at http:
//www.jem.org/cgi/content/full/jem.20050068/DC1).

Table V. Comparison of IgVH-CDR3 amino acid sequences of a panel of mature B-NHL with IgVH-CDR3 amino acid 
sequences from GenBank

No. of cases with CDR3 homology

Type of lymphoma Mean CDR3 length N Overalla RFb V1-69 RFc V3-7 RFc WOL-RFc

aa (%) (%)

Gastric MALT 13.6 45 16 (36) 8 (18) 1 4 2
Salivary gland MALT 14.5 32 15 (47) 13 (41) 8 4 1
Pulmonary MALT 12.7 19 2 (11) 0 (0) 0 0 0
Other MALT NI 4 0 (0) 0 (0) 0 0 0
Splenic MZBCL 16.3 32 8 (25) 1 (3) 0 0 1
MCL 13.3 23 10 (44) 0 (0) 0 0 0
B-CLL IgVH unmutated 17.4 165 73 (44) 2 (1) 0 0 0
B-CLL IgVH mutated 13.7 143 24 (17) 0 (0) 0 0 0
FL 12.1 48 4 (8) 0 (0) 0 0 0
DLBCL 12.2 20 2 (10) 1 (5) 0 1 0
BL 12.6 48 5 (10) 0 (0) 0 0 0
Myeloma 13.0 31 5 (16) 0 (0) 0 0 0

The lymphomas used for the homology analyses are listed in the supplemental legend to this table (available at http://www.jem.org/cgi/content/full/jem.20050068/DC1).
aIndicates the number of lymphomas that show at least 75% homology, according to the criteria described, to at least one IgVH-CDR3 sequence present in GenBank.
bIndicates the number of lymphomas that show homology to known rheumatoid factor (RF) IgVH-CDR3 sequences.
cIndicates the number of lymphomas with homology to canonical V1-69-, V3-7-encoded RFs and to WOL-RF. All the B-NHL that expressed RF homologous CDR3 regions are as 
follows: Gastric MALT lymphomas: ML13 homology to V1-69-RF; ML25, ML27, ML39a, and M6 homology to V3-7-RF; ML16 and M41 homology to WOL-RF; and ML15 homol-
ogy to C93-RF. Salivary gland MALT lymphomas: Isolate 1–5, PO-1, BA-2.2, and M11 homology to V1-69-RF; G552, SH, Isolate 10, and M5 homology to V3-7-RF; and JA-1 ho-
mology to WOL-RF. Splenic MZBCL: Isolate 1 homology to WOL-RF. B-CLL unmutated: CLL011 homology to TB-3-D13-RF and ID-74 homology to SJ2-RF. DLBCL: EJ homology 
to V3-7-RF.
NI, not informative.
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A significant fraction of B-CLLs derives from poly (auto)
reactive B cells (26–30). In vitro RF reactivity has been
proven for one representative of homology group 1 (POR)
and one of group 2 (AIG) (30). Two B-CLLs, CLL-011 (53)
and ID-74 (54) (CLL-011 belonging to homology group 1),
showed CDR3 homology to two different, IgVH-unmu-
tated, RFs termed TB-3-D13 (55) and RF-SJ2 (56), respec-
tively (Table V). Poly-reactivity toward different auto-anti-
gens, including IgG, has been demonstrated for homology
group 4 member SMI (29). In addition, group 4 members
share CDR3 homology with an anti-cardiolipine Ab
(AF460965). It is noted that the B-CLLs that displayed in
vitro RF reactivity (POR, AIG, and SMI) as well as the two
B-CLLs (CLL-011 and ID-74) that displayed CDR3 ho-
mology to two unmutated RFs, all belong to the IgV-unmu-
tated B-CLL subset. This clearly contrasts with the MALT
lymphomas with V1-69-RF, V3-7-RF or WOL-RF ho-
mology as these RFs as well as the MALT lymphoma Igs are
encoded by heavily mutated IgVH genes. Finally, none of the

308 B-CLLs showed CDR3 homology to V1-69-, V3-7-,
or WOL-RFs.

RF activity of recombinant lymphoma-derived 
IgM antibodies
To prove that MALT lymphomas with RF-CDR3 homol-
ogy possess IgG-binding activity, lymphoma-idiotype-
derived Abs (LIDA) of IgM class were generated of M5, M6,
M11, and M41-A, C, and D. Since, due to shortage of
DNA, we could not resolve the IgV� of M41 we combined
each of the IgVH variants of the M41-A, C, and D subclones
with the RF-canonical IgV� chain of M22. Recombinant
IgM LIDAs were also produced of 6 MALT lymphomas
(M8, M9, M14, M21, M22, and M23), which are all devoid
of RF-CDR3 homology. As additional controls, IgM LIDAs
were generated of four follicular lymphomas (FL1, FL6	94,
FL8	92, and FL13), one B-CLL, B-CLL26, and two anti-
Rhesus(D) Ab producing B cell lines (8D8 and LOS3; refer-
ence 57). The IgVH and IgV� sequences of these FLs and

Figure 2. IgVH-CDR3 amino acid sequences of selected cases of MALT 
lymphoma with homology to IgVH-CDR3 of rheumatoid factors. MALT 
lymphomas M5/M6, M11, and M41 share homology with V3-7-RF, V1-69-RF, 
and WOL-RF, respectively. In addition, RF CDR3 homology of three MALT 
lymphoma cases from literature (ML27, Iso-3, and ML16) with V3-7-RF, 
V1-69-RF, and WOL-RF, respectively, is depicted. The amino acid sequences 

are depicted by the single letter code. FR3 and FR4, framework region 3 and 4; 
N, amino acids encoded by the nontemplated nucleotides; D, gene segment; 
JH, gene segment; |, identical amino acids; �, similar amino acids; x, non-
matching amino acids; CDR3 length, length of the CDR3 region; Hom, per-
centage of homologous amino acids; Id, percentage of identical amino acids; 
Gap, length difference in amino acids of the compared IgVH-CDR3 regions.
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B-CLL have been previously reported by us (18, 58, 59). The
lymphomas originally expressed IgM, with exception of
M14, M22 (both IgA�), and M23 FL6	94, FL8	92 (both
IgG�) (Tables I and II). RF-ELISA studies pointed out that

the LIDA of M5, M6, and M11 were indeed strongly reac-
tive with human IgG (Fig. 3). The LIDA of M9 and M22,
both with a IgVH-CDR3 region not completely fulfilling
our homology criteria but both with the RF-canonical V1-
69/JH4-A27(kv325) combination of IgVH and IgV� chains,
also displayed strong RF activity (Tables II–IV and Fig. 3).
Of note, also sera of patient M22, which contained high
concentrations (22 mg/ml and 6.5 mg/ml) of lymphoma-
related IgA paraprotein, displayed strong IgA-RF activity in
ELISA (Fig. 3). This thus independently confirmed our find-
ing with the M22-LIDA and underscored the validity of our
approach of recombinant lymphoma Ab production in the
eukaryotic expression system used. Moreover, the LIDA of
M21, not even harboring an RF-canonical IgVH rearrange-
ment but with an A27(kv325)-encoded IgV� chain, also
possessed strong RF activity. In contrast, none of the LIDAs
of MALT lymphomas M8, M14, M23, the four FLs, the
B-CLL nor the anti-Rhesus(D) Abs, all, except M23, lack-
ing canonical IgVH RF rearrangements, bound to IgG (Fig.
3). Finally, LIDA M41-A/M22 (the dominant subclone with
19 mutations) and M41-C/M22 with 20 mutations bound

Table VI. B-CLL IgVH-CDR3 amino acid sequence homology groups

Group Characteristic VH-D-JH

Mutation
status

CDR3
length

No. of
cases

aa

1 (VH1, VH5, VH7)/D6-19 (frame 3)/JH4 unmutated 11–12 9
2 (V1-69/V4-34)/D2-2 (frame 3)/JH6 unmutated 18–20 6
3 V4-34/D5-5 (frame 1)/JH6 mutated 18 3
4 V1-69/D3-16 (frame 3)/JH3 unmutated 19 3
5 (V1-2/V1-3)/D1-26 (frame 3)/JH6 unmutated 15 3
6 V4-39/D6-13 (frame 1)/JH5 unmutated 16-17 5
7 V1-69/D3-10 (frame 3)/JH6 unmutated 18 5
8 (V1-2/V1-46)/D3-22 (frame 2)/JH4 unmutated 17 3

The B-CLL cases of the eight IgVH-CDR3 homology groups and the resemblance of 
homology groups 1–7 to earlier described B-CLL homology groups are in the 
supplemental legend of this table.

Figure 3. RF activity of lymphoma-idiotype-derived antibodies. 
(a) Titration of IgM LIDAs M5, M6, M9, M11, M21, M22, M41-A, M41-B, 
FL6’94, B-CLL26, 8D8, and RF control serum in the IgM-RF ELISA. The LIDAs 
M8, M14, M23, M41-D, FL1, FL8’92, FL13, and LOS3 did not react with human 
IgG and showed a similar binding curve as that of FL6’94. (b) Binding 
activity of IgM LIDAs, RF control serum, and anti-Rh(D) control IgM Abs 
(LOS3 and 8D8) in the IgM-RF ELISA. All samples were tested at a stratified 

concentration of 500 ng/ml IgM. The ABS 450 nm is plotted without sub-
traction of the background (BG) ABS 450 nm. (c) IgA-RF ELISA of two serum 
samples of M22 and as controls an IgA anti-Rh(D) Ab (VT-7G3), an IgA-RF-
containing serum, the RF control serum that was also used in the IgM-RF 
ELISA, and two negative-control serum samples, respectively. All samples 
were tested at a stratified concentration of 20 �g/ml IgA. The net ABS 450 
nm is plotted with subtraction of the background ABS 450 nm.
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IgG in ELISA whereas the LIDA of M41-D/M22 (a sub-
clone with only two mutations) did not (Figs. 1–3).

We next tested the binding capacities of the RF� LIDAs
of M5, M6, M9, and M11 with recombinant IgG1 and IgG3
preparations. The LIDA of M5, M6, and M9 reacted with
IgG1 only. M11 reacted with both IgG1 and IgG3, and may
thus be a pan-IgG reacting RF (unpublished data). In chronic
gastritis, RF-expressing B cells may theoretically be stimu-
lated by IgG coated on H. pylori or due to existence of cross-
reacting epitopes between H. pylori and IgG-Fc. Upon com-
parison, one H. pylori (strain 26695, GenBank/EMBL/DDBJ
accession no. AE000511) peptide, of the gene product
“virulence-associated protein homologue VacB” (GenBank/
EMBL/DDBJ accession no. AAD08293), was found to share
68% homology with aa 336–354 of the IgG1 Fc at the CH2-
CH3 junction. However, none of M5, M6, M8, M9, M11,
or M14 LIDA, with or without RF activity, reacted with a
synthetic “336-354” peptide, nor did this peptide block the
binding of the RF-LIDAs to IgG. In addition, no binding of
any of these LIDAs to H. pylori–infected HM02 epithelial
cells (strains 26695 and 1061) was observed. In addition, all
LIDAs lacking RF-activity (M8, M14, M23, FL1, FL6	94,
FL8	92, FL13, and B-CLL26) showed no antinuclear anti-
body (ANA) activity on Hep2 cells either (unpublished data).

To explore whether other BCR ligands are present
within the tissue of MALT lymphomas or FLs, we also pro-
duced LIDAs of the IgG class of 3 (non-RF-CDR3-homol-
ogous) MALT lymphomas (M8, M14, and M15) and of 4
FLs (FL1, FL3	93, FL6	94, and FL63; reference 18). These
LIDAs were FITC-labeled and tested immunohistochemi-
cally for reactivity on the corresponding lymphoma tissues.
In none of these experiments however we detected reactiv-
ity with any tissue components (unpublished data).

DISCUSSION
We systematically analyzed the immunoglobulin repertoires
of a comprehensive panel of mature B-NHLs. Unbiased
comparison of IgVH-CDR3–encoded aa sequences of indi-
vidual B-NHLs with all IgVH-CDR3 presently available in
GenBank revealed distinct patterns of the various B-NHL
entities. This provided interesting clues concerning their po-
tential ligands, which was functionally confirmed for the
group of MALT lymphomas.

FLs, DLBCLs, BLs, and myelomas all exhibited a low
degree of overall IgVH-CDR3 sequence homology (Table
V). In none of these 147 B-NHLs, recurrent IgVH-CDR3
motifs were found. The majority of the homologous lym-
phomas expressed CDR3 that resembled those present in
normal B cells. A few, however, shared homology with
B-CLL and MALT lymphomas. One DLBCL displayed ho-
mology with gastric- and salivary gland-MALT lymphomas
as well as with V3-7-RFs (Table V). Thus, in general FL,
DLBCL, BL, and myelomas, all carrying significantly hyper-
mutated IgV genes, seem to recognize unique epitopes, sug-
gesting that they arise randomly out of the pool of B cells se-
lected for nonself-antigens, most likely during the germinal

center reaction. This is in accordance with previous observa-
tions that the germline IgVH gene usage of these B-NHLs is
similar to that of normal peripheral B cells (18, 60). In con-
trast, B-CLL and MCL cases showed a high degree of overall
CDR3 homology (31 and 44%, respectively) (Table V). Fo-
cusing on B-CLL that shared CDR3 homology with at least
two other B-CLL (which held for 37 out of the 308 B-CLL
analyzed), we distinguished eight CDR3-homology groups
(Table VI). These homology groups in part overlap with
B-CLL subgroups as reported by others (49–52). Inter-B-CLL
homology was largely confined to the IgVH-unmutated sub-
set, which shows a strong bias toward V1-69 usage (53): 62
out of 165 (38%) IgVH unmutated B-CLL expressed V1-69,
most often (34/62, 55%) combined with JH6. In addition,
the previously described poly-autoreactivity of a significant
fraction of B-CLL was also clearly reflected in our study:
Eighteen B-CLLs shared CDR3 homology with either of
five B-CLL for which reactivity with auto-Ags such as IgG
(RF), cardiolipin or myoglobulin has been reported (29, 30).
Although the number of available MCL IgVH-CDR3 se-
quences was limited, we observed overall homology for al-
most half of the cases with CDR3 of unmutated IgVH genes
of normal B cells. Still, MCLs are different from B-CLLs
with respect to the IgVH repertoire bias, i.e., with preferen-
tial usage of V3-21 and V4-34 IgVH genes by MCLs (61, 62).

MALT lymphomas were found to express a highly dis-
tinctive IgVH repertoire, confirming and extending earlier
reports by the groups of Miklos et al. (38) and De Re et al.
(63) on salivary gland MALT lymphomas and HCV-associ-
ated B cell lymphomas, respectively. Out of a total of 100
MALT lymphomas that we analyzed, 33 cases shared CDR3
aa homology with other, previously published, CDR3.
Twenty-one of these 33 MALT lymphomas harbored, ac-
cording to the criteria chosen, significant homology to RF-
related CDR3 and, except for one case, could be classified
into either of 3 canonical RF groups; V1-69-RFs, V3-7-
RFs and WOL-RFs (Table V). In addition, 5 salivary gland
MALT lymphomas were included, reported by Bahler et al.
(43, 64) and Miklos et al. (38), which did not completely
fulfill our stringent criteria for V1-69-RFs, but did express
the typical V1-69/JH4 RF gene rearrangement. The RF-
homology group solely involved gastric- and salivary gland-
MALT lymphomas. The in vitro binding studies with the
recombinant LIDA formally proved that MALT lymphomas
with canonical RF IgVH- and IgV�-chain rearrangements
and RF-CDR3 homology indeed posses strong RF activity
(Fig. 3). Moreover, MALT lymphomas M9, M21, and M22,
which did not match our criteria for RF homology but of
which M9 and M22 expressed the canonical RF V1-69/JH4
rearrangement, also exhibited strong IgG-binding capacity in
vitro (Fig. 3). Thus, the actual proportion of MALT lym-
phomas with specificity for human IgG is likely to be higher
than calculated on basis of our arbitrary homology criteria.

The degree of RF-CDR3 homology found in the 21
MALT lymphomas is strikingly high, taking into account that
it concerns heavily mutated IgVH genes and that homology in-
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cluded N-region encoded aa residues (Fig. 2). This suggests a
distinct pathogenesis and indicates that these lymphomas orig-
inate from precursors strongly selected for auto-IgG specific-
ity. The latter notion is well supported by the finding that the
LIDA of the major subclone of M41 (M41-A), with 19 so-
matic mutations, and M41-C, with 20 mutations, exhibited
significant intrinsic IgG-binding activity of the expressed IgVH

chains, whereas this could not be measured of a presumed an-
cestral subclone, M41-D, with 2 mutations (Figs. 1 and 3).

MALT lymphomas typically evolve in a background of
chronic inflammation due to infection or autoimmunity.
Evidence exists that the tumor B cells in gastric MALT lym-
phoma are not H. pylori–specific but largely depend on
CD40 stimulation by H. pylori–specific T helper cells (23). It
has recently been reported, in a murine model, that RF-
expressing B cells can be selectively activated in a T cell in-
dependent manner by IgG-chromatin complexes through the
synergistic engagement of the BCR and toll-like receptor 9
(TLR9; reference 65). TLR9 is expressed in the endoplas-
mic compartment and serves as pathogen sensor that binds
unmethylated CpG DNA motifs which are more common
in bacterial than in mammalian DNA. In the human system,
CpG-DNA was shown to trigger T cell independent prolif-
eration of memory B cells, but not of naive B cells, which
correlated with the levels of TLR9 expression of memory
and naive B cells, respectively (66, 67). Stimulation of TLR9
may thus, parallel to the CD40/CD40L pathway, operate in
lymphoproliferations of MALT. In gastric MALT, RF B
cells may receive synergistic signals of the RF-BCR by IgG–
H. pylori complexes and of TLR9 by H. pylori DNA. Also in
inflamed salivary gland tissue in Sjögren’s syndrome, as well
as in other autoimmune diseases, RF B cells may receive
these signals of the BCR and TLR9 by complexes of IgG
and DNA released during normal or pathological cell death.
This scenario clearly lends support from the fact that virtu-
ally all Sjögren’s syndrome patients produce antinuclear anti-
bodies (ANA), including anti-SS-A and SS-B antibodies.

The most frequent genetic alteration found in MALT
lymphoma is the t(11;18)(q21;q21) encoding an API2-
MALT1 fusion product that constitutively activates the NF-
�B pathway (68). The t(11;18) is present in �40 and �25%
of pulmonary- and gastric-MALT lymphomas respectively
whereas it is virtually absent in MALT lymphomas of the sali-
vary gland (�2%; references 69–71). We found that �40% of
the salivary gland- and �20% of the gastric-MALT lympho-
mas express RF-like BCRs whereas we did not identify RF-
like BCRs in any of the 19 pulmonary MALT lymphomas. In
addition, none of the MALT lymphomas with a t(11;18) pos-
sessed RF-CDR3 homology (Table VII). Accordingly, the
LIDA of the t(11;18)� lung lymphoma M23 did not bind IgG
in vitro (Fig. 3). This tentative inverse relation between RF-
specificity and the t(11;18) suggests that MALT lymphomas
containing t(11;18) do not depend for their expansion on
BCR-, CD40-, or TLR9-mediated NF-�B activation (Table
VII). The fact that t(11;18)� gastric lymphomas are resistant to
H. pylori eradication therapy is in support of this hypothesis

(14, 15). By contrast, the t(11;18)� gastric and salivary gland
MALT lymphomas with RF BCR may need chronic stimu-
lation by IgG in Ag-Ab complexes in gastric- and salivary
gland-MALT lymphomas e.g. as IgG–H. pylori and IgG-ANA
complexes, respectively. Finally, the different Ig repertoire of
t(11;18)� MALT lymphomas, as compared with MALT lym-
phomas devoid of this translocation, indicates that this genetic
alteration as such provides growth advantage and occurs be-
fore the selection process favoring RF-expressing clones.

MATERIALS AND METHODS
Patient material and immunohistochemistry. Frozen or paraffin-
embedded tissue of 23 low-grade and one large cell (M22) MALT lympho-
mas was obtained from the Westeinde Hospital, The Hague; the Free Uni-
versity Medical Center, Amsterdam; The Netherlands Cancer Institute,
Amsterdam and the Academic Medical Center, Amsterdam, The Netherlands.

Tumor cell immunophenotypes were determined by immunohisto-
chemical stainings on acetone-fixed cryostat sections and on formalin-fixed
paraffin embedded sections using the highly sensitive Powervision� detec-
tion system (ImmunoVision Technologies). Monoclonal antibodies used:
IgM, �- and �-light chains (Becton Dickinson), IgG, IgA, CD20 (L26; Da-
koCytomation), CXCR3 (1C6; BD Biosciences), and �4�7 (Act-1).

M22 was a large cell lymphoma consisting of immunoblasts which had
developed in a patient suffering from Sjögren’s syndrome. The original diag-
nosis MALT lymphoma was not made in our hospital and unfortunately we
were not able to recollect material from previous biopsies. This lymphoma
most likely developed from a MALT-associated clone given the expression
of IgA, CXCR3, the mucosa homing receptor �4�7 as well as the obvious
plasmacytoid differentiation with the concurrent lymphoma-related parapro-
teinemia. These are characteristics highly compatible with extranodal mar-
ginal zone lymphomas but extraordinary for diffuse large B cell lymphomas.

This study was conducted in accordance with the ethical standards in our
institutional medical ethical committee on human experimentation, as well as
in agreement with the Helsinki Declaration of 1975, as revised in 1983.

DNA and RNA isolation; cDNA synthesis; and IgVH, IgV�, and
t(11;18) RT-PCR. DNA was isolated from paraffin sections by over night
proteinase K digestion. RNA was isolated from frozen sections using the

Table VII. Relation between the presence of t(11;18) and 
RF-CDR3 homology and/or RF activity of MALT lymphoma 
immunoglobulins

t(11;18)
and RF homology/

activity of
24 MALT lymphomas

Frequencies of t(11;18)
and RF homology among
MALT lymphoma cohorts

t(11;18)a

n � � n t(11;18)b n RF-CDR3c

(%) (%)

Salivary gland 6 0 (0) 6 (4) 114 2 (2) 32 13 (41)
Gastric 10 5 (0) 5 (2) 209 50 (24) 45 8 (18)
Pulmonary 4 3 (0) 1 (0) 113 47 (42) 19 0 (0)
Other MALT 4 0 (0) 4 (1) ND NA 4 0 (0)

aNumbers in parentheses indicate quantity of cases with RF-CDR3 homology and/or 
in vitro RF activity.
bThe data on t(11;18) and MALT lymphoma localization refer to combined data 
described previously (69–71).
cData adapted from Table V.
NA, not applicable.
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TRIzol reagent (Invitrogen) and cDNA was synthesized with Pd(N)6 ran-
dom primers. The IgVH and IgV� genes were amplified using IgVH and IgV�

family-specific leader primers combined with the appropriate reverse primer
being either JH, C�, C�, C�, J�, or C�. To determine the clonally ex-
pressed IgVH gene of the tumor B cells, the CDR3 region was also amplified,
directly on cDNA and in nested PCRs on the IgVH family-specific PCR
products, using a forward primer specific for the framework region 3 (FR3)
in combination with one of the different nested downstream primers specific
for JH, C�, C�, C� or C�. The PCR programs and primers sequences were
described previously (18, 58). Translocation t(11;18) was determined using
the primers and the PCR program as described by Liu et al. (15).

Cloning and sequencing. IgV RT-PCR products of MALT lymphomas
were either directly sequenced or cloned into pTOPO-TA-vectors and
transformed into TOP10 bacteria (Invitrogen), to generate molecular IgV
clones. Sequencing on both strands was performed by an ABI sequencer
(Applied Biosystems) using the big dye-terminator cycle-sequencing kit.
To identify the IgV germline gene used and the somatic mutations therein,
the consensus sequence of each MALT lymphoma was compared with
published germline sequences, using the Vbase database (72) and DNAplot
on internet (http://www.mrc-cpe.cam.ac.uk). The IgV sequences of the
MALT lymphomas were deposited on GenBank/EMBL/DDBJ (accession
nos. AY281324-AY281343, AY466502, AY466503, AY561708 and
AY927657-AY927668). The degree of intraclonal variation (ICV) of IgVH

genes and IgV� genes was calculated as the mean number of nucleotide dif-
ferences of each molecular clone as compared with the consensus IgVH or
IgV� sequences (18). ICV was considered significant if exceeding 0.4 muta-
tions/clone.

Production of IgM antibodies derived of B-NHL. Recombinant
IgM� antibodies of the lymphomas (lymphoma-idiotype-derived Ab
[LIDA]) of patients M5, M6, M8, M9, M11, M14, M21, M22, M23, M41,
FL1, FL6	94, FL8	92, and B-CLL26 were produced using the pIgH(�)
and pIgL(�) expression vectors as described previously (59). In brief, the
IgVH and IgV� sequences of each of these lymphomas, including one EBV
B cell clone (8D8), which produces a human monoclonal antibody specific
for the erythrocyte Rhesus(D) blood group antigen (57), were each cloned
into the pIgH(�) and pIgL(�) vectors respectively. For production of re-
combinant antibody, 10 �g pIgH(�) and 10 �g pIgL(�) were linearized
with PvuI and cotransfected into SP2/0 myeloma cells by electroporation.
Subsequently, the transfected cells were selected in geneticin-containing
medium. The IgVH of M41-A, C, and D were expressed with the IgV� of
M22. An Ig-secreting heterohybridoma of an IgM� expressing FL FL13
(18), was produced by electrofusion with F3B6 (73) as described previously
(74). LOS3 and VT-7G3 are an IgM� and an IgA� anti-Rhesus(D)-secret-
ing EBV B cell clone, respectively (57). Supernatants were screened for
IgM� or IgM�, using ELISAs as described previously (57). The pIgH(�)
and pIgL(�) expression vectors were provided by J. van Es and T. Logten-
berg (Utrecht Medical Center, Utrecht, The Netherlands).

LIDA reactivity in rheumatoid factor ELISA and on H. pylori–
infected HM02 cells. LIDA reactivity with hIgG was determined using
the IgM Rheumatoid Factor ELISA kit (Sanquin) according to the manu-
facturer’s instructions. The plates were developed using TMB as substrate, as
described previously (57). For IgA RF activity, a HRP-labeled rabbit anti-
IgA Ab (DakoCytomation) was used. The “336-354” IgG1 Fc peptide was
coated at 4 �g/ml, incubated with LIDA, followed by mAb anti-IgM-HRP
(MH15/1-HRP; Sanquin), and developed as described previously (57). For
blocking RF activity, LIDAs were tested in RF-ELISA in the presence of a
50–500 molar excess of the “336-354” IgG1 Fc peptide. To detect LIDA
reactivity with H. pylori, �80% confluent cultures of HM02 cells were in-
cubated with 2*106 CFU H. pylori (strains 1061 and 26695) and cultured for
1 wk. The cells were then fixed with methanol-aceton (1:1), immunocy-
tochemically stained with LIDA, HRP labeled rabbit anti-IgM Ab (Dako-
Cytomation) and developed with AEC as substrate.

Online supplemental material. Table S1 summarizes the IgVH-CDR3
amino acid sequence homology of MALT lymphomas M5, M6, M11, and
M41 with other normal and malignant B cells as well as with RF-producing
B cells. Table S2 gives an overview of the IgV�-CDR3 amino acid se-
quences of the MALT lymphomas of Table III. The supplemental legend to
Table V summarizes all lymphomas used in the IgVH-CDR3 homology anal-
ysis. The supplemental legend to Table VI depicts the B-CLL cases belonging
to the eight IgVH-CDR3 homology groups and their resemblance to homol-
ogy groups as described previously (49–52). Online supplemental material is
available at http://www.jem.org/cgi/content/full/jem.20050068/DC1.
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The majority of cutaneous marginal zone B-cell lymphomas expresses
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Extranodal marginal zone B-cell lympho-
mas (MZBCLs) arise on a background of
chronic inflammation resulting from or-
gan-specific autoimmunity, infection, or
by unknown causes. Well-known ex-
amples are salivary gland MZBCL in
Sjögren’s sialadenitis and gastric MZBCL
in Helicobacter pylori gastritis. MZBCLs
express CXCR3, a receptor for interferon-
�–induced chemokines highly expressed
in the chronic inflammatory environment.
The immunoglobulin (Ig) variable heavy/

light chain (IgVH/IgVL) gene repertoire of
salivary gland and gastric MZBCL ap-
pears restricted and frequently encodes
B-cell receptors with rheumatoid factor
reactivity. Primary cutaneous marginal
zone B-cell lymphomas (PCMZLs) are re-
garded as the skin-involving counter-
parts of extranodal MZBCLs. Although
PCMZLs have been associated with Borre-
lia burgdorferi dermatitis, PCMZLs gener-
ally arise because of unknown causes.
We studied an extensive panel of PCM-

ZLs and show that PCMZLs do not con-
form to the general profile of extranodal
MZBCL. Whereas most noncutaneous
MZBCLs express IgM, PCMZLs in major-
ity express IgG, IgA, and IgE and do not
show an obvious immunoglobulin reper-
toire bias. Furthermore, the isotype-
switched PCMZLs lack CXCR3 and seem
to arise in a different inflammatory envi-
ronment, compared with other extranodal
MZBCLs. (Blood. 2008;112:3355-3361)

Introduction

Extranodal marginal zone B-cell lymphomas (MZBCLs), also
known as mucosa-associated lymphoid tissue (MALT) lympho-
mas, generally arise on a background of a chronic inflammation.
Well-known examples are gastric MZBCLs associated withHelico-
bacter pylori infection, and salivary gland MZBCLs linked to
Sjögren’s syndrome.1 MZBCLs are composed of heterogeneous
populations of small B lymphocytes, including centrocytic and
monocytoid cells, plasma cells, and sometimes scattered immu-
noblasts and centroblasts. The tumor cells express CD20, CD22,
CD79, and BCL2 and are typically CD5�, CD10�, and BCL6�.2

Like chronic lymphocytic leukemias, but in contrast to all other
B-cell non-Hodgkin lymphomas, MZBCLs express the chemo-
kine receptor CXCR3.3-6 Recurrent genetic aberrations in
MZBCL include the t(11;18)(q21;q21) API2-MALT1 and t(14;
18)(q32;q31) IgH-MALT1 translocations, as well as trisomies of
chromosomes 3 and 18.7

MZBCLs resemble antigen-selected memory B cells, reflected
in the expression of mutated immunoglobulin (Ig) genes, mostly of
the IgM isotype, and generally with low replacement over silent
(R/S) mutation ratios in the framework regions (FRs).3,8 By
studying the complementary determining region 3 (CDR3) se-
quences of Ig variable heavy chain (IgVH) genes, we3 and others9

have shown that gastric and salivary gland MZBCLs express a
restricted B-cell receptor repertoire with frequent homology to
canonical, V1-69/JH4– or V3-7/JH3–encoded, rheumatoid factors.
Recombinant expression of lymphoma-derived IgM antibodies

confirmed this auto-reactivity for IgG in an enzyme-linked immu-
nosorbent assay.3

Primary cutaneous marginal zone B-cell lymphomas
(PCMZLs), by virtue of their histology and immunophenotype,
are regarded as the skin-involving counterparts of MALT
lymphomas.10-12 In certain areas of Europe, cases with PCMZLs
were linked to previous infection with Borrelia burgdorferi;
however, this was not found among PCMZLs from Asia or the
United States.13-17 Overall, the etiology for most PCMZLs is
unknown. Inconsistent findings have been reported for genomic
aberrations in PCMZLs. Most remarkable was the near-
complete absence of the t(11;18) API2-MALT1 translocation in
the PCMZLs.7,14,18-22 Variable frequencies were found for the
t(14;18) translocation, including one study reporting MALT1,
but also BCL2 as the translocation partner of IgH.7,22,23 In
addition, 2 cases have been reported by Streubel et al18

harboring a t(3;14) FOXP1/IgH translocation.
Previously, IgVH sequences of a total of 14 PCMLs have been

analyzed by 4 independent groups.24-27 To extend our previous
findings on Ig usage by extranodal MZBCLs, we conducted a
detailed Ig gene analysis of an extensive cohort of PCMZLs.
Furthermore, we analyzed the inflammatory environment in which
the PCMZLs arise. The combined results indicate that the majority
of PCMZLs essentially differ from their counterparts at other
extranodal sites.
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Methods

Patient material

Frozen as well as paraffin-embedded tissues of 17 PCMZLs were obtained
from the Department of Dermatology from the Leiden University Medical
Center (Leiden, The Netherlands) and paraffin-embedded tissue material of
25 PCMZLs was provided by the Department of Dermatology from the
Medical University of Graz (Graz, Austria). Paraffin-embedded material of
CM43 was obtained from the Department of Pathology and Laboratory
Medicine, University Medical Center Groningen (Groningen, The Nether-
lands), and frozen material of CM44 was derived from the Department of
Pathology at the Academic Medical Center (Amsterdam, The Netherlands).
Diagnoses had been established by consensus of national panels of experts
on cutaneous lymphoma, applying the World Health Organization-
European Organization for Research and Treatment of Cancer classifica-
tion. All lymphomas expressed CD20 (and CD79a), BCL-2, and lacked
expression of CD10, and BCL-6 or CD5.10 Monoclonality had been
confirmed in all cases either by immunohistochemistry, polymerase chain
reaction (PCR), or both. Reverse-transcribed PCR (RT-PCR) for t(11;18)
demonstrated the absence of the API-MALT1 translocation in 11 cases
tested (CM01, CM03, CM04, CM05, CM07, CM08, CM11, CM15, CM17,
CM35, and CM37). Light chain restriction was established for all cases:
CM01, 02, 03, 04, 06, 07, 08, 09, 11, 14, 15, 16, 17, 18, 20, 22, 26, 31, 34,
35, 36, 37, 43, and 44 expressed kappa, whereas CM05, 10, 13, 19, 21, 23,
24, 25, 27, 28, 29, 30, 32, 33, 38, 39, 40, 41, and 42 expressed lambda.
The study was performed in accordance with the ethical standards and

approved by the research code committee on human experimentation of the
Academic Medical Center of Amsterdam.

RNA isolation and cDNA synthesis

Tissue sections from paraffin-embedded material were deparaffinized in
xylol followed by ethanol. The dried pellet was dissolved and incubated
with 500 �g/mL of Proteinase K (Roche Diagnostics, Almere, The
Netherlands) in lysis buffer (10 mM of Tris-HCl, pH 8.0, 0.1 mM of
ethylenediaminetetraacetic acid, pH 8.0, 2% sodium dodecyl sulfate,
pH 7.3) at 56°C until complete lysis, after which RNA extraction was
performed with TRIZOL. Preceding cDNA synthesis, this RNA was
heated for 90 minutes at 70°C.28 Frozen material was directly dissolved
in TRIZOL, and RNA isolation was performed according to the
manufacturer’s instructions. The RT mix contained the following:
0.1 mM Pd(N)6 random primers (GE Healthcare, Little Chalfont, United
Kingdom), 8 U/�L of Moloney murine leukemia virus RT (Invitrogen,
Carlsbad, CA), 1 mM of each dNTP, and 1.2 U/�L of RNase inhibitor
(Roche Diagnostics) in 1� first strand buffer (Invitrogen). The
reaction was performed for 1 hour at 37°C, followed by 10 minutes
of inactivation at 95°C.

IgVH-CDR3 analysis

PCR amplification of the IgVH-CDR3 regions used a forward primer in
framework region 3 (FR3) in combination with reverse primers specific for
JH, C�, C�, C�, C�,24 and C� (5	-CGGAGGTGGCATTGGAGG-3	).
Subsequently, a second PCR was performed in which the appropriate
constant region primers for each tumor were combined with any of the VH
gene family-specific primers. In 2 cases where cDNA quality was not
sufficient to produce a VH-family PCR product, a part of the VH gene was
amplified using an FR2 primer. Immunoglobulin light chain V (IgVL) genes
were amplified, using V
-family specific primers in combination with a
C
-primer.29 Reaction-mixture contents and the amplification programs for
the PCRs were performed as described previously, with the exception that
Taq Platinum (Invitrogen) was used as polymerase enzyme. Sequencing on
both strands was performed using the big dye terminator v1.1 cycle
sequencing kit (Applied Biosystems, Foster City, CA). Pseudo-clonality
was excluded by a second independent PCR, confirming the Ig sequence of
the tumor. The sequences were compared with the Vbase30 and IMGT/V31

Ig databases to obtain the VHDJH rearrangement and mutational status.32,33

IgVH-CDR3 amino acid sequences were compared with each other and
blasted to GenBank (with the blastp-algorithm).34 A sequence was consid-
ered to be homologous when 1) sharing at least 75% amino acid sequence
homology and 2) a length difference between the CDR3 sequences did not
exceed 3 amino acids (maximum gap of 3 amino acids).3

IgVH-sequences are deposited to GenBank with accession numbers
EU835546-EU835559.

Immunohistochemistry

CXCR3, CD20, and CD3 expression was visualized on frozen as well as
paraffin-embedded tissue sections, with monoclonal antibodies against
CXCR3 (clone 1C6, BD Biosciences PharMingen, San Diego, CA), CD20
(clone L26, DakoCytomation Denmark, Glostrup, Denmark), and CD3
(clone SP7, Lab Vision, Fremont, CA) in combination with the
Powervision�poly-HRP detection system (Vision Biosystems, Norwell,
MA). Heat-induced epitope retrieval was performed on the paraffin sections
in Tris/ethylenediaminetetraacetic acid (tris(hydroxymethyl)aminomethane/
ethylenediaminetetraacetic acid) buffer (10 mM/1 mM, pH 9.0) for
10 minutes at 100°C. 3-Amino-9-ethylcarbazole was used as chromogen
and hematoxylin for nuclear counterstaining. Images were acquired on an
Olympus BX51 microscope, using a UPlanApo 40�/0.85 objective, in
combination with an Olympus DP70 digital camera and corresponding
camera control software DPmanager and DPcontroller v.1.2.1.107 and .108,
respectively (Olympus, Tokyo, Japan), and further processed with Adobe
Photoshop 7.0 (Adobe Systems, San Jose, CA). Included in the analysis
were only those cases in which the B and T cells, visualized with CD20 and
CD3 stainings, were discernable as distinct populations, thus enabling an
assessment of CXCR3 expression by the tumor B cells.

Cytokine RT-PCR

For semiquantitative RT-PCR, the cDNAs from frozen tissues were applied
in 2 dilutions, usually 1:20 and 1:100. Based on satisfactory results in the
actin RT-PCR, samples were selected for further analysis. PCR mixture
contents were the same as for Ig-PCRs, combined with the following primer-
pairs: interferon-� (IFN-�)-forward 5	-GCAGAGCCAAATTGTCTCCT-3	;
IFN-�-reverse 5	-ATGCTCTTCGACCTCGAAAC-3	; CXCL10-forward
5	-GGAACCTCCAGTCTCAGCACC-3	; CXCL10-reverse 5	-CAG-
CCTCTGTGTGGTCCATCC-3	; interleukin-12 (IL-12)-forward
5	-ATTGAGGTCATGGTGGATGC-3	; IL-12-reverse 5	-AATGCTG-
GCATTTTTGCGGC-3	; IL-4-forward 5	-TGCCTCCAAGAACA-
CAACTG-3	; IL-4-reverse 5	-AACGTACTCTGGTTGGCTTC-3	; actin-
forward 5	-CATGGACAAAATCTGGCACCACA-3	; actin-reverse 5	-
CCACTGCACACTTCATGATGGAG-3	. After a hotstart for 4 minutes at
95°C, the first 10 cycles of amplification were performed: successively
60 seconds at 95°C, 30 seconds at 57°C, and 60 seconds at 72°C. The next
20 (CXCL10), 25 (actin), or 30 (IFN-�, IL-12, IL-4) cycles of amplifica-
tion consisted of 30 seconds at 95°C, 30 seconds at 55°C, and 60 seconds
at 72°C. The reaction was completed for 6 minutes at 72°C. PCR products
were densitometrically scored with Image-Pro Plus v5 (Media Cybernetics,
Bethesda, MD) and categorized into 3 levels: no expression (� 5% of the
maximally measured signal in the panel, per gene), little expression
(5%-50% of maximum), and a high expression level (a signal  50% of the
maximum). By ranking these expression levels 0, 1, or 2, respectively, a
maximum ranking of 4 was assigned per patient (being the sum of both
dilutions). Statistical significance was determined with a Mann-Whitney
rank-sum test.

Results

Immunoglobulin heavy and light chains

RT-PCRs were performed with IgVH-family–specific leader prim-
ers or FR2/FR3 primers in combination with JH6 or constant region
primers. Of 21 PCMZLs, the IgVH-CDR3 sequence of the tumor
clone was resolved. Three PCMZLs expressed IgM, of which
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2 coexpressed IgD. Ten PCMZLs expressed IgG and 2 PCMZLs
expressed IgA. Furthermore, 3 PCMZLs expressed both IgG and
IgA and 3 PCMZLs expressed both IgG and IgE. In each of these
6 cases, the isotype switch variants were derived of the same
precursor clone, as judged by IgVH-CDR3 sequence and shared
mutations. The VH germ line gene could be determined for 11 of
21 PCMZLs, demonstrating that 5 cases used VH1 and 6 used VH3.
The results of the IgVH analyses are summarized in Table 1.
Similarly, V
 family leader primers combined with a C
 primer
identified the kappa-rearrangement for 7 PCMZLs: 3 used V�1, one
used V�2, and 3 used V�3 (Table 2). Mutation frequencies within
the IgVH gene varied between 4 and 43 mutations, with a mean
number of mutations of 26, whereas 5 to 28 mutations (mean, 14)
were found in the IgVL sequences. Analysis of the R/S ratios in the
FR regions of IgVH according to Chang and Casali35 established
that 3 of 8 PCMZLs were significantly below the ratio that would
be expected in case of random mutation.

IgVH -CDR3 repertoire

IgVH-CDR3 amino acid sequences from this study, but also those
published by Bahler et al,27 Roggero et al,26 and 3 sequences
obtained from our previous study,24 were compared with each other
and blasted against GenBank, and analyzed according to previously
defined criteria (“IgVH-CDR3 analysis”). These analyses revealed

that there was no IgVH-CDR3 homology among the 33 PCMZLs.
In total, 15 PCMZLs displayed IgVH-CDR3 amino acid sequence
homology to those of other Ig sequences from GenBank, without
any obvious bias. Most homologies matched to Ig sequences from
healthy donors. Case 2 from the study of Bahler et al27 displayed
IgVH-CDR3 homology to a rheumatoid factor, both with a V3–30/
JH4 rearrangement. The IgVH-CDR3 sequence of CM21 was
homologous to those of 5 chronic lymphocytic leukemia cases,
which, according to homology criteria of Stamatopoulos et al,36 can
be assigned to homology subset 7. Patient 7 from Aarts et al24 was
homologous to a gastric MALT lymphoma, although the VH-gene
rearrangement did not match (VH1-2 for patient 7 and VH3-30 for
the gastric MALT lymphoma). A detailed overview of the results is
provided as Table S1 (available on the Blood website; see the
Supplemental Materials link at the top of the online article). Table 3
summarizes the analysis on rheumatoid factor homology in PCM-
ZLs compared with other extranodal MZBCLs.

Tumor environment

It has been established that virtually all extranodal and splenic
MZBCLs express CXCR3.3-6,37 Immunohistochemical staining on
PCMZL tissues revealed that a proportion of the infiltrating T cells
express CXCR3; however, the tumor B cells were negative in all
PCMZLs tested, except for CM04, CM13, and CM43 (Figure 1;

Table 1. IgVH sequence analysis of cutaneous MZBCLs

Patient
no.

Ig isotype
(RT-PCR) IgVH rearrangement

No. of
mutations

R/S ratio
FR CDR3 sequence

CDR3- length
(aa)

CM01 C�4 V1-69/D3-10/JH6 25 0.9* CAR ATYSGSEQYDFDSSSYLDV WGKG 19

C� V1-69/D3-10/JH6 33 2.6* CAG VDYSDSGRHYSFSASYFDV WGKG 19

CM03 C�1/C� V3-30/D2-8/JH4 20 2.6 CAK GGMVSTIPIDY WGQG 11

CM04 C�/C� V3-9/D2-8/JH4 19 2.3 CAK DVDIVLMIFSFRSRGFDS WGQG 18

CM06 C�/C� ND ND ND CAR GKTAVVGAPGYYFDY WGQG 15

CM07 C�/C� ND ND ND CAT VRLDSPY(S/A)FAY WGQG 11

CM08 C�4 V3-30/D3-9/JH4 43 1.3* CAS LRMSIDRGFDC WGQG 11

CM10 C� V1-08/D3-10/JH4 41 2.1* CGR VLNTPAHRPIRGLIAY WGQG 16

CM11 C� V1-69/D6-6/JH4 4 ND CAR AVDFDSSSSYSF WGQG 12

CM13 C� V3-72/D6-19/JH3 12 1.3 CVR GYSIGWPYDALAR WGQG 13

CM15 C�1/C� V3-53/D2-2/JH3 24 3.6 CAR ENPRHDVFDI WGLG 10

CM19 C� ND ND ND CAK ESGGAARMRGNYYYYYYMDV WGQG 20

CM20 C� ND ND ND CVR HSAEVADSVEED WGQG 12

CM21 C� ND ND ND CAR ETNYDSWTGSPSSHYFGLDF WGQG 20

CM22 C� ND ND ND CAR GSGDYKVTKYYEDAFDI WGQG 17

CM29 C� ND ND ND CAR GVDFDYFDL WGRG 9

CM34 C� ND ND ND CAK DLLLRVVGCLDY WGQG 12

CM35 C� V1-69/D1-14/JH5 ND ND CAR GSHLIGGTIASFDP WGQG 14

CM37 C�/C� V1-02/D2-21/JH4 ND ND CAA AL(S/P)ESSFPFTFHD WGQG 13

CM42 C� ND ND ND CAR LNYVLHLGRLIEGAGTNYGMDV LGQG 22

CM43 C�/C� ND ND ND CAR APFLGDVFFDP WGQG 11

CM44 C� V3-48/D5-24/JH4 38 1.4 CAK LQRRGLQLGYLEY FGQG 13

R/S ratio FR indicates replacement/silent mutation ratio in IgVH framework regions; aa, amino acids; and ND, not determined.
*Significant according to Chang and Casali.32

Table 2. IgVL sequence analysis of cutaneous MZBCLs

Patient
no.

IgVL rearrangement
(IMGT/V) IgVL rearrangement (Vbase)

No. of
mutations CDR3 sequence

CM01 V3-15*01/J2*01 DPK21/humkv328h5 6 CQQ YNNWPPY TFGQG

CM03 V1-5*03/J1*01 L12a/PCRdil6-5� of HK201 5 CQQ YGTYSW TFGQG

CM04 V3D-15*01/J2*01 L16/humkv31es, DPK21/humkv328h5� 14 CQQ YDTWPSY AFGQG

CM07 V1-5*01/J3*01 HK102/V1� 16 CQQ FNTFPL TFGPG

CM08 V2D-28*01/J2*02 DPK15/A19. 20 CMQ GLQIPY TFGQG

CM11 V3-20*01/J1*01 DPK22/A27 28 CHQ YGRPG TFGQG

CM15 V1D-39*01/J5*01 DPK9/O12 10 CQQ SYSRPP TFGQG
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Table 4). Next, we studied cytokine expression by performing
semiquantitative RT-PCR. The results depicted in Figure 2A show
that, in general, MZBCLs have a higher expression of the Th1 type
cytokines IFN-�, CXCL10, and IL-12, in contrast to the class-
switched PCMZLs, which show more bias toward IL-4 expression,
a typical Th2 cytokine. Mann-Whitney scoring of the arbitrary
values, determined by densitometry of the PCR products, estab-
lished that the differences between the 2 groups were statistically
significant for IFN-� (P � .001) and IL-4 (P � .028; Figure 2B).

Discussion

In this study, we show that PCMZLs, despite histologic resem-
blance, differ from other extranodal MZBCLs.A striking difference
is the expression of class-switched Ig by 18 of 21 analyzed
PCMZLs, in 6 cases with dual isotypes derived from the same

clone. In contrast, only approximately 30% of MALT lymphomas
express class-switched Ig.3 This finding is in accordance with
previous immunohistochemical studies, although we are the first to
demonstrate IgE expression in PCMZL.38-40

Five of the resolved PCMZL IgVH genes comprised a VH1
germ line genes and 6 contained a VH3 germ line gene. We24

previously reported the usage of VH1, VH3, and VH4 and Franco
et al25 reported VH2 and VH6 usage in PCMZLs. These results do
not confirm an exclusive usage of VH3 family members in the Ig
rearrangements of PCMZLs, as was reported by Bahler et al.27

Analysis of the IgVH mutations showed that 3 of 8 PCMZLs had
R/S ratios significantly less than those expected if mutation had
been random.35 Including previously described cases,24,25 46%
of the PCMZLs appear to be selected for maintenance of B-cell
receptor structure, which is somewhat less than we have found
in other extranodal MZBCLs (� 70%).3

A total of 33 IgVH-CDR3 sequences (ie, 21 obtained in this
study, 3 from our previous study,24 1 from Roggero et al,26 and the
8 cases published by Bahler et al27) were analyzed for homology
with each other and with sequences in GenBank. Within this
relatively large panel of sequences, we were not able to detect an
IgVH repertoire bias, as was found in salivary gland and gastric
MZBCLs; there was no IgVH-CDR3 homology between the
PCMZLs. Fifteen IgVH-CDR3 amino acid sequences matched
IgVH sequences from GenBank, including one case that was

Figure 1. IgG expressing PCMZLs do not express
CXCR3. Frozen sections of CM09, CM17, CM04, and
MALT21 stained with monoclonal antibodies (in red,
3-amino-9-ethylcarbazole) specific for CD20, CXCR3,
and CD3 (original magnification � 400) and counter-
stained with hematoxylin. IgG-expressing PCMZLs CM09
and CM17 contain CXCR3�T cells, whereas the neoplas-
tic B cells in these tissues are CXCR3�. In contrast,
CM04, an IgM-expressing PCMZL, is positive for CXCR3,
like the salivary gland MZBCL “MALT21.”

Table 3. Rheumatoid factor IgVH-CDR3 homology of cutaneous
and other MZBCLs

N
RF homology,*

no. (%)

Gastric MZBCLs 97 11 (11)†

Salivary gland MZBCLs 32 13 (41)

Pulmonary MZBCLs 19 0 (0)

Other extranodal MZBCLs 4 0 (0)

Splenic MZBCLs 32 1 (3)

Cutaneous MZBCLs 33 1 (3)

N indicates number of sequences analyzed.
*CDR3 amino acid sequence homology with previously published rheumatoid

factors (RF).
†Numbers from previously published analysis, supplemented with newly ana-

lyzed cases from Lenze et al52 and Sakuma et al.53

Table 4. CXCR3 expression by cutaneous MZBCLs and other
extranodal MZBCLs

CXCR3, no. (%)

Cutaneous MZBCLs 4/32 (13%)*

Other extranodal MZBCLs 17/20 (85%)

*The CXCR3� tumors were the IgM� CM04, CM13, CM43, and pt6.
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homologous to an RF. Previous findings reported by Bahler et al27

on conserved PS/T or YG/T amino acids encoded by nontemplated
N-nucleotide sequences within the CDR3 sequences, which would
be a strong argument for similar antigen recognition, were not
encountered within our panel of sequences.
Extranodal MZBCLs generally arise on a background of

chronic inflammation, usually of the Th1 type. Th1 cytokines, such
as IFN-� and IL-2, are abundantly expressed in the initial
chronically inflamed tissues as well as in the eventual tumor
environment.38,39 In addition, IFN-�–induced chemokines, such as
CXCL9 and CXCL10, are expressed by the epithelial and endothe-
lial cells, which attract more Th1 cells expressing CXCR3, the
receptor for these chemokines.43-45 In agreement with the excess of
IFN-� in the tumor environment, the noncutaneous MZBCLs
express CXCR3, a downstream target of the IFN-�–induced
transcription factor T-bet.3-5,37,46 Our analyses suggest that most
PCMZLs develop in a distinct inflammatory environment. The
majority of the PCMZLs (90%) lack expression of CXCR3. Of
note, the CXCR3�minority consisted of 4 IgM� PCMZLs (CM04,
CM13, CM43, and patient 6 of Aarts et al24). Interestingly, CM13
and CM43 had developed on a background of a B burgdorferi

infection, and Roggero et al26 also reported a Borrelia-associated
PCMZL expressing IgM. Like H pylori in the gastric mucosa,
B burgdorferi evokes a Th1 type of response, supportive for the
extranodal MZBCL-like phenotype of these 2 Borrelia-
associated PCMZLs.47-49 The majority of PCMZLs, however,
seem to reside in a Th2 type cytokine environment, as was
supported by the cytokine RT-PCRs. Moreover, the fact that
these lymphomas express IgG1, IgG4, IgA, and IgE, the latter 3
of which are typical Th2-dependent isotypes, is compatible with
the Th2 inflammatory origin.50,51

The results presented here are suggestive of the existence of
2 types of PCMZL, most likely related to their pathogenesis. A
small subgroup resembles noncutaneous MZBCLs, being CXCR3�

and IgM� and potentially (Borrelia) infection associated. To
confirm these results and to determine whether RF homology is
more common among this type of PCMZLs, it would be interesting
to study a larger panel of Borrelia-associated PCMZLs, if avail-
able. In contrast, most of the PCMZLs differ from other extranodal
MZBCLs, as they possess switched Ig, lack of RF homology, do
not express CXCR3, and have a cytokine profile more skewed
toward the Th2 type. These differences in Ig repertoire and

Figure 2. PCMZLs develop in a distinct inflammatory
environment. (A) Semiquantitative RT-PCR for IFN-�,
CXCL10, IL-12, IL-4, and actin, on whole tissue samples
of 10 extranodal MZBCLs (left) and 14 PCMZLs (right);
each sample was tested in 2 dilutions. The 2 cases in the
middle, CM04 and CM13, represent the IgM� CXCR3�

PCMZLs. The lower 2 panels depict the results of
immunohistochemistry for CXCR3, and the Ig isotypes
determined by RT-PCR. nd indicates not determined.
(B) PCR band intensities as determined by densitometry
(in arbitrary values). Differences between extranodal
MZBCLs on the left and class-switched PCMZLs on the
right were significant for IFN-� (P � .001) and IL-4
(P � .028), as determined by a Mann-Whitney rank-sum
test.
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cytokine environment suggest that PCMZLs do not recognize a
similar class of antigens. Further study on the clinical history of this
type of PCMZLs might reveal an etiology in the large variety of
Th2 type inflammatory conditions of the skin.
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Abstract
Ocular adnexal marginal zone B cell lymphoma (OAMZL) arise in the connec�ve �ssues of the orbit, 
or in the mucosa associated lymphoid �ssue of the conjunc�va. Here we present the immunological 
and gene�c analyses of 20 primary OAMZLs. Immunoglobulin (Ig) sequence analysis demonstrated 
that OAMZLs have a biased IgVH germline gene usage with preference for VH4-34 and VH3-74. 
We did not detect Chlamydia psi�aci nor the extranodal marginal zone B cell lymphoma-specific 
chromosomal transloca�ons, t(11;18) API2-MALT1 and t(14;18) IgH/MALT1. A20 (TNFAIP3), a 
nega�ve regulator of the NFκB pathway, was found to be mutated in two cases. Both muta�ons 
led to a premature stop codon. Variable nuclear expression of BCL10, NFκB1 (p50) and NFκB2 
(p52)  sggested that addi�onal gene�c abnormali�es, affec�ng the NF-κB pathway, exist within this 
group of lymphomas. The chemokine receptor CXCR3 was expressed in a propor�on of the cases. 
Likewise, the integrin receptor α4β7 was found to be variably expressed, with an unexpected lack 
of correla�on to mucosal localiza�on. The combined data suggest that OAMZL represent a separate 
group of extranodal marginal zone B cell lymphoma.
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Introduc�on
Extranodal marginal zone B cell lymphoma (MZBCL) generally arises at sites of acquired mucosa-
associated lymphoid �ssue (MALT) and are associated with persistent infec�ons such as Helicobacter 
pylori gastri�s, or with organ-specific autoimmune diseases like Sjögren’s syndrome.1 In general, 
MZBCLs express soma�cally mutated immunoglobulin variable region (IgV) genes, mostly of the 
IgM isotype. Selec�on against replacement muta�ons in the framework regions (FR) of IgV genes is 
a common feature of most MZBCLs, sugges�ng dependence on a func�onal B cell receptor (BCR).2 
A significant propor�on of gastric- and salivary gland- MZBCLs was found to express BCRs with 
striking homology to canonical rheumatoid factors (RF). Moreover, RF ac�vity of these MZBCLs was 
proven in vitro by ELISA using recombinant MZBCL-derived IgM.2 MZBCLs are cri�cally dependent 
on the chronic inflammatory environment, illustrated by the cure of a propor�on of H. pylori 
associated gastric MZBCLs by bacterial eradica�on with an�bio�cs.3 There are indica�ons that 
MZBCLs are responsive to cytokines in their environment. Chronic inflamma�on due to infec�on 
with intracellular bacteria or autoimmune diseases like Sjögren’s syndrome, is characterized by high 
levels of IFN-γ.4-6 MZBCL �ssues generally indeed contain significant amounts of IFN-γ transcripts, 
and the MZBCL tumor B cells express the chemokine receptor CXCR3, a direct target of the IFN-γ 
inducible transcrip�on factor T-bet.2;7;8 Recently we reported that the inflammatory environment 
of primary cutaneous MZBCL (PCMZL) is not characterized by the presence of IFN-γ, but rather 
by IL-4. Accordingly, the majority of PCMZLs do not express CXCR3, and bear class-switched Igs. 
Interes�ngly, a small propor�on of IgM-PCMZL did express CXCR3 and some of these cases are 
associated with Borrelia burgdorferi.7 
The t(11;18) is the most frequently detected chromosomal transloca�on in MZBCLs. The presence 
of t(11;18) API2-MALT1 usually excludes the presence of other chromosomal transloca�ons, and it 
appears to be nega�vely correlated with RF-specificity.2;9;10 In addi�on, t(11;18)+ gastric MZBCLs are 
unresponsive to treatment with an�bio�cs, and are not prone to transform into high grade diffuse 
large B cell lymphomas (DLBCLs).11;12 Other recurrent gene�c abnormali�es include t(1;14) BCL10/
IgH, t(14;18) IgH/MALT1, trisomies of chr3 and chr18 and gains at 9q34, 11q11-13 and 18q21.9;13;14 
Interes�ngly, many of these aberra�ons lead to a cons�tu�ve or increased ac�va�on of the NFκB 
pathway. 
Ocular adnexal MZBCLs (OAMZL) have been associated with Chlamydia psi�aci infec�on in studies 
from Italy, South Korea, Germany and Austria.15-18 However, we in the Netherlands, nor other 
inves�gators from the USA and Japan could confirm the presence of C. psi�aci in OAMZL.19-22 These 
findings suggest geographical differences regarding this associa�on.
Other than the presence or absence of C. psi�aci, the immunological environment has hardly been 
explored in OAMZLs. Five studies dealing with the IgV sequences of OAMZL, reported preferen�al 
rearrangement of VH3 and VH4 Ig family germline genes.20;23-26 Most recently it was reported that 
the NFκB inhibitor A20 (TNFAIP3) is a frequent target of soma�c muta�on and genomic dele�ons in 
OAMZLs.27;28 In this study, we have analyzed the IgVH repertoire, the inflammatory environment and 
the gene�cs of 20 OAMZLs. We provide evidence that OAMZL is a dis�nct en�ty among MZBCL.
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Materials and Methods

Pa�ent Material:
For this study we selected 20 pa�ents of which frozen �ssues were available, diagnosed as primary 
ocular adnexal MZBCL, between 1994 and 2008 at the Academic Medical Center, Amsterdam, the 
Netherlands, which is a referral center for orbital diseases. This panel contains 8 cases which were 
previously included in a study on C. psi�aci in OAMZL.19 Sites of origin included orbita (n=13), 
conjunc�va (n=4) and eyelid (n=3). From pa�ent OM09 several �me points were available for 
analysis: premalignant orbital lymphoid hyperplasia (OM09A, ‘98), the orbital MZBCL �ssue 
(OM09B, ‘04) and a secondary metastasis with DLBCL transforma�on in an inguinal lymph node 
(OM09C, ‘06). OM20 is a Sjögren-associated lymphoma, previously published as M15.2 
The diagnosis was established based on immunohistochemistry, according to the WHO classifica�on: 
CD3-, CD5-, CD10-, CD20+, CD79a+, BCL2+, BCL6- and cyclinD1-, and for most cases also by exclusion of 
chromosomal transloca�ons involving BCL1, BCL2, BCL6 and MYC, as assessed by split-FISH.29 The 
study was performed in accordance with the ethical standards and approved by the research code 
commi�ee on human experimenta�on of our ins�tute. 
Ig light chain restric�on based on immunohistochemistry was seen for most cases: OM03, 08, 09, 
04, 06, 07, 08, 09, 13, 16, 18, 21, 23, 24, 30 and 31 expressed Ig kappa, while OM04, 05, 15, 19, 20 
and 29 expressed Ig lambda light chains. 

RNA isola�on and cDNA synthesis
RNA was isolated from frozen �ssue sec�ons with the GenElute mammalian total RNA miniprep 
kit (Sigma-Aldrich, Zwijndrecht, The Netherlands). The RT mix contained the following: 0.1 mmol/l 
Pd(N)6 random primers (Amersham Pharmacia Biotech, Roosendaal, The Netherlands), 8 U/μl 

molony murine leukemia virus RT (Invitrogen, Breda, The Netherlands), 1 mmol/l of each dNTP, and 
1.2 U/μl RNase inhibitor (Roche) in 1x first strand buffer (Invitrogen). The reac�on was performed 

for 1 hour at 37°C, followed by 10 minutes of inac�va�on at 95°C.

IgVH-CDR3 analysis
The VHDJH rearranged Ig sequences were amplified using IgVH-gene family-specific forward primers 
in combina�on with reverse primers for JH, Cμ, Cδ, Cγ, Cα and Cε (5’- CGGAGGTGGCATTGGAGG 
-3’), as previously published.30 Reac�on-mixture contents and the amplifica�on-programs for the 
PCRs were performed as described 30. Sequencing on both strands was performed with the big dye 
terminator v1.1 cycle sequencing kit (Applied biosystems, Nieuwerkerk a/d IJssel, The Netherlands). 
The IgVH-gene sequence of the tumor was confirmed in mul�ple independent PCRs, excluding 
ar�factual pseudo-clonality. The sequences were compared with the Vbase (h�p://vbase.mrc-cpe.
cam.ac.uk/vbase1/dnaplot2.php) and IMGT/V (h�p://imgt.cines.fr/) immunoglobulin databases to 
obtain the VHDJH rearrangement and muta�onal status.31;32 
IgVH-CDR3 amino acid sequences were compared to each other and blasted to Genbank (with the 
blastp-algorithm). A sequence was considered to be homologous when (a) sharing at least 75% 
amino acid sequence homology and (b) a length difference between the CDR3 sequences did not 
exceed 3 amino acids (maximum gap of 3 aa).2 

Immunohistochemistry
CD20, CD3, CXCR3, α4β7, BCL10, NFκB1 and NFκB2 were visualized on frozen �ssue sec�ons, with 
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monoclonal an�bodies against CD20 (clone L26, DAKO, Glostrup, Denmark), CD3 (clone SP7, Lab 
Vision, Fremont, USA), CXCR3 (clone 1C6, Pharmingen, San Diego, CA), α4β7 (Act-1)33, BCL10 (clone 
151, DAKO), p105/50 (NFκB1) (Cell Signaling Technology, Danvers, MA, USA) and p100/p52 (NFκB2) 
(clone 18D10, Cell Signaling Technology), in combina�on with the Powervision+poly-HRP detec�on 
system (ImmunoVision Technologies, Co, Daly City, CA, USA). All frozen �ssue sec�ons were fixed 
with aceton, but in case of immunohistochemistry for BCL10, NFκB1, NFκB2 a secondary fixa�on 
with paraformaldehyde was applied as well. 3,3’-Diaminobenzidine (DAB) was used as chromogen 
for nuclear stainings, and 3-Amino-9-ethylcarbazole (AEC) for the membrane markers, and 
haematoxylin for nuclear counterstaining. Images were acquired on an Olympus BX51 microscope 
in combina�on with an Olympus DP70 digital camera, at original magnifica�on ×400. Included 
in the analysis were only those cases in which the B and T cells, visualized with CD20 and CD3 
stainings, were discernable as dis�nct popula�ons, thus enabling an assessment of expression by 
the tumor B cells. 

Cytokine RT-PCR
Semi-quan�ta�ve RT-PCR for IL-4, IFN-γ, and β-ac�n were performed as described previously.7 

Gene�c analysis
The presence of t(11;18) was tested with RT-PCR as described11 and/or split-FISH for MALT1 (18Q), 
using probes and FISH accessory kit according to manufacturers recommenda�on (DAKO). t(3;14) 
FOXP1 was assessed by split-FISH as described previously, using DIG-labelled probes RP11-118O11, 
-1031N18 and -430J3, and bio�n-labelled probes RP11-266O22 and -321A32.34 
Muta�on analysis for CARD11 (CARMA1) (NM_032415.3) and A20 (TNFAIP3) (NM_006290.2) were 
performed by RT-PCR and subsequent sequencing of the PCR-product.
Primers used for CARD11 amplifica�on: 5’-AAACTGGTGACTGGGAAAGAGC-3’ forward and 
5’-CCAAAGTCCTGAGAGATGATGG-3’ reverse, resul�ng in a product covering exon 3 to 7, encoding 
the coiled-coil domain and overlapping with the sequence that was found mutated in DLBCL.35 The 
whole coding sequence of A20 was covered with 4 primer-pairs: 
fw1:  5’-AGGACTTGGGACTTTGCG	3’, rev1: 5’-TGGCCTTCTGAGGATGTTG-3’; 
fw2: 5’	GGAACTGGAATGATGAATGG	3’,  rev2: 5’-AGGTTCCATGGGATTCTGG-3’;
fw3: 5’-CATGAGTACAAGAAATGGCAGG-3’, rev3: 5’-TTTCTGCACTTGCTCGTCC-3’;
fw4: 5’-GCCTGTCTCAAGCTGCAC-3’, rev4: 5’-ACCATGATGACTGACAGCTCG-3’.

Chlamydia psi�aci detec�on
Eight OAMZLs cases were previously tested and found nega�ve for the presence of Chlamydia 
psi�aci DNA. Nine of the remaining cases were assessed for the presence of the C. psi�aci ompA 
gene using an internally controlled real-�me PCR in the LightCycler 2.0 system as described 
previously.19;36

Results

IgVH-gene analysis
The tumor IgVH-gene sequence was iden�fied of all 20 lymphomas, generally by using the JH6 
reverse primer in combina�on with one or more primers specific for the IgVH-gene families. The 
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majority of lymphomas (17/20) expressed non-class switched Igs, i.e. IgVH-Cμ (IgM) and IgVH- 
Cδ (IgD) transcripts. Three cases expressed class switched Igs, in par�cular IgA either in addi�on to 
IgM (OM04 and OM30), or as the single isotype (OM20) (Table 1). The muta�on frequency ranged 
from 3 to 53 muta�ons per IgVH-gene (mean 19). For OM17, the muta�on frequency varied within 
the tumor clone, ranging from 18-26 muta�ons per sequence. In 13 of the 20 lymphomas (65%), 
the replacement versus silent (R/S) muta�on ra�os in the frame work regions (FR) of the IgVH genes 
were <1.5. This was significant according to calcula�ons set out by Chang and Casali37, in 8 of the 
cases (OM03, OM08, OM11, OM16, OM17, OM20, OM24 and OM29A). 
IgVH-gene family usage was limited to the VH4 (9 cases), VH3 (9 cases) and VH1 (2 cases) gene families. 
The usage of VH4 family genes appeared to be over-represented as compared to the VH4 family 
gene usage of normal marginal zone (MZ) B cells (n=258) (45% versus 18%, respec�vely). Also, by 
combining all previously published IgVH studies on 66 OAMZLs 20;23-26 added to our 20 OAMZLs, within 
the series of 86 OAMZLs the overall frequency of VH4 family gene usage by OAMZL is significantly 
higher as compared to that by MZ B cells (29% versus 18%, p=0.0457, 2-sided Fisher exact test) 
(Supplementary Table S1 and Table 2). When all individual IgVH gene segments were considered, it 
appeared that the VH4-34 and the VH3-74 genes were used more frequently by OAMZL as compared 
to normal MZ B cells. VH4-34 was used by 13 out of 86 (15%) OAMZLs and by 9 out of 258 (4%) MZ B 
cells. VH3-74 was used by 7 out of 86 (8%) OAMZLs and by 4 out of 258 (2%) MZ B cells (p values are 
0.001 and 0.013, respec�vely according to the 2-sided Fisher exact test a
er Bonferroni mul�ple 
comparison correc�on). 
IgVH-CDR3 amino acid sequences were blasted to GenBank. In contrast to MZBCLs from the stomach 
and salivary gland, as previously reported2, no obvious pa�ern of homology, in par�cular no IgVH-
CDR3 RF-homology was observed. Some cases (OM03, OM04, OM16, OM19, OM21, OM24, OM30, 
OM31) showed homology with different B cell chronic lymphocy�c leukemia (B-CLL) IgVH-CDR3s, 
which were mostly derived from IgVH mutated B-CLLs not belonging to any of the known IgVH-
CDR3 B-CLL homology groups. OM21 and OM24 shared the same VHDJH-rearrangement with their 
homologous B-CLL.

Immunological background
In view of our recent findings on the group of PCMZL, we assessed the expression of CXCR3 by 
immunohistochemistry. Although the majority of OAMZL in this panel expressed IgM, nearly two-
third of the cases were CXCR3 nega�ve (Figure 1 and Table 3). Semi-quan�ta�ve RT-PCR showed low 
expression levels of both IFN-γ and IL-4, this in contrast to other MZBCLs and PCMZLs, respec�vely 
(Figure 2). C. psi�aci DNA, as assessed by QRT-PCR, was detected in none of the cases (Table 3). 
In our series, 10 out of 17 OAMZLs expressed α4β7, while 28 out of 30 other MZBCL were α4β7+ 
(Figure 1 and Table 3). 

Gene�c aberra�ons
The typical MZBCL transloca�on t(11;18) API2/MALT1 was not detected among the 18 OAMZLs 
tested (Table 4). Chromosomal transloca�ons involving the IgH and FOXP1 genes have been 
reported for some OAMZLs, but none of the 11 cases tested here harbored this transloca�on (Table 
4). Muta�on analysis of the coiled-coil domain of the MALT1 interactor CARD11 did not reveal any 
aberrancy (Table 4). For A20 (TNFAIP3), a nega�ve regulator of the NFκB pathway, two pa�ents  
were found to carry a muta�on, both leading to a premature stopcodon (Table 4 and Figure 3), i.e. 
OM16 and OM29A 
Nuclear BCL10, NFκB1 (p50) and NFκB2 (p52) were assessed immunohistochemically (Table 4 and 
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Figure 4). Weak nuclear BCL10 expression was observed in OM03, moderate and strong expression 
was seen in OM05 and OM12A respec�vely (Figure 4), while for the other cases nuclear expression 
was not detectable. Nuclear NFκB1 signal was seen in the majority of OAMZLs, but the staining 
was weak as compared to t(11;18)+ MZBCL controls and most DLBCLs. Only OM12A presented with 
rela�vely strong nuclear NFκB1 expression (Figure 4). Nuclear and cytoplasmic NFκB2 expression 
was mostly observed in sca�ered foci throughout the �ssue, o
en co-localizing with T-cell rich areas 
sugges�ve of localized ac�va�on, e.g. by CD40 s�mula�on. Homogenous nuclear NFκB2 staining on 
the majority of tumor cells was only seen in OM12A and OM15, and in the la�er only weak.

Discussion

MZBCLs generally arise on a background of chronic inflamma�on, but despite a strong associa�on 
with pathogens and autoimmune disorders in certain subtypes, the an�genic specificity of the 
MZBCLs is generally unknown. One excep�on is the RF ac�vity of the BCRs which we found for a 
significant propor�on of gastric- and salivary gland- MZBCLs.2 MZBCLs present with IgV mutated 
BCRs, in general with the characteris�cs of selec�on against replacement muta�ons in the 
framework regions, sugges�ng a dependence on structural integrity of the BCR. These features 

Table 1. IgVH sequence analysis of 20 ocular adnexal marginal zone B cell lymphomas.

a inser�on of 15 nucleo�des of unknown origin 
b muta�on number varied between clones
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Table 2. Frequencies of IgVH gene family usage in ocular adnexal marginal zone B cell lymphomas.

a Bende et al. unpublished

Supplemental table S1. IgVH gene family usage in ocular adnexal marginal zone B cell lymphomas.

Figure 1.  Expression of CXCR3 and α4β7 in ocular adnexal marginal zone B cell lymphomas.
The membrane markers CXCR3 and α4β7 are variably expressed among ocular adnexal MZBCL, with no obvious correla�on to 
mucosal localiza�on (conjunc�va). Depicted are examples of double nega�ve, double posi�ve and single posi�ve cases, with 
CD20 and CD3 staining to enable dis�nc�on in expression by tumor B cells and infiltra�ng T cells. Original magnifica�on 400x.



97

Ocular adnexal marginal zone B cell lymphomas

6

were also present in the OAMZLs described here. In addi�on, a skewed IgVH-gene usage is regarded 
as a poten�al indica�on of selec�ve pressure towards recogni�on of certain epitopes. Overall, the 
results from 5 studies, including the 20 cases presented here, indicated that VH4 family members 
are significantly more o
en used in OAMZLs, in comparison to normal MZ B cells. 
Recently, Bahler et al. presented a study of 10 ocular adnexal MZBCLs from the USA which showed 
a restricted usage of VH4-34 (3 out of 10 cases, 30%); a gene segment that has been associated 
with autoimmunity and specificity for the red blood cell i/I an�gens.38;39 Iden�cal frequencies for 
VH4-34 were previously found by Mannami et al.25 among 10 pa�ents in Japan. Our panel of 20 
ocular MZBCLs from The Netherlands, also included 5 cases using VH4-34 (25%). However, in other 
studies the frequencies of VH4-34 usage were different: 2 out of 26 cases (8%) from Germany by 
Coupland et al.23, 0 out of 8 cases from Germany by Adam et al.26, and 0 out of 11 cases from 
Japan by Hara et al.24 Altogether, 13 out of in total 86 OAMZL cases (15%) used VH4-34, which is 
significantly higher than the frequency of 4% of VH4-34 usage as found in normal MZ B cells.40-43 
Also the frequency of VH3-74, which was used by 7 out of 86 (8%) OAMZLs, was significantly 
higher than the 3% of VH3-74 usage as found in normal MZ B cells.40-43 It has been argued that 
differences in IgVH-usages frequencies could represent geographical varia�ons in the presence of 
specific an�gens, as suggested by the varia�on in C. psi�aci infec�on in OAMZL. However, one 

Figure 2. Ocular adnexal marginal zone B cell lymphomas have li�le cytokine expression in the �ssue. 
Semi-quan�ta�ve RT-PCR for IL-4 and IFN-γ, show that OAMZL have rela�vely low or no expression of these cytokines, while 
cutaneous MZBCLs typically express IL-4 and other extranodal MZBCLs are characterized by high IFN-γ levels.

Figure 3. A20 muta�on in ocular adnexal marginal zone B cell lymphomas. 
Two cases were found to bear a muta�on in the A20 coding sequence, both leading to a premature stop-codon. The traces 
illustrate the double peaks that indicated the presence of a muta�on. A schema�c representa�on of the A20 protein with its 
func�onal domains (OTU, ovarian tumor domain; ZF, zinc-finger domain), provides reference to the sites of muta�on.
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cannot correlate these two parameters from separate studies. Our study and that of Bahler et al.20, 
combining both analyses within the same pa�ent groups, present a skewed Ig repertoire in the 
absence of C. psi�aci. A screen for homology of the IgVH-CDR3 amino acid sequences with other Ig 
sequences on Genbank did not reveal any obvious IgVH-CDR3 homology, and in par�cular no IgVH-
CDR3 RF-homology. Some cases appeared to be homologous to IgVH-CDR3 amino acid sequences of 
mutated B-CLL cases, which might point to a common an�gen yet to be determined. 
As it has been shown that CXCR3 is a direct target of the IFN-γ inducible transcrip�on factor T-bet8, 
we speculated that CXCR3 expression on the MZBCL tumor B cells is induced by the IFN-γ detected 
in the �ssue. The OAMZLs presented here however, lacked abundant expression of either IFN-γ 

Table 4. Gene�c altera�ons in ocular adnexal marginal zone B cell lymphomas.

FL, follicular lymphoma; nd, not done; ni, not informa�ve; IHC, immunohistochemistry
a Including previously reported cases by us 2;7
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or IL4. CXCR3 expression was found in 6 out of 17 cases (35%), and CXCR3 expression seemed 
unrelated to IFN-γ expression levels. Possibly, the CXCR3 expression by the OAMZLs is a remnant of 
an earlier exposure to high IFN-γ levels, as it has been shown that memory B cells, once obtained 
CXCR3 expression, maintain expression despite decreasing IFN-γ levels over �me.44 
Previously, the majority of MZBCL were found to express the α4β7 integrin.2;45-47 In the study by 
Liu et al.47, α4β7 was predominantly found in gastric MZBCL, and only in a minority of OAMZLs. 
In the current series, 10 out of 17 OAMZLs expressed α4β7. Unexpectedly, the expression did not 
correlate with mucosal localiza�on of the tumors, as 2 out of 3 conjunc�val OAMZLs were α4β7-. 
The characteris�c gene�c aberra�ons in MZBCL, t(11;18) API2-MALT1, t(14;18) IgH/MALT1 and 
t(1;14) BCL10/IgH involve  the NFκB pathway. Most recently, other molecules from the NFκB 
pathway have been implicated in lymphoma: the posi�ve regulators CARD11 (CARMA1), TRAF2, 

Figure 4. BCL10, NFκB1 and NFκB2 expression in ocular adnexal marginal zone B cell lymphomas. 
Immunohistochemistry shows strong nuclear expression of BCL10, NFκB1 (p50) and NFκB2 (p52) in a t(11;18)+ pul-
monary MZBCL (M20), and examples of absent (OM18), moderate (OM05) and strong (OM12A) staining in OAMZL. 
Original magnifica�on 800x.



100

Ocular adnexal marginal zone B cell lymphomas

6

TRAF5, MAP3K7 (TAK1) and TNFRSF11A (RANK) were found to be mutated in DLBCL35;48. The nega�ve 
regulator A20 (TNFAIP3) was found to be a target of large chromosomal dele�ons and inac�va�ng 
muta�ons in mantle cell lymphoma49, DLBCL48;49, Hodgkin lymphoma50 and MZBCLs28 in par�cular 
OAMZLs.13;27 In our gene�c screen, also 2 cases with inac�va�ng A20 muta�ons were detected, 
but no transloca�ons involving MALT1 or BCL10, nor muta�ons in CARD11 were detected. The 
observed weak (nuclear) expression of p50 but not p52, suggests that some addi�onal cases may 
have an underlying gene�c aberra�on affec�ng the classical but not the alterna�ve NFκB pathway. 
Especially OM12A seems to be a likely candidate for an NFκB ac�va�ng gene�c aberra�on, as 
suggested by the strong nuclear expression of all three markers. Unexpectedly, OM16 and OM29A 
did not show nuclear expression of p50, despite their A20 muta�on. Formally, we do not know 
whether these A20 muta�ons are accompanied by dele�on of the other allele. Neither is it known 
what the exact quan�ta�ve effect of A20 muta�ons is on the NFκB pathway. The dual ubiqui�n-
edi�ng ac�vity of A20 was shown to be required to terminate the signal transduc�on via RIP.51 
Muta�on of A20 infers a prolonged ac�va�on of downstream targets, but this may s�ll require 
ini�al triggering, e.g. through the BCR. The finding that some DLBCL pa�ents with A20 deficiency 
also carried a muta�on in another gene of the NFκB pathway, also suggests that A20 muta�on 
alone does not lead to maximal or cons�tu�ve NFκB ac�va�on48. Hence, the A20 muta�ons in 
OM16 and OM29A do not exclude a role for their BCR in lymphoma development which harbors, 
remarkably, in both cases a VH4-34 rearrangement.
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Abstract
Chronic autoimmune or pathogen-induced immune reac�ons resul�ng in lymphoid neogenesis are 
associated with development of malignant lymphomas, mostly extranodal marginal zone B cell 
lymphomas (MZBCLs). In this review we address (i) chemokines and adhesion molecules involved 
in lymphoid neogenesis, (ii) the autoimmune diseases and pathogens which are associated with 
development of B cell lymphomas, (iii) the molecular mechanisms involved in the ini�a�on and 
progression of MZBCL and (iv) ‘poten�al’ mouse models for MZBCL.
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Lymphoid �ssue neogenesis and ectopic germinal center forma�on 
Inflamma�on is a local response to cellular injury and is ini�ated by macrophages and local epithelial 
and/or stromal cells that sense microorganisms and cell damage by pa�ern recogni�on receptors, 
i.e. the Toll-like receptors (TLRs), soluble intracellular NOD-like receptors and RIG-like helicases.1 
The triggered cells respond by secre�on of a plethora of inflammatory mediators such as histamine, 
prostaglandins, leukotrienes, platelet-ac�va�ng factors and typical pro-inflammatory chemokines 
and cytokines like IL-1β, IL-6, IL-8 (CXCL8) and TNF.2 These mediators, and in par�cular TNF, lead 
to endothelial ac�va�on and vasodilata�on followed by a local efflux of circula�ng leukocytes. 
The first leukocytes arriving on site are granulocytes which combat the microbial invaders, while 
monocytes/macrophages clean up dead cells, including apopto�c granulocytes and destructed 
�ssue.3 In parallel, dendri�c cells (DCs) take up and process an�gens (Ag) from the intrudor, mature 
and migrate to a local lymph node to set off an adap�ve immune response.
Chronic inflammatory condi�ons, due to improper eradica�on of pathogens, auto-immune 
processes or chronic allogra� rejec�ons, are associated with the genesis of organized lymphoid 
�ssue. In recent years, a number of key molecular determinants opera�ng during the genera�on of 
ter�ary lymphoid �ssue, have been iden�fied. In the complex sequence of events, TNF is again one 
of the key molecules as it induces the produc�on of CCL19 and CCL21 (SLC), which are important 
for the a�rac�on of B- and T- lymphocytes. The infiltra�ng lymphocytes switch on expression of 
membrane-bound lymphotoxin α1β2 (mLTα1β2) when ac�vated e.g. by Ag.4 High levels of mLTα1β2 
lead to lymphotoxin receptor (LTβ-R) liga�on on stromal cells and/or macrophages and induce 
CXCL13 (BLC) produc�on.5 The local produc�on of CXCL13 mediates homing of B cells and induces 
the arrived B cells to further upregulate mLTα1β2 and probably also TNF. The enhanced interac�on 
of CXCL13-producing stromal cells with the TNF- and mLTα1β2- producing B cells promotes 
differen�a�on of resident stromal cells into follicular dendri�c cells (FDCs) which start expressing 
characteris�c molecules to trap immune complexes i.e. the complement receptors CD21 and CD35 
and the FcγR-IIB.6-8 Subsequent produc�on of CXCL13 by FDCs establishes a posi�ve feedback loop 
essen�al for ectopic lymphoid �ssue development, similar to embryonic lympho-organogenesis 
and normal follicle forma�on (Figure 1).9-12  The importance of LT and TNF in this process has been 
demonstrated by transgenic expression of TNF, LTα and LTα/β in the pancreas and the kidneys, 
leading to forma�on of organized lymphoid �ssue including FDC-containing follicles.10;11 Transgenic 
expression of CCL21 alone, resulted in extensive lymphoid �ssue development in the pancreas.12 
However, ectopic expression of CXCL12 (SDF), CCL19 or CXCL13 leads to a�rac�on of lymphocytes, 
some compartmentaliza�on but not to the genesis of FDC-containing follicles.12

Depending on the type of pathogen, i.e. differences in the Ag presenta�on mode and the 
combina�on of co-s�mulatory molecules and cytokine signals, Ag presen�ng cells (APCs) guide T 
cell differen�a�on into the direc�on of T helper type 1 (TH1) or T helper type 2 (TH2) cells. A TH1-
polarized response depends on IL-12 and results in IFN-γ producing T cells which also produce IL-2 
and TNF and on their turn s�mulate macrophages, natural killer (NK) cells and CD8+ cytotoxic T cells. 
This reac�on type mainly generates cellular responses against intracellular pathogens like viruses 
but also evoke T cell help leading to produc�on of, for example, opsonizing IgG2 an�bodies (Ab).13 
A TH2 response is characterized by secre�on of IL-4, IL-5 and IL-13, and yields humoral immunity, 
in par�cular the genera�on of plasma cells that secrete high affinity Abs, mainly of IgG1, IgG4, IgA 
and IgE classes.13;14

In the ectopic follicles, germinal center (GC) reac�ons may occur (Figure 1). There are no reasons to 
assume that the biological processes opera�ng in ectopic GCs differ from those in GCs of secondary 
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Figure 1. Lymphoid �ssue neogenesis and ectopic germinal center forma�on.
Upper panels: (a) Chronic inflamma�on is characterized by high levels of TNF, inducing stromal cells to produce CCL19 
and CCL21 which a�ract B- and T- lymphocytes. (b) The interplay between CXCL13-producing stromal cells and increasing 
numbers of mLTα1β2 and TNF-expressing B lymphocytes, leads to the development of follicular dendri�c cells (FDCs) and 
subsequent forma�on of lymphoid follicles. (c) T cells provide specific help to an�gen ac�vated B cells via cos�mulatory 
cytokines and membrane receptors.
Lower panels: Immunohistochemical stainings on a well-organized lymphoid infiltrate in a minor salivary gland of a 
Sjögren’s syndrome pa�ent. Highlighted is a B cell follicle including a germinal center using Abs specific for B 
cells CD20, plasma cells CD138, predominantly follicular dendri�c cells CD21 and the prolifera�on marker Ki67.
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lymphoid �ssues. In secondary lymphoid �ssues, GC reac�ons are ini�ated a�er ac�va�on of B 
cells and T cells by na�ve and processed an�genic determinants respec�vely. The B cells bind 
and internalize an�genic proteins with their membrane-bound immunoglobulins (mIg or B-cell 
Ag receptors, BCR) and, a�er intracellular processing, express Ag-derived pep�des in MHC-II 
molecules at their surface. CD4 T cells, that are ac�vated through cognate interac�ons with these 
pep�de-MHC complexes, recompense the B cells by providing cos�mulatory signals (T-cell help) 
through CD40, CD80, CD86 and cytokine receptors.15;16 When properly s�mulated at the follicular 
boundaries, the B cells directly differen�ate into short-lived Ab-forming plasma cells or migrate back 
into the follicle to undergo a phase of brisk prolifera�on thereby crea�ng the GC dark zone.17;18 The 
rapidly prolifera�ng B cells, termed centroblasts, express high levels of the DNA mutator ac�va�on-
induced-cy�dine-deaminase (AID) and accumulate nucleo�de subs�tu�ons in their Ig variable 
(IgV) genes, a process designated as soma�c hypermuta�on (SHM).19;20 B cells in the GC are prone 
to undergo apoptosis except for those which, based on favorable point muta�ons, obtain higher 
affini�es of their BCRs for the Ag. These high-affinity B cells are selected in the GC light zone based 
on succesfull compe��on for survival signals elicited by na�ve Ag that is exposed at the surface of 
FDC, and by CD40L from GC T cells.21 In addi�on, the Ag-selected B cells may undergo class switch 
recombina�on (CSR) a process during which the switch (S) region sequence upstream of Cμ-Cδ is 
recombined with any of the other S region sequences located 5’ of each of the constant region 
genes Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε and Cα2, thus leading to isotype switching from IgM/IgD to either 
IgG, IgA or IgE.22 The Ag-selected B cells, either or not class-switched, will finally differen�ate into 
memory B cells or Ab-producing plasma cells.18 

Marginal zone B cells
In humans and rodents, dis�nct popula�ons of recircula�ng peripheral B cells are being dis�nguished 
i.e. naïve (B2) or follicular (FO) B cells, naïve CD5+ B cells, marginal zone (MZ) B cells and class 
switched memory B cells (Figure 2). Ini�al studies in mice and men indicated that CD5-expressing 
naïve B cells frequently display poly-/self- reac�vity.23-25 However, more recent work in men 
demonstrated a similar frequency of poly-/self- reac�vity between CD5- and CD5+ naïve B cells.26;27 
MZ B cells par�cularly respond to T-cell independent type 2 (TI-2) Ags, like large polysaccharides 
of bacterial cell walls and polymeric bacterial flagellin, which by repe��ve an�genic epitopes, are 
able to crosslink BCRs. Naïve B2 cells are involved in T-cell dependent (TD) GC reac�ons, genera�ng 
plasma cells, secre�ng high affinity Igs, and CD27+ memory B cells. Recently, we obtained evidence 
in primary human lymph nodes that isotype-switched memory B cells can re-engage in GC 
reac�ons.28

The marginal zone (MZ) has originally been defined as an anatomical compartment within the 
spleen located around primary or secondary follicles and containing B cells with dis�nct phenotypic 
and func�onal characteris�cs. The MZ of the spleen is believed to be posi�oned in such a way that 
it primarily encounters blood borne pathogens. Later, primary mucosa-associated lymphoid �ssues 
(MALT) of e.g. Waldeyer’s ring, Peyer’s patches and appendix, loca�ons known for a significant 
influx of Ags, were also found to contain a marginal zone. MZ B cells in mice and rats express 
essen�ally unmutated IgV genes and are supposed to be non-recircula�ng.29 On the other hand, 
human MZ B cells of both spleen and Peyer’s patches do harbor mutated IgV genes and recirculate 
(Figure 2).30-32 Human splenic MZ B cells are IgMhi IgDlo and co-express the B cell markers CD20, CD22 
and CD79a/b, the memory B cell marker CD27, the complement receptors CD18/CD11b, CD21 and 
CD35, and the an�-apopto�c molecule BCL-2. MZ B cells are nega�ve for CD5 and CD23 as well 
as for the GC markers CD10 and BCL-6. Human MZ B cells, both in �ssues and in the circula�on, 
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express high levels of CD1c. Expression arrays of splenic and recircula�ng IgM+ IgD+ CD27+ B cells 
revealed similar profiles, including high expression of CD31, CD44 and IL-6, thus confirming the non-
resident nature of MZ B cells in the human.32

Where and when human MZ B cells obtain their soma�c IgV muta�ons is s�ll under debate. There 
is evidence that this occurs outside of GCs as part of an innate diversifica�on program, like in sheep 
and birds.32 This is supported by the fact that mutated IgM+ IgD+ CD27+ MZ B cells are also found in 
CD40L-deficient, hyper-IgM pa�ents lacking GCs and that the Ig repertoire of MZ B cells is as diverse 
as naïve B cells, thus not resembling the highly selected Ig repertoire of class switched IgM- IgD- CD27+ 
B cells.33;34 Moreover, AID expression was observed in splenic MZ B cells of children under the age of 
2 years, but not in older individuals.34 Recent data by Scheeren et al.35 indicated that MZ B cells, with 
mutated IgV genes, are already present in human fetuses in which no ac�ve immune responses are 
thought to happen. AID expression was found in fetal liver and mesenteric lymph nodes but not in 
the fetal spleen. Repopula�on experiments with human hematopoie�c stem cells in Rag2 -/- γc -/- 
mice showed that IgV-mutated MZ B cells develop in a T cell independent manner.35 Others think that 
MZ B cells mutate their IgV genes within GCs and argued that some residual GCs may be present in 
CD40L-deficient pa�ents.36 GC forma�on without T cell help has been described in mice, albeit these 
GCs were smaller, short-lived and SHM frequencies were low. Moreover, CD40L-deficient pa�ents 
have significantly lower numbers of circula�ng MZ B cells, being ~20–25% as compared to healthy 
individuals, indica�ve for at least a par�al defect in MZ B cell development.36 According to this scenario, 
MZ B cells would thus not belong to a dis�nct developmental lineage, but originate from conven�onal 
naïve B2 or follicular (FO) B cells. As currently no clue exists with respect to the heterogeneity of the 
MZ B-cell popula�on, the possibility of mul�ple developmental routes producing hypermutated B 
cells with a MZ-like phenotype is not excluded (Figure 2).
It has been demonstrated that about 4% of MZ B cells are responsive to bacterial polysaccharides. 
S�ll, a large frac�on of MZ B cells may thus have other specifici�es.37 In one donor, previously 
vaccinated with Streptococcus pneumoniae polysaccharide Ag, 2 of the 27 Abs (7%) generated out 
of the MZ B-cell frac�on, specifically reacted with this bacterial Ag.37 Capolunghi et al.38 showed, by 
polyclonal ac�va�on of naïve and MZ B cells with CpG DNA, an�-S. pneumoniae (PnPS serotype 14) 
produc�on exclusively by MZ B cells. In children below the age of 2 years, no or limited responses are 
detected against these TI-2 Ags.32 A�er the age of 2, the percentage of IgM+ IgD+ CD27+ MZ B cells 
in the blood increases, which coincides with the appearance of the anatomical MZ structure in the 
spleen and with increased humoral responses to TI-2 Ags such as pneumococcal polysaccharides.32;39

Human IgM+ CD27+ MZ B cells, when compared to IgM+ CD27- naïve B cells, appear to be selected 
against poly- and self- reac�ve BCRs. This selec�on is associated with a decrease in the average length 
of the IgVH complementarity determining regions 3 (IgVH-CDR3), which is largely due to dele�on of 
B cells expressing the JH6 gene.37 Indeed, long IgVH-CDR3s have been associated with self- and poly- 
reac�vity.40 Upon reversion of soma�c IgV muta�ons to their corresponding germline IgV sequences, 
these Abs did not regain poly- and/or self- reac�vity. This indicates that naïve B cells with poly-/self-
reac�ng BCRs are efficiently excluded from the MZ B cell pool already before the onset of SHM.37 Also 
in the rat, selec�on of naïve B cells into the MZ B cell compartment is accompanied by a decrease 
in IgVH-CDR3 lengths.29 This selec�on is most likely driven by self an�gens as it is also observed in 
germ-free rats.41 Notably, no preferen�al selec�on of short CDR3s is observed in conven�onal class-
switched IgG+ CD27+ memory B cells. Surprisingly, it has been described that ~50% of IgG+ CD27+ 
B cells show poly-/self- reac�vity which is generally lost when rever�ng IgV SHM. Thus, the poly-/
self- reac�vity of IgG+ memory B cells is due to the accumula�on of IgV SHM and not due to intrinsic 
proper�es of the CDR3s .42
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Figure 2.  B cell development in man. Transi�onal B cells in the spleen poten�ally mature into three B cell subsets: (i) 
CD5+ mature naïve B cells, (ii) conven�onal mature naïve B2 or FO B cells and marginal zone (MZ) B cells which contain 
mutated IgV genes possibly aquired in a T-cell independend manner. A�er an�gen recogni�on, mature naïve B2 cells 
engage in T-cell dependent germinal center (GC) reac�ons in which SHM and CSR occur, genera�ng high affinity class 
switched memory B cells and plasma cells (PC). 
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Auto-immune inflammatory condi�ons associated with B cell lymphomagenesis
A number of chronic autoimmune condi�ons, organ-specific as well as systemic, is associated with 
an increased incidence of non-Hodgkin’s lymphomas (NHL). Among these, Hashimoto’s thyroidi�s 
(HT) and Sjögren’s syndrome (SS) are the best examples with increased rela�ve risks of 3 - 67 43;44 
and 9 - 44 43;45-48 respec�vely to develop extranodal marginal zone B cell lymphomas (MZBCLs). 
Moreover, for SS pa�ents a 9-fold increased risk of obtaining a diffuse large B cell lymphoma (DLBCL) 
has been reported. These lymphomas may develop either de novo or by transforma�on out of a 
prior low-grade MZBCL.48-51 Systemic lupus erythematosus pa�ents were reported to have 8-fold 
and 3-fold higher incidences of respec�vely MZBCL and DLBCL as well.48;52 Rheumatoid arthri�s 
(RA) appears to be weakly associated with, non-RA treatment related, development of DLBCL and 
lympho-plasmacy�c lymphoma, with reported odd ra�os of 1.8 and 2.5 respec�vely.52;53 A recent 
meta-analysis however, did not reveal an overall sta�s�cally significant associa�on between RA 
and NHL.48 Celiac disease is strongly associated with the occurrence of enteropathy-type T cell 
lymphoma.52 It is not understood why some autoimmune diseases do and many others like e.g. 
Crohn’s disease, ulcera�ve coli�s, type I diabetes, mul�ple sclerosis, pernicious anemia and 
sarcoidosis do not entail increased risks of developing NHLs (Table 1).48;52-62

Sjögren’s syndrome
Sjögren’s syndrome (SS) is a systemic autoimmune disease characterized by complaints of dry 
mouth (xerostomia) and eyes (keratoconjunc�vi�s sicca). Biopsies of (minor) salivary and lacrymal 
glands typically show mixed infiltrates consis�ng of CD4 T cells, some CD8 T cells, macrophages, 
myeloid and plasmacytoid dendri�c cells (DC), B cells (~20%) and plasma cells. In about 20% of the 
pa�ents the infiltrates contain GCs (Figure 1).54 Compa�bly, lymphocyte a�rac�ng chemokines such 
as CXCL12 and CCL21 which mainly a�racts T cells and CXCL13 which a�racts B cells are abundanlly 
expressed in SS.54;63-66 High expression levels of CXCL13 and CCL21 within inflamed �ssues correlated 
with the extent of inflammatory aggregates, the degree of T cell/B cell compartmentaliza�on, the 
number of peripheral lymph node addressin (PNAd)-posi�ve high endothelial venules (HEVs) and 
the presence of FDC-network containing GCs.66 Salivary gland epithelial cells of both normal and 
SS pa�ents produce CCL28, which mediates the homing of CCR10-expressing IgA plasmablasts.67 
Plasmacytoid DCs are present in SS salivary glands which secrete high amounts of type I IFNs 
(IFN-α and β) and IL-6, suppor�ng plasma cell differen�a�on.68 Furthermore, IFN-α induces the 
B cell and plasma cell survival cytokine BAFF, which was indeed found to be highly expressed in 
SS pa�ents.68;69 CD4+ T cells from SS salivary glands express ~40-fold higher mRNA levels of IL-2, 
IFN-γ and IL-10, as compared to peripheral CD4+ T cells from SS pa�ents or from healthy controls. 
In agreement, the IL-4 and IL-5 mRNA levels of the SS CD4+ T cells were low.70 Thus, in general 
the proinflammatory T-helper cell 1 (TH1)-type cytokines IL-2 and IFN-γ are abundant, in Sjögren’s 
sialadeni�s.70 Accordingly, the IFN-γ induced inflammatory chemokines CXCL9 (MIG) and CXCL10 
(IP-10) are highly expressed in SS salivary glands epithelial cells but not in normal salivary glands.64

A variety of nuclear auto-Ags are humoral immune targets in SS pa�ents. An�-nuclear Abs, among 
which are the an�-SSA/Ro and an�-SSB/La Abs, are detectable in 70-85% of the pa�ents. SSA/Ro52, 
SSA/Ro60 and SSB/La Ags together form a complex with a small cytoplasmic uridine-rich Y RNA.71 
Five an�-SSA/Ro human monoclonal Abs of SS pa�ents have been produced, i.e. 2 an�-Ro52 IgM 
Abs derived from peripheral blood B cells and 3 an�-Ro60 IgG Abs obtained from B cells of affected 
salivary glands. The IgM an�-SSA/Ro52 Abs were regarded unmutated containing 0 and 3 soma�c 
muta�ons in their IgVH genes, while the IgG an�-SSA/Ro60 Abs were heavily mutated, containing 
>20 soma�c muta�ons.72;73 By immunohistochemistry using bio�nylated SSA/Ro52, SSA/Ro60 and 
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SSB/La, evidence was obtained that the an�-SSA/Ro and an�-SSB/La Abs are produced by local 
plasma cells, most likely generated within the ectopic GCs.54 Serum an�-SSA/SSB Ab levels correlated 
with the presence of ectopic GCs.74 By Immunohistochemistry, evidence for AID expression was 
provided 75 and by �ssue microdissec�on, formal proof was obtained for the occurrence of clonal 
B cell expansion and SHM in the ectopic GCs (ref.76 and RJ Bende et al, unpublished data, 2009). Ig 
repertoire analysis on cells isolated from crude �ssues of paro�d and minor salivary glands of SS 
pa�ents, revealed that most (~80%) of the infiltra�ng B cells harbored mutated IgVH genes and thus 
are GC, marginal zone or memory B cells.77;78 The combined data strongly suggest local genera�on 
and affinity matura�on of the auto-Abs. 

Hashimoto’s thyroidi�s
Hashimoto’s thyroidi�s (HT) and Grave’s disease represent extremes of a clinical spectrum of 
typical organ-specific autoimmune diseases, histologically characterized by chronic lymphocy�c 
infiltra�on. In Grave’s disease, inflamma�on is generally mild and accompanied by the produc�on 
of thyrotropin receptor s�mula�ng Abs, resul�ng in hyperthyroidism. In HT, the infiltrates are 
more severe and progressive, ul�mately causing destruc�on of the thyroid parenchyma and 
hypothyroidism. It has been shown that in all HT pa�ents the lymphocy�c infiltrate is well-organized 
containing GCs.55 T-cell a�rac�ng chemokines CXCL12 and CCL21 are produced by the follicular 
epithelium surrounding HEVs 79. Ectopic expression of CCL21 in the thyroid of mice lead to the 
development of lymphoid �ssue containing FDCs, resembling HT.80 In this model, also the IFN-γ 
inducible inflammatory chemokines CXCL9, 10 and 11 were expressed.80;81 Cultures of CD4 and 
CD8 T cell clones retrieved from human HT pa�ent thyroids yielded high levels of TNF and IFN-γ, 
whereas hardly any clones produced IL-4.82 Quan�ta�ve RT-PCR on pa�ent’s thyroids revealed high 
levels of IFN-γ and IL-2, confirming that the TH1 cytokines are highly expressed in HT 83 
Auto-Abs produced in HT are specific for thyroglobulin (Tg), thyroid peroxidase (TPO) and the 
thyroid s�mula�ng hormone receptor (TSH-R). The Abs against Tg and TPO are not detected in all 
pa�ents. Auto-Abs specific for the TSH-R are capable of blocking the ac�va�on of this receptor and 
thus can contribute to the impairment of the thyroid func�on.84 Numerous an�-Tg and an�-TPO 
human monoclonal Abs have been reported, isolated from peripheral blood B cells, thyroid �ssue 
and cervical lymph node �ssue. All these human monoclonal Abs were heavily mutated containing 
>10 muta�ons per IgVH gene.84 A correla�on has been found between the levels of CCL21, CCL22 
and CXCL13 in the inflamed thyroid and the �ters of thyroid-specific auto Abs.79 Bio�n-labeled Tg 
and TPO were shown to bind immunohistochemically to ectopic GCs in HT. The combined data are 
in support of local genera�on and affinity matura�on of an�-thyroideal Abs.55

Infec�ons indirectly provoking B cell lymphomagenesis
Helicobacter pylori-infec�on related gastric MZBCL is the most commonly men�oned example of 
bacterium-driven tumorigenesis but in fact is the only undisputed example.57 Cutaneous MZBCL has 
been linked to chronic Borrelia burgdorferi derma��s (Lyme’s disease) in a minority of European 
pa�ents, but not in cases from Asia or the United States.61;85-87 Recently, an associa�on of Chlamydia 
psi�aci and ocular adnexal MZBCL was found by PCR in studies from Italy, South Korea, Germany and 
Austria.56;88-90 Immunohistochemistry, laser assisted microdissec�on PCR and electron microscopy 
further provided evidence that C. psi�aci was present in monocytes/macrophages within the 
MZBCL.91 Moreover, C. psi�aci was cultured in vitro from conjuc�val swabs and/or PBMCs from 
25% of ocular adnexal MZBCL pa�ents.92 However, the associa�on between C. psi�aci and ocular 
adnexal MZBCL could not be confirmed in studies from The Netherlands, Japan and The United 
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States (Florida), sugges�ng geographical differences regarding this link. 56;93-95 Hepa��s C virus 
(HCV) infec�on has been inferred in the development of malignant B cell prolifera�ons, in par�cular 
splenic and extranodal MZBCLs and DLBCLs.96;97 In a large intercon�nental study the rela�ve risks 
for HCV pa�ents to develop MZBCL, DLBCL or lymphoplasmacy�c lymphoma were calculated as 
2.5, 2.2 and 2.6, respec�vely (Table 1).58

H. pylori is a gram-nega�ve bacterium able to persist during life�me in the gastric mucosa and 
is present in ~50% of the world popula�on. H. pylori binds �ghtly to epithelial cells via mul�ple 
bacterial surface components. H. pylori, like most intracellular bacteria, evoke TH1 immune 
responses characterized by high IFN-γ levels.98-103 IFN-γ targets genes with microbicidal proper�es 
such as enzymes that generate NO and O2 radicals. To circumvent the nega�ve effects of these 
radicals H. pylori produces radical-scavenging enzymes.104 In addi�on, H. pylori secretes urease 
to neutralize the local low pH. Most strains of H. pylori possess the cag pathogenicity island, 
including the CagA gene. The CagA protein leads to a massive influx of neutrophils by inducing 
high produc�on levels of the chemotac�c factor CXCL8 (IL-8) by epithelial cells. Later, during the 
chronic phase also T cells, B cells, plasma cells and macrophages are recruited and secondary 
mucosa-associated lymphoid �ssue (MALT) is formed within the gastric mucosa.105;106 By in situ 
hybridiza�on and immunohistochemistry, CXCL13 was found to be expressed in the ectopic primary 
follicles and mainly in the mantle zones of ectopic GCs.106 H. pylori induces a strong Ab response 
which does not lead to eradica�on, but instead may contribute to the �ssue damage. Two human 
an�-H. pylori single-chain Ig variable fragment (Ig-Fv) isolated from peripheral blood B cells of a H. 
pylori-infected pa�ent have been reported, each displaying mutated IgVH genes (>7 muta�ons).107 
Lymphoid aggregates with GCs have also been observed in B. burgdorferi-induced skin and synovial 
lesions, and in the liver of ~60% of the pa�ents suffering from chronic HCV infec�ons.59;60;108 In the 
ectopic GCs of B. burgdorferi-induced synovi�s, B cell expansion and IgVH diversifica�on have been 
demonstrated.109 

Extranodal marginal zone B cell lymphoma
Extranodal marginal zone B cell lymphoma (MZBCL) of mucosa-associated lymphoid �ssue, also 
designated as MALT lymphoma, appears as heterogeneous infiltrates containing small centrocy�c 
and monocytoid B cells, plasma cells and in some sca�ered immunoblasts and centroblasts. The 
growth characteris�cs of MZBCLs resemble those of the normal MZ of e.g. Peyer’s patches. MZBCLs 
typically expand around ectopic GCs and are able to invade the epithelium to form lympho-
epithelial lesions. Coloniza�on of ectopic GCs by tumor B cells contribute to a pseudo-follicular 
growth pa�ern. Also immuno-phenotypically, MZBCL cells are reminiscent of normal MZ B cells 
of the spleen and Peyer’s patches: They express the pan-B cell markers CD20, CD22 and CD79a/b, 
the memory B cell marker CD27, the complement receptors CD18/CD11b, CD21 and CD35, the 
an�-apopto�c molecule BCL-2, and CD1c/CD1d. MZBCLs do not express CD5 and CD23, nor the GC 
molecules CD10 and BCL-6.110 There are as yet no markers by which MZBCLs can be unequivocally 
iden�fied. MZBCLs have a low tendency to disseminate systemically, a feature which explains why 
in majority these malignancies can be controlled by local treatments alone. About 30% of MZBCLs 
disseminate which, due to expression of the mucosal homing integrin α4β7, most o�en involves 
other mucosal sites or regional lymph nodes.111;112 Interes�ngly, in both lymph nodes and spleen, 
MZBCL cells also tend to expand peri-follicularly, in accordance with their MZ B cell proper�es.113 
As outlined, the chronic inflammatory condi�ons enabling MZBCL development are generally of 
TH1 type, characterized by high IFN-γ levels. IFN-γ receptor binding leads, via STAT1 ac�va�on, to 
induc�on of genes encoding microbicidal proteins and to induc�on of the transcrip�on factor t-Bet 
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which on its turn induces, among other genes, expression of the chemokine receptor CXCR3.98;114;115 
CXCR3 is the specific receptor for the IFN-γ induced chemokines CXCL9 (MIG), CXCL10 (IP-10) and 
CXCL11 (ITAC). Indeed extranodal and splenic marginal zone B cell lymphomas almost invariably 
express CXCR3 and t-Bet.116-119 High expression of CXCL9 has been demonstrated in his�ocytes, 
fibroblasts and endothelial cells of thyroid and gastric MZBCLs.120 We recently reported that within 
the group of MZBCLs, most cutaneous MZBCLs are dis�nct as they arise in a TH2 background and, in 
accordance with this immunological context, lack CXCR3 and t-Bet and carry isotype-switched Igs. 
Interes�ngly, a few cases of cutaneous MZBCL did express IgM and CXCR3 like other MZBCLs, and 
were thus most likely established in a typical TH1 inflammatory environment. Notably, the few B. 
burgdorferi-infec�on associated MZBCLs we have studied, also co-expressed IgM and CXCR3.121

Gene�c altera�ons in low and high grade extranodal marginal zone B-cell 
lymphomas
Recurrent chromosomal transloca�ons iden�fied in MZBCLs are t(11;18) (API-2/MALT1), t(14;18) 
(IgH/MALT1), t(1;14) (BCL-10/IgH) and t(3;14) (FOX-P1/IgH) (Table 2).122-138 Except for the t(11;18), 
these transloca�ons involve IgH loci, like most transloca�ons in other mature B cell lymphomas.139 

Chronic HP gastritis

Infection with HP
Lymphoid neogenesis

HP specific activated T cells
HP dependent

20%
t(11;18) API2-MALT1

HP independent

15%
+ chromosome 3 and/or 18

including extra copies of MALT1 
HP dependent at early stages

65%
no recurrent chromosomal

aberrations
HP dependent

Transformed MALT lymphoma

TP53 or CDKN2A
inactivation

Aberrant SHM?

~10% RF-BCR specificity

Chronic
infection

MZBCL

ABC-DLBCL

Figure 3.  Scenarios of mul�step development of gastric MZBCL. Chronic H. pylori (HP) infec�on induces lymphoid �ssue 
neogenesis. As a result of both direct and indirect s�mula�on infiltra�ng B cells will undergo ac�ve prolifera�on. Direct 
an�genic s�mula�on can be accomplished by auto-Ags like IgG-containing immune complexes, by bacterial or other, 
unknown, Ags. Indirect s�mula�on is provided by H. pylori-specific T cells. Due to the acquisi�on of gene�c damage 
B cells may obtain growth advantage. Gastric MZBCL with t(11;18) grow autonomously, do not respond to H. pylori 
eradica�on, but rarely progress to DLBCL. Gastric MZBCL with trisomy 3 and/or 18 and/or having extra copies of the MALT 
gene have, a more aggressive clinical behavior. Following inac�va�on of the tumor suppressor genes TP53 or CDKN2A or 
due to muta�on in oncogenes, possibly by aberrant SHM, MZBCL may transform to DLBCL.
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The t(11;18) is extraordinary since it does not involve the Ig locus and encodes a fusion protein 
which is cons�tuted by the amino-terminal por�on of API-2 and the carboxyl-terminal of MALT-1. 
The over-expression of either BCL-10 or MALT-1, but also the API2-MALT1 chimeric protein, cause 
cons�tu�ve ac�va�on of the canonical NF-κB signaling pathway.140;141 The t(14;18) is found in 5-15% 
of pulmonary, salivary gland and ocular adnexae MZBCLs. About 5% of intes�nal and pulmonary 
MZBCLs harbor the t(1;14) (Table 2).128-131;142;143 More recently, three novel IgH transloca�ons in 
non-gastric MZBCL involving, ODZ2, CNN3 and JMJD2C have been described, of which ODZ2 and 
JMJD2C were found recurrently.144

The t(11;18) is present in ~40% of pulmonary- and in ~20% of gastric- MZBCLs and is virtually 
absent in MZBCLs of the salivary gland (Table 2).86;128-134 Gastric MZBCLs harboring the t(11;18) 
were found to be associated with CagA-posi�ve strains of H. pylori. CagA induces ac�va�on of 
neutrophils releasing reac�ve oxygen species. It has been hypothesized that these are the genotoxic 
condi�ons which are instrumental in genera�ng the t(11;18).132 The assembled literature indicates 
that t(11;18)-carrying MZBCLs generally possess a limited degree of addi�onal chromosomal 
imbalances, are non-responsive to H. pylori eradica�on therapy and are not prone to transform 
into high grade DLBCLs.50;51;145-147 T(11;18)-nega�ve gastric MZBCLs with a high degree of genomic 
imbalances were also associated with H. pylori independency.148 Trisomies of chromosome 3, 12 
and 18 are observed in t(11;18)-nega�ve gastric (20%), pulmonary (40%), ocular adnexae (40%) and 
salivary gland (60%) MZBCLs.128;149 Interes�ngly, in MZBCLs concurrent gains at 8q24, 9q34, 11q11-
13 and 18q21 are frequent.149;150 The gains of these loci appear to target genes whose products 
s�mulate the NF-κB pathway (i.e. TRAF2 and CARD9 at 9q34, RELA at 11q11-13 and MALT-1 at 
18q21) and the cell cycle (Cyclin D1 at 11q12-13) (Figure 3).150 Gain of 6p and loss of 6q23 was 
specifically found in ocular adnexal MZBCL in ~25% of the cases.149;151 High resolu�on �le-path array 
CGH indicated that 6p gains were centered at the TNF locus at 6p21.33 with NF-κB inhibitor-like 1, 
TNF, LTα and LTβ as puta�ve target genes.149 The loss of 6q23, consistently deleted the TNF-induced 
protein 3 also known as A20 at 6q23.3.149;151 FISH assays further confirmed the occurrence of A20 
dele�ons in MZBCLs of the ocular adnexa (19%), salivary gland (8%) and thyroid (11%) but not 
in MZBCLs of lung, stomach, skin and small intes�ne. A20 is a potent inhibitor of NF-κB signaling 
which is required for termina�on of TNF- and TLR- induced NF-κB ac�va�on. A recent study showed 
that both MALT1 and API2-MALT1 can inac�vate the A20 inhibitor by proteolysis, which further 
implicates A20 in the pathogenesis of MZBCL.149

The t(3;14)(FOX-P1/IgH), deregula�ng expression of the forkhead box P1 (FOX-P1) transcrip�on 
factor, was ini�ally reported by an Austrian study in as much as 4 out of 20 (20%) ocular adnexae 
MZBCLs and in 3 out of 6 (50%) thyroid MZBCLs.127 However, in more recent studies by North 
American and German groups, this transloca�on was not detected in series of 133 and 122 
MZBCLs, respec�vely.129;135 Also others did not detect the t(3;14) in series of 126 ocular adnexae 
and 19 thyroid MZBCLs.129;135-137 On the other hand, Goatly et al.136 reported the t(3;14) in 8 out of 
188 (4%) gastric MZBCLs (Table 2). Strong nuclear FOX-P1 expression has been found, irrespec�ve 
of the t(3;14) or FOX-P1 copy number changes, in ~30% of MZBCLs.136;138 Sagaert et al.138 recently 
described five MALT lymphomas with strong nuclear FOX-P1 expression, one with the t(3;14) and 
four having trisomy 3 and 18, which all transformed into an aggressive, ABC-type DLBCL.138 Finally, 
there is li�le dispute that t(3;14) is prevalent in a subset of DLBCLs, with extranodal presenta�on 
and having the ac�vated B cell-like (ABC) expression profile.135;137;152

Although the precise frequencies of transi�on of the various low-grade MZBCLs into DLBCLs are 
not clear in literature, ample evidence exists that MZBCLs can transform par�cularly into ABC-
type DLBCLs rather than into GC-type DLBCLs; (i) trisomy 3 has been observed as a characteris�c 
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altera�on in both MZBCLs and ABC-type DLBCLs 49;51;153, (ii) MZBCLs with high nuclear FOX-P1 
were documented to progress into ABC-type DLBCLs 138, (iii) the majority of genomic altera�ons in 
t(11;18)-nega�ve MZBCLs is also found in ABC-type DLBCLs 49;153, (iv) both MZBCLs and ABC-type 
DLBCLs are characterized by cons�tu�ve NF-κB signaling 154;155, (v) DLBCLs which s�ll contain a low-
grade lymphoma component are in majority of the ABC type 156, (vi) primary gastrointes�nal DLBCLs 
show a similar expression profile as gastrointes�nal MALT lymphoma 157 and (vii) the majority of 
rheumatoid arthri�s-associated DLBCLs are of the ABC type.158

The molecular mechanisms underlying MZBCL progression are as yet ill-defined. A number of gene�c 
altera�ons has been associated with histologic transforma�on such as allelic loss and muta�on of 
TP53 and hyper-methyla�on or dele�on of CDKN2A (p16-INK4A, ARF).159-161 Furthermore, several 
chromosomal gains and losses are associated with transforma�on.50 Since most MZBCLs express 
mutated IgV genes with intra-clonal sequence varia�on, proving previous and sugges�ng con�nued 
exposure to the SHM machinery, a role for the DNA mutator AID in MZBCL transforma�on cannot 
be excluded. However, immunohistochemical expression analyses showed that AID is detectable 
only in a minority of the cases.75;156 Accordingly, several inves�gators demonstrated variable, but 
generally low AID mRNA expression levels in MALT lymphomas.156;162;163 On the other hand, in ~50% 
of DLBCL, several proto-oncogenes, including PIM1, PAX5, RhoH/TTF and cMYC are targeted by 
aberrant SHM. Sequence analysis of MALT lymphomas revealed that 75% of low-grade MZBCLs and 
100% of low-grade MZBCLs with a DLBCL component contained muta�ons in one or more of these 
oncogenes. In the la�er group, higher frequencies of aberrant SHM were found as compared to 
pure low-grade MZBCLs, suppor�ng the concept of AID-mediated lymphoma progression.156 

BCR specificity of MZBCL
The general idea is that MZBCLs s�ll depend on environmental s�muli and on an�gen-receptor 
ligands. IgVH and IgVL gene sequence analyses have revealed that in spite of high muta�on loads the 
overall structure of the Ig is being preserved.119 Apparently, selec�ve forces prevent the outgrowth 
of BCR- MZBCL mutants.119 Nearly 80% of early stage H. pylori-associated gastric MZBCLs, but also a 
propor�on of cutaneous and ocular adnexal MZBCLs is curable by bacterial eradica�on alone.62;164;165 
Similarly, IFNα-2b treatment can cause regression of HCV-associated MZBCL.166;167

In vitro culture experiments with gastric MZBCL cells have revealed that the tumor B cells do not 
respond to H. pylori directly, but instead depend for their survival on s�muli provided by intra-
tumoral, H. pylori-specific T cells.168 We have recently produced soluble recombinant Abs derived 
from gastric and other MZBCLs, and indeed did not observe any reac�vity with H. pylori bacteria. 
119 Alterna�vely, it appeared that ~10% of gastric, and as much as ~40% of salivary gland MZBCLs, 
expressed V1-69/JH4- and V3-7/JH3- encoded BCRs with strong IgVH-CDR3 amino acid sequence 
homology to canonical rheumatoid factors (RF).119;169;170 Among an extensive panel of B-NHLs, this 
RF homology was unique for MZBCL.119 Indeed 7 out of 10 recombinant MZBCL-derived Abs showed 
strong in vitro binding ac�vity to immobilized human IgG.119 MZBCLs with high affinity IgG-specific 
BCRs may thus con�nuously be s�mulated by Ab-Ag immune complexes, like IgG-opsonized H. 
pylori in chronic gastri�s or IgG-chroma�n and/or IgG-SSA/SSB-RNA in Sjögrens sialadeni�s. The 
IgG-reac�ve BCRs may also capture and internalize Ab-Ag complexes and ac�vate TLR9 and/or TLR7 
by autologous or bacterial CpG DNA or by autoan�gen-associated RNA, consequently poten�a�ng 
the NF-κB pathway (Figure 4). Synergis�c effects of BCR and TLR9 or TLR7 engagement have 
originally been shown in the mouse by T cell independent ac�va�on of IgG-reac�ve B cells, using 
IgG-chroma�n or IgG-RNA complexes.171;172

Intriguingly, none of 8 previously published 119, nor 12 newly analyzed MZBCLs that harbored 
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the t(11;18), express BCRs with RF homology or reac�vity (ref 170 and H.Inagaki, wri�en 
communica�on, department of pathology, university graduate school of medical sciences, 
Nagoya, Japan, April 4, 2008). Moreover, the frequency of RF-BCRs, being ~40% of salivary 
gland, ~10% of gastric and <1% of pulmonary MZBCLs, inversely correlates with the t(11;18) 
frequencies found in these en��es (Table 2).119;128;132;133 This tenta�ve inverse rela�on suggests that 
t(11;18)+ MZBCLs do not depend on BCR (and perhaps neither on CD40 and TLR7/9) signals for 
their expansion since cons�tu�ve NF-κB ac�va�on is already guaranteed due to the expressed 
fusion protein (Figures 3 and 4). The facts that (i) t(11;18)+ gastric MZBCLs are resistant to H. 
pylori eradica�on therapy and that (ii) within the overall group of MZBCLs, t(11;18) and trisomy 
3 harboring cases were from pa�ents without underlying autoimmune diseases, support this 
hypothesis.145;147;173 Of note, the finding that t(11;18)+ MZBCLs lack RF-BCRs, indicates that 
this gene�c aberra�on occurs independent to the selec�on process favoring this specificity. 

Figure 4. MZBCL prolifera�on depends on cons�tu�ve NF-κB signaling provoked either by combined CD40/BCR/TLR9 
signaling or by the API2-MALT1 fusion protein. Gastric- and salivary gland MZBCL, lacking t(11;18), depend on CD40L 
and other T-help factors, together with the (RF-specific) BCR and/or TLR7/9 NF-κB signals. MZBCL with cons�tu�ve NF-κB 
signaling due to t(11;18), do not depend on T-helper factors, BCR nor TLR signaling. 
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Mouse models of marginal zone B cell lymphoma
As yet a limited number of mouse models has been generated aiming at MZBCL development. In 
general, four categories of poten�al ‘MZBCL’ models can be discerned; (i) mice with transgenic 
expression of genes involved in lympho-organogenesis, (ii) mice chronically challenged with 
Helicobacter species, (iii) mice carrying MZBCL-specific gene altera�ons and (iv) mice with chronic 
or uncontrolled T-cell mediated B cell ac�va�on.
As delineated in the first chapter, transgenic expression of the key molecules LT and TNF results in 
augmented lymphoid �ssue neogenesis.10;11 Similarly, transgenic expression of B- and T-lymphocyte-
a�rac�ng chemokines ini�ates forma�on of ectopic lymphoid �ssues, presumably also via the LT/
TNF axis.12 Although it could be argued that in these transgenic animals the con�nued ectopic 
lymphoprolifera�on would ul�mately lead to cellular transforma�on, development of MZBCLs has 
not been described. This may be due to the fact that in these mice chronic an�genic s�mula�on 
has not been assayed. 
In mice infected with Helicobacter species, the occurrence of organized lymphoid �ssues in and 
beyond the gastric mucosa has been described.174-177 Oral infec�on of A/J mice with Helicobacter 
sp leads to development of hepa�c inflammatory lesions containing HEVs, the produc�on of CCL21 
and CXCL13 and influx of B and T cells.177 Infec�on of BALB/c mice with Helicobacter felis resulted in 
a massive influx of B cells and lympho-organogenesis in the stomach.174;175 It was reported that a�er 
23 months of infec�on, 25%-75% of these mice developed low- or intermediate-grade MZBCLs. In 
these mice, regression of the infiltrates a�er an�-bacterial therapy was also demonstrated.174;175 
Other inves�gators have infected BALB/c mice with different ‘H. heilmannii’ isolates origina�ng 
from human and animal hosts. MZBCLs developed in ~25% of the infected mice. The lymphoma 
prevalence was dependent on the origin of the infec�ng isolates and the dura�on of infec�on.176 
Finally, infec�on of C57BL/6 mice with Candidatus H. heilmannii resulted in the development of 
gastric MALT lymphoma in 100% of the mice a�er 6 months.178 It is noted that in all these infec�on 
protocols, the diagnosis of MZBCLs was based on morphological grounds alone i.e. the presence of 
centrocyte-like cells and lympho-epithelial lesions, but not on the assessment of monoclonality by 
Ig gene rearrangement assays nor on any other molecular gene�c analyses.174;175

Transgenic FVB mice expressing the API2-MALT1 fusion gene, driven by the SRα promoter under 
control of the Eμ Ig heavy chain enhancer, specifically triggered the expansion of splenic MZ B 
cells. However, the expression of the API2-MALT1 fusion protein alone was not sufficient for the 
development of lymphomas over a period of 50 weeks.179 Immuniza�on of these mice with complete 
Freund’s adjuvants induced the loss of splenic compartmentaliza�on and a poly- or oligo-clonal 
lymphoid hyperplasia which gradually disappeared a�er cessa�on of the an�genic s�mula�on.180 
P100-/- mice with signal-independent ac�va�on of the noncanonical NF-κB pathway had markedly 
elevated MZ B cell numbers and a disturbed spleen microarchitecture.181 BAFF overexpression, 
ac�va�ng the noncanonical NF-κB pathway in BAFF-Tg and BAFF-Tg/TNF -/- mice, resulted in 
increased survival and accumula�on of transi�onal T2 and MZ B cells.182;183  Interes�ngly, the BAFF-
Tg/TNF -/- mice showed a high incidence of B cell infiltrates with histological features of extranodal 
MZBCL, but again not substan�ated by molecular analyses.183 Mice with cons�tu�vely ac�ve IKK2, 
enhancing the canonical NF-κB pathway, showed a mild B cell hyperplasia rather due to prolonged 
survival than to prolifera�on. Cell prolifera�on was drama�cally enhanced when the IKK2 B cells 
were s�mulated via the BCR or TLR4/9.184 Mice with B cell-specific expression of a chimeric CD40/
latent membrane protein 1 (LMP1) protein, showed an increased number of FO- and MZ- B cells 
in secondary lymphoid organs. The cons�tu�ve CD40-like signaling via the cytoplasmic LMP-1 tail 
in the B cells induced ac�va�on of the noncanonial NF-κB pathway, but also of the MAP kinases, 
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Jnk and ERK.185 Interes�ngly, in mice of >12 months, oligo- and mono-clonal B cell lymphomas 
developed at a high incidence. These B cell lymphomas did not resemble human MZBCLs as they 
did not express CD21.
Some mouse models nicely underscore the role of chronic T cell help in the development of B-cell 
lymphomas. For example, in Igλ transgenic mice with B cells presen�ng Igλ idiotype (Id)-derived 
pep�des on MHC class II, the transferral of Id-specific CD4 T cells resulted in B-cell lymphoma 
development a�er approximately 40 weeks. The lymphomas resembled MZBCLs as they expressed 
CD21, CD35, CD1d and IgM. Moreover, the lymphomas were shown to be mono-/ bi-clonal, 
harbored some soma�c IgVH muta�ons and had major cytogene�c aberra�ons.186 In mice deficient 
for the autoimmune regulator (Aire) gene showed a high frequency of MZBCLs a�er 15-24 months. 
The B-cell lymphoprolifera�ons were shown to be oligoclonal in the spleens of 4 out of 9 mice and 
displayed a MZ B cell phenotype with low IgD and high CD1d.187 Interes�ngly, Aire is a recently 
discovered transcrip�on factor that is expressed in thymic medullary epithelial cells and plays a key 
role in central tolerance induc�on.188 Thus, in these mice MZBCL development is most likely related 
to chronic help from autoreac�ve T cells.
 In conclusion, the assembled literature points towards a key role of cons�tu�ve NF-κB signalling 
in MZBCL development. This requirement is fulfilled by the combina�on of persistent BCR 
triggering, chronic T-cell help and TLR s�mula�on elicited by chronic infec�on or autoimmunity. 
In the ectopically formed lymphoid �ssue, these physiological s�muli can be overruled by gene�c 
altera�ons which guarantee cons�tu�ve NF-κB signalling. thus making the cells less dependent on 
the environmental s�muli.
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NEOPLASIA

Variable heavy chain gene analysis of follicular lymphomas: correlation between
heavy chain isotype expression and somatic mutation load
Wilhelmina M. Aarts, Richard J. Bende, Eric J. Steenbergen, Philip M. Kluin, Engelbert C. M. Ooms,
Steven T. Pals, and Carel J. M. van Noesel

The expansion of follicular lymphomas
(FLs) resembles, both morphologically
and functionally, normal germinal center
B-cell growth. The tumor cells proliferate
in networks of follicular dendritic cells
and are believed to be capable of somatic
hypermutation and isotype switching. To
investigate the relation between somatic
mutation and heavy chain isotype expres-
sion, we analyzed the variable heavy (VH)
chain genes of 30 FL samples of different
isotypes. The VH genes of the FLs were
heavily mutated (29.3 mutations on aver-

age). In addition, isotype-switched lym-
phomas contained more somatic muta-
tions than immunoglobulin M–positive
lymphomas (33.8 mutations per VH gene
versus 23.0, respectively). In all but one
of the FLs, the ratios of replacement
versus silent mutations in the framework
regions were low, independent of the
absolute number of somatic mutations
and the level of intraclonal variation.
Analysis of relapse samples of 4 FLs
showed no obvious increase in somatic
mutation load in most FLs and a decrease

in intraclonal variation in time. In 3 of 4
cases, we obtained evidence for selection
of certain subclones, rather than clonal
evolution. Our findings question if intra-
clonal variation is always a reflection of
ongoing somatic hypermutation. This may
have implications for the concept of
antigen-driven lymphomagenesis. (Blood.
2000;95:2922-2929)

� 2000 by The American Society of Hematology

Introduction

Follicular lymphoma (FL) is one of the most common B-cell

non-Hodgkin lymphomas in adults in Europe and the United

States.1 FLs have a relatively indolent behavior, with a reported

median survival of 8 to 10 years after diagnosis.2-4 At the molecular

level, FLs are characterized by the t(14;18)(q32;q21) translocation,

which can be demonstrated in approximately 80% to 90% of

FLs.5,6 Due to this translocation, the BCL-2 protein becomes

constitutively expressed, which protects the cells against the

induction of apoptosis and is thus believed to be of pathogenetic

relevance.7,8 On the other hand, the t(14;18) translocation alone is

not sufficient for full transformation, as has been demonstrated in

bcl-2 transgenic mice.9 Moreover, the t(14;18) translocation is also

found in normal B cells of healthy individuals.10-12 Additional

genetic aberrations must therefore be present and have in fact

been described.13,14

FLs are histologically well differentiated. Their nodular growth

pattern clearly resembles the architecture of germinal centers in

secondary lymphoid organs.15 The neoplastic follicles contain

centroblastic and centrocytic tumor cells as well as nonneoplastic T

cells, follicular dendritic cells, and few, if any, macrophages.16,17

Analyses of the variable heavy (VH) and light (VL) chain genes of

the B-cell antigen receptor (BCR) of FLs have further supported

their derivation from germinal center B cells: The immunoglobulin

(Ig) V genes of FLs are somatically mutated,18,19 and the mutation

patterns observed are reminiscent of those of normal, antigen-

selected, memory B cells. In addition, intraclonal diversity in the

mutated IgV genes of individual FLs is well documented 20-23 and is

generally considered to be a reflection of ongoing somatic hyper-

mutation. Finally, heavy (H) chain isotype switching has been

described for 2 cases of FL,24,25 an event that is thought to take

place normally in the centrocyte stage of the germinal center.26

Thus far, studies have indicated that the IgV genes of FLs

contain high somatic mutation loads: Bahler et al reported an

average frequency of mutation of 8.6% (amounting to approxi-

mately 25 mutations) in VH4-expressing FLs.18 This is in accor-

dance with a study by Stamatopoulos et al in which an average

mutation frequency of 9.3% (approximately 27 mutations) was

observed. Also, the � light chains used by these lymphomas were

mutated, although to a lesser extent: 4.7% mutation was found on

average (amounting to approximately 13 mutations per VL gene).19

In this study, we investigated the relation between the amount

and patterns of somatic mutations and the expressed H chain

isotypes by analyzing the BCRs of 12 IgM�(IgD�), 16 IgG�, and 1

IgA� FL samples. One of these lymphomas contained both IgM�

and IgG� tumor cells. Moreover, we investigated the changes over

time in the VH genes of 4 patients who suffered a relapse.

Materials and methods

Patient material

Fresh tissue material of FLs was obtained from surgically removed lymph

nodes at the departments of pathology of the Academic Medical Center,
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Amsterdam; the Westeinde Hospital, The Hague; and Leiden University

Medical Center, Leiden, the Netherlands. The age of the patients ranged

from 31 to 84 years (average, 63).

Immunohistochemistry

The surface immunoglobulin isotype was determined immunohistochemi-

cally. Cryostat sections were stained as described27 using monoclonal

antibodies specific for human immunoglobulin heavy and light chain iso-

types (Dako, Glostrup, Denmark, except for anti-IgM, -kappa, and -lambda,

which were obtained from Becton Dickinson, Erembodegem-Aalst, Bel-

gium). For FLs obtained from the Westeinde Hospital and Leiden Univer-

sity Medical Center, isotype expression was assessed by immunofluores-

cence. Briefly, acetone-fixed tissue sections were incubated at 37°C with the

primary antibody (anti-IgM, -IgG, -IgA, -IgD, -kappa, or –lambda; Dako),

washed 3 times in phosphate-buffered saline, and incubated for 30 minutes

with swine-antirabbit labeled with fluorescein isothiocyanate (Dako).

RNA isolation and cDNA synthesis

Total cellular RNA was isolated from frozen tissue sections using the Trizol

reagent (Life Technologies, Breda, the Netherlands). For complementary

DNA (cDNA) synthesis, 10 µg of RNA was incubated with 5 nmol of

pd(N)6 primer (Pharmacia Biotech, Roosendaal, the Netherlands) for 10

minutes at 65°C. After cooling on ice, the reaction mixture was added to a

final volume of 50 µL. It contained 400 units of Moloney murine leukemia

virus reverse transcriptase (RT) (Life Technologies), 8 mM of dithiothreitol,

1 mM of each dNTP, 1 � first strand buffer (50 mM of Tris-HCl, pH 8.3; 75

mM of KCl; 3 mM of MgCl2), and 60 units of RNAse inhibitor (Boehringer

Mannheim, Almere, the Netherlands). The reaction was performed for

1 hour at 37°C. Subsequently, the enzyme was inactivated during 10

minutes at 95°C.

Polymerase chain reactions

The complementarity-determining region 3 (CDR3) was amplified using a

forward primer with specificity for framework region 3 (FR3) in combina-

tion with reverse primers specific for JH (JHseq), Cµ, C� (C�2), C�, or C�,

as described.27 Either 1 µL of the cDNA reaction mixture was used, or (for a

nested polymerase chain reaction [PCR]) 1 µL of PCR product from a VH

family-specific PCR was used. The PCR mixture contained 1 � Taq buffer

(20 mM of Tris-HCl, 50 mM of KCl, pH 8.4), 0.2 mM of each dNTP, 1.5

mM of MgCl2, 2 units of Taq polymerase (Life Technologies), and 0.5 µM

of each primer. First, 10 cycles of amplification were performed in the

thermal cycler (PTC-100, MJ Research Inc, Watertown, MA), ie, succes-

sively 30 seconds at 95°C, 20 seconds at 57°C, and 20 seconds at 72°C. The

next 40 cycles of amplification consisted of 30 seconds at 95°C, 20 seconds

at 55°C, and 20 seconds at 72°C. The reaction was completed for 6 minutes

at 72°C. PCR products were analyzed on a 3% Metaphor agarose gel (FMC

Bioproducts, Rockland, ME). For the VH family-specific PCR, reactions

were performed with one of the VH family-specific leader primers

combined with the appropriate reverse primer, either JH, Cµ, C�, or C�.27

The PCR reaction mixture was the same as for the CDR3-specific PCR

except that 1 unit of Taq polymerase and 0.25 µM of each primer was used.

Thirty cycles of 30 seconds at 95°C, 30 seconds at 55°C, and 30 seconds at

72°C were performed. The reaction was terminated for 6 minutes at 72°C.

The PCR products were analyzed on a 1% standard agarose gel (Sigma, St.

Louis, MO).

Cloning and sequencing of PCR products

PCR products were cloned into pGEM-T vectors (Promega, Leiden, the

Netherlands) and transformed into DH10b bacteria (Life Technologies).

Subsequently, from 4 or more colonies both strands of the inserts were

sequenced to obtain the sequence of the dominant clone, the consensus

sequence. Sequencing was performed with an ABI sequencer (Perkin Elmer

Corp, Norwalk, CT) using the dye-terminator cycle-sequencing kit (Perkin

Elmer). To determine the Taq error rate of our experimental design, 19

clones of CD79a and CD79b were sequenced. These clones were generated

according to the same PCR and cloning procedures as used for the VH

genes. The Taq error frequency thus established is 0.14%, which amounts to

0.4 mutation/VH clone (data not shown).

Assignment of mutations

The sequences found were compared with published germline sequences

using the Vbase database28 and DNAplot29 on the Internet (http://www.

mrc-cpe.cam.ac.uk/imt-doc) to identify mutations. The last nucleotide

position of the V gene was excluded from the mutational analysis in view of

possible nucleotide deletions at the joining sites.

Statistical analysis

To calculate whether the excess or scarcity of replacement (R) mutations in

the FRs had occurred by chance, we used the binomial distribution model as

proposed by Chang and Casali.30 If the B cell was selected for antibody

expression, there is a counterselection for R mutations in the FRs. The ratios

of R versus silent (S) mutations (R/S) found in the CDRs are often higher

than expected but are not used by us as arguments for or against antigenic

selection; Dörner et al showed that the R/S values of both FRs and CDRs

were higher in nonproductive and, therefore, not antigen-selected rearrange-

ments than in productive, antigen-selected rearrangements.31 Also, addi-

tional R mutations in the CDRs can be unfavorable in already selected

immunoglobulin with high affinity.32 To calculate the significance of the

differences in the amounts of somatic mutation in IgM� and isotype-

switched FLs, the Mann-Whitney 2-sample test was used. In this analysis,

every tumor sample was included as a separate entity.

Results

Clonality assessment and isotype expression

Of the selected panel of FLs, clonality and isotype expression were

established immunohistochemically. To confirm this at the molecu-

lar level, the CDR3 region was amplified with a FR3 primer in

combination with primers specific for the JH gene or the 5� regions

of Cµ, C� (C�2), C�, or C�.27 With this PCR we can assess

clonality and isotype expression with a sensitivity of about 25%

clonal cells in a polyclonal background. In 30 of 59 FLs, we

observed a sharp band on agarose gel with both the JH primer and 1

or 2 of the primers specific for the constant regions as downstream

primers. In another 13 cases, we could establish clonality only with

a Cµ, C�, C�, or C� downstream primer and not with the JH primer.

In summary, in 43 FLs (72.9%) we could confirm clonality with a

CDR3-specific PCR. This percentage is similar to what has been

reported by others for PCR clonality assays of FLs.33-35 Of these

cases, we chose 30 FLs for our analyses of the VH gene sequences

(Table 1). In this selection, isotype-switched FLs were relatively

overrepresented. In 3 cases, immunohistochemical determination

of the expressed H chain was not clear (nos. 6, 25, and 56), whereas

by RT-PCR clonal bands with the C�2-specific primer were

obtained (not shown). In summary, 12 FLs expressed IgM, of

which at least 10 coexpressed IgD at the RNA level; 13 FLs

expressed IgG; and 1 FL expressed IgA (Table 1). Interestingly, in 1

of these lymphomas, no. 8-’83, both IgM- and IgG-expressing

tumor cells were found by immunofluorescence (not shown). In

accordance, CDR3-specific RT-PCR yielded sharp bands in the

lanes corresponding to the JH, Cµ, C�, and C� downstream primers

(Figure 1). Sequencing of the VH-Cµ and the VH-C� PCR products

showed that both tumor cell populations contained the same VDJ

rearrangement (Table 1). A relapse sample of this patient contained

only the IgG-expressing tumor cell population, assessed immuno-

histochemically and by CDR3-specific PCR (Figure 1).
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VH, D, and JH gene usage

The complete VH genes were amplified with family-specific VH

leader primers in combination with a JH primer or constant H chain

isotype-specific primers. To ascertain that these VH products

originated from the tumor population, we performed a nested

CDR3-specific PCR on the VH products obtained. In all cases, the

nested CDR3 products and the original CDR3 products had

identical sizes. Next, the VH products were cloned and sequenced.

The number of somatic mutations was determined by comparing

the VH sequences to the germline genes with the highest homology

(Table 1). Fifteen FLs used genes from the VH3 family (60%). VH4

and VH1 family genes were found in 6 FLs (24%) and 2 FLs (8%),

respectively. VH5 and VH7 genes were each found once (4%). The

JH4b gene was found in 9 FLs, JH6 genes were found in 6 FLs, and

JH3 and JH5 genes were each used by 4 FLs. The JH1 and JH2 genes

were each found once. A stretch of 7 consecutive nucleotide

matches was taken as an indication that a certain D gene was used.

According to this method, only 6 D genes could be assigned

(Table 2).

Number of somatic mutations

Most FLs, including the IgM-expressing FLs, were heavily mu-

tated (Table 1). Still, in this selection of FLs we observed a

statistically significant difference in the number of somatic muta-

tions in IgM-expressing versus isotype-switched FL samples

(P � .016; Figure 2). On average, FL samples of IgM isotype

contained 23.0 somatic mutations (7.8%), ranging from 8 to 49

somatic mutations. The FL samples of IgG isotype contained an

Figure 1. RT-PCR analysis of the CDR3 region of FL no. 8-’83 (left panel) and its
relapse, no. 8-’92 (right panel). Upstream, the FR3 primer was used in combination with
the JHseq, Cµ, C�2, C�, and C� downstream primers, as indicated above the lanes.

Table 1. Immunoglobulin heavy chain gene analysis of follicular lymphomas

Patient
No.

H Chain Isotype
(protein)*

H Chain Isotype
(RNA)*

VH

Family
Closest

Germline Gene

No. of
Mutations

(%) D Gene JH Gene

Intraclonal Variation‡
(no. of clones
sequenced)

1 IgM§ µ§ VH3 V3-23 12 (4.1) D2-8 (D1) JH4b nd

3-�93 IgM, IgD µ, � VH3 V3-7 (VH3-11) 26 (8.8) na JH6b 0.4 (5)

3-�95 IgM µ, � VH3 V3-7 (VH3-11) 21 (7.1) na JH6b 0.3 (6)

13 IgM, IgD µ, � VH4 V4-34 (DP-63) 9 (3) na JH6b 3.2 (5)

15 IgM µ VH4 V4-34 (DP-63) 8 (2.7) na JH2 0.3 (5)

16 IgM, IgD µ, � VH3 V3-11 49 (16.7) na JH5b nd

17 IgM µ, � VH3 V3-23 16 (5.4) na JH3b 0.3 (3)�

18 IgM, IgD µ, � VH3 V3-30 (DP-49) 26 (8.8) na JH6c nd

32 IgM§ µ, � VH7 V7-4.1 (VI-4.1b) 26 (8.8) na JH3b nd

57 IgM µ, � VH3 V3-7 25 (8.5) D3-22 (D21-9) JH4b 0.2 (9)

58 IgM µ, � VH4 V4-34 26 (8.8) D2-2 (D4-b) JH4b 2.0 (5)

67 IgM µ, � VH4 V4-39 (DP-79) 25 (8.4) D5-24 JH4b nd

8-�83 IgM µ, � VH3 V3-23 30 (10.2) D2-15/D2 JH3b 5.0 (7)

8-�83 IgG � VH3 V3-23 35 (11.9) D2-15/D2 JH3b 4.0 (5)

8-�92 IgG � VH3 V3-23 35 (11.9) D2-15/D2 JH3b 1.3 (6)

2 IgG � VH3 V3-30 (DP-49) 37 (12.6) na JH1 0.7 (3)

4 IgG � VH3 V3-23 49 (16.7) na JH3a 14.6 (5)**

5 IgG � VH3 V3-30 (COS8) 20 (6.8) na JH4b nd

6-�94 IgG � VH3 V3-23 44 (15) na JH4b 2.8 (4)

6-�98 Unclear � VH3 V3-23 50 (17) na JH4b 1.8 (6)

25 Unclear � VH3 V3-30 20 (6.8) na JH4b 0.4 (5)

35 IgG � VH1 V1-69 (DP-10) 34 (11.6) na JH6b 1.8 (8)

50 IgG � VH4 V4-61 (3d279d) 51 (17.2) na JH5a nd

52 IgG � VH3 V3-7 42 (14.3) na JH5a 3.2 (6)

56 IgM, weak IgG � VH3 V3-23 26 (8.8) na JH6c nd

59 IgG � VH5 V5-51 (COS24) 11 (3.7) D6-19 JH6b 3.8 (4)

66-�96 IgG � VH4 V4-39 (DP-79) 38 (12.8) na JH4b 3.0 (6)

66-�97 IgG � VH4 V4-39 (DP-79) 39 (13.1) na JH4b 0.7 (6)

66-�98 IgG � VH4 V4-39 (DP-79) 40 (13.5) na JH4b 0.5 (6)

68 IgG � VH3 V3-30 (DP-49) 8 (2.7) na JH5b nd

49 IgA � VH1 V1-18 29 (9.9) na JH4b 6.3 (6)

nd indicates not determined; na, the D gene could not definitely be assigned to a germline D gene.
*Heavy chain isotype expression as determined immunohistochemically or by PCR.
‡The intraclonal variation is indicated as the number of mutations observed per clone, compared with the consensus sequence.
§IgD expression was not assessed.
�One clone was excluded from the analysis, because it carried a deletion of 31 base pairs.
**One clone carried 47 mutations compared with the consensus clone.
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average of 34.1 somatic mutations (11.6%), with a range from 8 to

51 somatic mutations. The IgA-expressing FL harbored 29 somatic

mutations (9.9%; Table 1). These differences in mutation load are

also obvious from calculations on individual molecular clones of

these lymphomas: When for each clone the amount of somatic

mutations compared with the germline gene was calculated and

when these amounts were averaged between the clones, the

difference in somatic mutation loads amounted to 34.6 mutations

per VH gene for isotype-switched FLs and 23.6 mutations for IgM�

FLs (data not shown). In these clonal analyses, however, Taq errors

are included (	 0.4 mutations per clone).

Intraclonal variation

To assess the degree of intraclonal variation, independent clones of

21 FLs were sequenced (Table 1). In 15 of these FLs, intraclonal

variation above the Taq error frequency was observed, ranging

from 0.5 to 14.6 mutations per clone. Moreover, in 11 of these 15

lymphomas, mutations were found that were shared by more than 1

clone (data not shown), which argues strongly for somatic hypermu-

tation rather than Taq error. No obvious difference in the level of

intraclonal variation in IgM- and IgG-expressing FLs was ob-

served. In 6 FLs (nos. 3-’93, 3-’95, 15, 25, 17, and 57) the

intraclonal variation did not exceed the Taq error rate of 0.14%,

which amounts to 0.4 mutations per clone.

Mutation patterns

To assess whether the FLs—with variable levels of mutation and

intraclonal diversity—showed signs of selection for a potentially

functional BCR, the distribution of R and S mutations in FRs and

CDRs was analyzed. For this purpose, the dominant or ‘‘consen-

sus’’ VH sequences of individual FLs were analyzed. The ratio of

R/S mutations was highly variable in the CDR1 and CDR2

(average 3.9), whereas in the FRs the R/S ratio was consistently

lower than 2.0 (average 0.97), with 1 exception (FL no. 59; Table 3

and Figure 3). When the distribution of R and S mutations was

analyzed according to the binomial distribution model by Chang

and Casali,30 the number of R mutations in the FRs of most FL

samples was significantly lower than would be expected if the

mutations had occurred at random and in the absence of selective

forces. The nature of the R mutations (conservative or nonconserva-

tive) was not different between the CDRs and FRs. These data

clearly indicate that in FLs the overall structure of the BCR is

maintained irrespective of the total number of somatic mutations

and the degree of intraclonal variation (Table 3 and Figure 3). Only

in lymphoma no. 59 was the R/S value in the FR exceptionally

high: 9 R mutations versus 1 S mutation were found in the FRs, 5 of

which occurred in the FR1. The absolute number of R mutations in

the FRs, however, did not differ much from some other FLs.

Furthermore, because expression of surface IgG was found immu-

nohistochemically (Table 1), the high amount of R mutations in the

FRs apparently did not interfere with BCR expression.

Isotype switch variants and relapse of follicular
lymphoma no. 8

In FL no. 8-’83, both IgM- and IgG-expressing tumor cells were

found, which harbored the same VDJ rearrangement. Compared

with the germline gene V3-23, the IgM-related sequence con-

tained 30 somatic mutations, whereas the IgG-related sequence

contained 35 somatic mutations (Table 1, Figure 4). The patient

was treated with chemotherapy and achieved complete remission.

A local relapse 5 years later was irradiated, and 9 years after the

first presentation a systemic relapse developed (no. 8-’92), which

was again treated chemotherapeutically. This relapse consisted of

IgG-expressing tumor cells only. Compared with the germline

gene, also 35 somatic mutations were found, of which 30 somatic

mutations were shared with the IgM- and IgG-related sequence of

Table 2. CDR3 nucleotide sequences aligned with the most homologous D genes

Patient
No. V* n D‡ n J*

1 TGT GCG AAA ggg ct T TGT ACT GGT GGT GTT TGT TAT gaa ttt c TT GAC TAC

- --- --- --- --- --A --C ---

8 TGT GCG AGA cat GGA GAA TGT AGT GGT GCT CGC TGC TAC TTC ggc GCT TTT GA

--- T-T --- --- --- -G- A-- --- --- -C-

57 TGT GCG AGA gag gc TC GTG GTT ATT CC c AC TTT GAC

-A --- --- --- A-

58 TGT GCG A at tta cg T GGA TAT AGA CGG GGG ACC g AC TTC TTT

- --- --- T-T A-T A-T ---

59 TGT GCG AGA g AC AGC AGT GGC TGG TAC gtg tgg ggg aag g AT AAC CAC

-T --- --- --- --- ---

67 TGT ACG AGA ca A TGT CTA CAA TCA gac tat TCC TTT GA

- --G --- --- -T-

*Part of the V and the J genes are shown.
‡A stretch of 7 matched nucleotides was taken as an indication that a particular D gene was used.

Figure 2. The number of somatic mutations versus the H chain isotype (IgM or
IgG/IgA). The lines represent the average amount of mutations of IgM� FLs and
isotype-switched FLs, respectively.
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the first time point, and 5 were different (Figure 4). In all VH gene

sequences of lymphoma no. 8, a deletion of codon 3 was observed

(not shown), which is most likely due to somatic mutation.36,37

Relapses of follicular lymphomas no. 3, 6, and 66

Patient no. 3, who initially achieved complete remission after

chemotherapy, developed a relapse after 2 years. In the relapse

sample, the total amount of somatic mutations in the VH gene was

lower than in the presentation biopsy, 21 and 26 mutations,

respectively. Compared with the germline gene V3-7, 19 mutations

were found that were shared between the 2 time points (Table 1 and

Figure 4). No significant intraclonal variation was found at either

time point. Patient no. 6 presented with a stage IV, low-grade FL.

No treatment was given (‘‘watchful waiting’’). After 4 years, a

second lymph node was resected because of clinical progression.

The total number of somatic mutations compared with the germline

gene V3-23 was 44 in the presentation biopsy, compared with 50

somatic mutations in the second sample (Table 1 and Figure 4). In

the samples of both time points, intraclonal variation above the Taq

error was found, but in time the intraclonal variation had decreased

from 2.8 to 1.8 mutations per clone. Patient no. 66 developed 2

relapses, 1 and 2 years after the presentation of the FL in 1996,

respectively. Chemotherapeutic treatment started in 1997 after

clinical progression, upon which only partial remission was

achieved. The somatic mutation loads in the samples of these 3

time points were 38, 39, and 40 mutations, respectively, whereas

the intraclonal variation gradually decreased from 3 mutations per

clone to 0.5 mutations per clone. Curiously, although the absolute

amount of somatic mutations increased, the location of the

mutations was not the same in samples of these 3 time points

(Figure 4). Compared with the germline gene, 37 somatic muta-

tions were shared between the 3 time points. In the presentation

biopsy, 1 additional R mutation was found at codon 23. This

mutation was not found in the sample of the second time point. In

addition, 2 other R mutations were found at codon 57 and 64. In FL

no. 66-’98, except for the 37 shared mutations, a new R mutation

was found at codon 5. The mutation found at codon 23 was shared

with the first time point, whereas the mutation at codon 64 was

shared with the second time point (Figure 4). Also, at the clonal

level only a slight increase was found in the number of somatic

mutations: The average number of somatic mutations of the clones

compared with the germline gene V4-39 was 39.7 in the samples of

the first 2 time points and 40.5 in 66-’98 (data not shown).

Discussion

In this study, the VH genes of 30 FL samples of different isotypes

were analyzed. In agreement with Bahler et al,18 the VH family gene

usage of the FLs studied was not obviously different from VH gene

usage reported for normal B cells.38,39 Compared with normal

postfollicular B cells derived from tonsil, spleen, or lymph node,

the VH genes of FLs contained significantly more mutations, which

is compatible with prolonged expansion in a germinal center–like

environment. We observed mutation numbers ranging from 8 to 51

(2.7% and 17.2%, respectively), with an average of 29.3 (9.9%) per

VH gene. Similar frequencies have been reported previously by

others.18,19 In 15 of the 21 FLs studied at the clonal level,

intraclonal variation above the Taq error frequency was found,

varying from 0.5 to 14.8 mutations per cloned VH gene (Table 1).

The patterns of somatic mutations in most of the FLs studied are

suggestive of selection for preservation of the BCR. In 26 of 31 FL

Figure 3. The R/S values of the CDRs and the FRs plotted against the total
number of mutations of individual cases of FLs. R/S values that amounted to
infinite in the CDRs are not shown. The figure shows that R/S values in FRs are
consistently low irrespective of the total number of somatic mutations, except for FL
no. 59 (R/S ratio of 9; 11 mutations in total). � indicates the R/S value of the CDRs; �

indicates the R/S value of the FRs.

Table 3. Analysis of VH gene mutations in follicular lymphomas

Patient
No.

Total
No. of

Mutations

Observed Mutations in the
Framework Region P*

ValueR S R/S

1 12 2 2 1.0 F.01

3-�93 26 9 8 1.1 F.05

3-�95 21 4 6 0.7 F.001

13 9 3 2 1.5 0.095

15 8 0 2 0 —

16 49 15 14 1.1 F.001

17 16 0 3 0 —

18 26 9 8 1.1 F.05

32 26 8 10 0.8 F.01

57 25 5 11 0.5 F.001

58 26 6 8 0.8 F.001

67 25 6 10 0.6 F.01

8-�83µ 30 9 9 1.0 F.01

8-�83� 35 10 11 0.9 F.001

8-�92 35 10 13 0.8 F.001

2 37 14 12 1.2 F.01

4 49 15 14 1.1 F.001

5 20 7 4 1.8 F.05

6-�94 44 7 15 0.5 F.05

6-�98 50 8 20 0.4 F.001

25 20 3 7 0.4 F.001

35 34 11 10 1.1 F.01

50 51 23 12 1.9 F.05

52 42 14 14 1.0 F.001

56 26 7 9.0 0.8 F.01

59 11 9 1.0 9 0.083

66-�96 38 16 10 1.6 F.05

66-�97 39 15 10 1.5 F.05

66-�98 40 16 11 1.5 F.05

68 8 2 3 0.7 .055

49 29 7 8 0.9 F.001

P indicates probability that the number of R mutations observed in the FRs was
obtained by chance.

P values in boldface type indicate significance (P � .05).
*See Chang and Casali.30
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samples, a significantly lower amount of R mutations was found

than what would be expected in case of random mutagenesis in the

absence of selection.30 This suggests that, at least at some time in

the development of the lymphomas, the expression of a functional

BCR has been important for cell survival. It is, however, likely that

most of the ‘‘consensus’’ mutations were introduced before the

outgrowth of the transformed clone. Therefore, the distribution of

these mutations alone does not allow the conclusion that FLs need a

preserved BCR structure for their survival. However, if somatic

mutation occurs in the tumor stage, the finding that all FLs bear a

structurally preserved BCR is significant because this must be the

result of continued selection.

Several groups analyzed somatic mutation in normal B

cells.37,40-44 Although variable numbers were reported—varying

from 1% to 6%—all studies that analyzed both IgM- and IgG-

expressing germinal center or memory B cells reported more

somatic mutations in the IgV genes of isotype-switched B cells

than in IgM� B cells.40-42 It is of note that even though the overall

number of somatic mutations in the IgV genes of FLs is higher than

in normal postgerminal center B cells, we also find that isotype-

switched FLs contain more somatic mutations than IgM� FLs

(Figure 2). Apparently, isotype-related differences in mutation

frequency, which are potentially present at the moment of transfor-

mation of a single cell, are being maintained during the course of

the disease.

FL no. 8-’83 contained both IgM- and IgG-expressing tumor

cells. The finding that in FL no. 8-’83 the IgM-expressing cells are

already heavily mutated suggests that the onset of somatic muta-

tions occurred prior to isotype switching, like in normal B cells26

(Table 1 and Figure 4). Both the immunohistochemical stainings on

FL no. 8-’83, as well as the finding that the IgM- and IgG-derived

VH genes contained different somatic mutations and a different

amount of intraclonal variation (Table 1 and Figure 4), strongly

suggest that the IgM� and IgG� cells represent different subpopula-

tions. In our hands, presence of isotype switch variants in FLs is an

unusual finding, because we observed it only once in this series of

43 FLs with our CDR3-specific PCR (data not shown). However,

our approach may not be sufficiently sensitive to detect alternative

isotypes, because we did not use clone-specific CDR3 primers but a

consensus FR3 primer in combination with constant region primers.

In 4 patients, a relapse was biopsied (Table 1). Comparison of

the VH gene sequences of lymphoma no. 3-’93 and its relapse, no.

3-’95, 2 years later, revealed a lower amount of somatic mutations

in the VH gene of the sample of the last time point. In this respect, it

is noteworthy that no significant intraclonal variation was found at

either time point in this lymphoma. Apparently, in the course of

disease or due to therapy, a minor subclone with a lower number of

mutations, which was not detected at the time of diagnosis, had

been selected. In patient no. 6 the absolute amount of somatic

mutations increased significantly in 4 years, whereas the intraclonal

variation decreased. In this case, the tumor population of the

relapse sample could indeed have evolved by ongoing somatic

mutation in combination with clonal selection. Patient no. 66

developed 2 relapses in 2 years. The number of mutations increased

slightly in time, whereas the intraclonal variation decreased

gradually (Figure 4, Table 1). By studying clonal relationships,

there was no clear evidence of clonal evolution of this FL in time.

In fact, the mutation patterns suggest that the tumor populations of

the different FL samples of patient no. 66 represent different

subclones that obtained a selective growth advantage at certain

time points. Subclone selection rather than clonal evolution was

even more apparent after the 9-year disease interval of patient no.

8. Surprisingly, despite the high intraclonal variation at the first

time point (5 and 4 mutations per clone for the IgM- and

IgG-derived subpopulation, respectively) and a lower, but still

significant, intraclonal variation of the relapse (1.3 mutations per

clone), no change in the absolute number of mutations was found

compared with the IgG-derived sequence of the first time point

(Figure 4). After the 9-year interval, one might have expected an

accumulation of mutations, at least measurable at the clonal level.

The absence of such an increase cannot be explained by clonal

selection, because we would still expect an increase in S mutations,

which is not the case in patient no. 8 or in patients no. 3 and 66.

Thus, in 3 of 4 patients, treated or untreated, intraclonal variation

had decreased in time. A decrease in intraclonal variation as well as

the absence of a significant increase of somatic mutations in time

seems a rule rather than an exception and has, in fact, also been

documented by others22,23,45: Zhu et al described an FL that was

heterogeneous at presentation, but the relapse 5 years later showed

no intraclonal variation. The VH sequences at both time points were

exactly the same. Four samples of an FL were described by Bahler

et al with an interval spanning 2 years. Only in the first sample of

the lymph node was intraclonal variation found. All lymphoma

samples from different locations, except for the last relapse sample,

contained 24 mutations compared with the germline gene. The

tumor cells in this final relapse sample contained only 19 mutations

compared with the germline gene. Most likely, a nonmutating

subclone with a lower number of mutations was positively selected

after chemotherapy, like in patient no. 3 of our series. This subclone

must have been present at the earliest time points but not detected.

Ottensmeier et al described 2 samples of an FL spanning an interval

Figure 4. Schematic representation of VH sequences
of patients no. 3, 6, 8, and 66. Each line represents the
consensus sequence at a certain time point. Only muta-
tions that differ between the sequences are shown. �

represents an S mutation compared with the germline
gene; � represents an R mutation. The codon numbers
in which mutations took place are indicated under these
symbols. The total number of somatic mutations for each
FL sample (in bold) and the intraclonal variation, in
number of mutations per clone, is indicated next to
each line.
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of 10 months.23 The first biopsy showed 22 somatic mutations

compared with the germline gene, whereas the lymphoma popula-

tion after therapy contained only 13 mutations. Intraclonal varia-

tion was present at both time points but was found to be lower in

the sample of the second time point. To our knowledge, only Cleary

et al observed a higher amount of intraclonal variation in the

relapse of an FL.46 In addition, the absolute amount of somatic

mutations increased from 35 to 38 after anti-idiotype therapy.

However, in a subsequent article this group also suggested that the

clones that survived the therapy might already have been present in

the first biopsy as minor subclones.47

Based on the present data, it can be questioned whether

intraclonal nucleotide differences in FLs are necessarily a reflection

of an active mutation machinery. In general, it can be assumed that

FL patients have a significant tumor load at the time of diagnosis.

The fact that most patients are in Ann Arbor stage III or IV supports

this notion.17,48 With the presumption that the tumor cell popula-

tions are the offspring of a single cell originally, it can be conceived

that numerous cell divisions must have occurred. In view of these

many cell divisions, the intraclonal differences are actually surpris-

ingly low. The rate of somatic hypermutation, if present, must be

substantially lower than in normal germinal center B cells. With

respect to the decrease in clonal diversity in time in FLs, observed

by us and others, it can be argued that subclones with lower or

absent mutation rates are selected preferentially, possibly due to

therapy. Alternatively, it can be hypothesized that, at least in cases

in which the intraclonal variation decreased and no clear increase in

the absolute amount of somatic mutations was found in time, the

neoplastic cells do not mutate anymore. It can be envisioned that

after a certain point in an ongoing transformation process, the

proliferating cells are prone to acquire additional genetic alter-

ations that give a growth advantage but interfere with the potential

of somatic hypermutation or heavy chain isotype switching.

Paradoxically, the somatic hypermutation process may by itself be

instrumental in the process of further de-differentiation because

non-Ig genes also can be targets.49,50 These genetic alterations may

thus take place in several, somatically diversified, daughter cells

and may even take place after isotype switch of some of the

expanded clones. After cessation of active mutation, intraclonal

heterogeneity may not immediately be abolished but may be

maintained to a certain degree for variable periods, also depending

on therapy susceptibility. This point is not trivial, because the

concept of antigen-driven lymphomagenesis relies strongly on the

capacity of tumor cells to somatically mutate. In other words,

within the group of FLs there may be cases in which, despite

intraclonal V gene diversity and mutation patterns compatible with

antigen selection, BCR ligands may not play a decisive role in their

propagation anymore.
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Brief report

Variable heavy-chain gene analysis of follicular lymphomas: subclone selection
rather than clonal evolution over time
Wilhelmina M. Aarts, Richard J. Bende, Janneke G. Bossenbroek, Steven T. Pals, and Carel J. M. van Noesel

To investigate B-cell receptor evolution in
follicular lymphomas (FLs), immuno-
globulin variable heavy chain (VH) gene
regions of 3 FLs were analyzed at differ-
ent time points. One FL with a high so-
matic mutation load and intraclonal VH

gene diversity was investigated in situ. VH

gene transcripts were amplified and se-
quenced from samples of approximately

50 tumor cells isolated from frozen tissue
sections by laser microdissection. Inter-
estingly, the mutation pattern of the preva-
lent subclone in the relapse biopsy was
virtually identical to that of a subclone
isolated by microdissection from the pre-
sentation biopsy 9 years earlier. In a sec-
ond FL, proof was obtained that the sub-
clone that dominated the relapse sample

had already been present in the initial
biopsy. The finding that subclones found
in the relapses of these FLs had not
evolved over time but were preexistent,
challenges the concept of antigen-driven
B-cell receptor evolution during disease
course. (Blood. 2001;98:238-240)

© 2001 by The American Society of Hematology

Introduction

Follicular lymphomas (FLs) are thought to originate from germinal-

center B cells.1 It is assumed, based on observed intraclonal

immunoglobulin variable (IgV) gene diversity,2-5 that FLs have

retained the capacity of ongoing somatic hypermutation. This

assumption implies that mutations may occur that give rise to

frameshifts or stop codons or that affect the overall structure of the

immunoglobulin.6 The fact that most FLs express intact B-cell

receptors (BCRs) during many years of disease7 therefore suggests

that counterselection for such alterations takes place. Indeed, the

patterns of somatic mutation in IgV genes of FLs show the

characteristics of such a selection process.8-10 Moreover, clonal

analyses of individual FLs revealed genealogic relations between

the tumor cells, compatible with clonal evolution.11-13 This finding

led to the hypothesis that FLs, similar to normal B cells, do not only

depend on the expression of a BCR but also on signals elicited by

potential ligands of this receptor.3,11,12

Recently, we analyzed the IgV genes of a large panel of FLs.10

Interestingly, in 3 of 4 FLs for which tissue of different time points

was available, we found no obvious accumulation of the number of

somatic mutations over time, whereas the mutation patterns were

not compatible with clonal evolution. On the basis of these data, we

questioned whether BCR ligands had played a role in the evolution

of some of these FLs. Here, the issue of clonal evolution is

investigated in more detail in 3 of these FLs.

Study design

Patient material

Fresh tissue of FLs 3, 6, and 8 and their respective relapse samples were

obtained from surgically removed lymph nodes from the departments of

pathology of the Academic Medical Center, Amsterdam, the Westeinde

Hospital, The Hague, and of the Leiden University Medical Center,

the Netherlands. FL 3 was first diagnosed in 1993 (FL 3-’93) and relapsed

in 1995 (FL 3-’95). From patient 6, FL tissue was available from 1994

(FL 6-’94) and from 1998 (FL 6-’98). FL 8 was established in 1983

(FL 8-’83) and relapsed in 1992 (FL 8-’92). Clinical data have been de-

scribed previously.10

Microdissection of samples

Microdissection was performed with a laser-microbeam system (PALM

GmbH, Bernried, Germany). Samples of approximately 50 cells were

dissected from a 10-�m unstained frozen tissue section from FL 8-’83,

“catapulted” into 3 �L complementary DNA (cDNA) reaction mixture, and

stored on ice until cDNA synthesis.

cDNA synthesis

RNA of bulk material was isolated from frozen tissue sections and cDNA

was synthesized as described.14 From microdissected samples, cDNA was

synthesized without prior RNA isolation. Samples were incubated with the

cDNA reaction mixture as described14 in a total volume of 20 �L. After

incubating for 15 minutes at 37°C, the enzyme was inactivated during 10

minutes at 95°C. Next, 20 �L water was added.

Amplification of the VH gene

cDNA reaction mixture (1 �L) was used in a 25-�L polymerase chain

reaction (PCR) volume by using a forward primer specific for the leader of

the VH3 gene family in combination with a reverse primer specific for C�
(C�1-: 5�-CGTATCCGACGGGGAATTCTC-3�) or C�.14 Next, a nested

PCR was performed using 2.5 �L of the first PCR product in a 25-�L

reaction. A VH3 primer that anneals in the FR1 region (VH3FR, 5�-
TCCCTGAGACTCTCCTGTG-3�) was combined with the appropriate

reverse primer, either C�, or C�2.14 PCR conditions were the same as those

described for the CDR3-specific PCR.14
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Amplification of time point–specific clones of FL 3 and 6

Time point-specific primers used were 5218�: (5�-GGTGTCCAGTG-

TGAGGTG-3�) as forward primer and 5218-: (5�-ACGTCCATAC-

CGTAGTCTG-3�) as downstream primer for FL 3 (Figure 1B), and

5�-GTGTCCAGTGTGGGAGCAA-3� as forward primer and either 5�-
TCTCAGACTGTTCATTTGTAA-3� or 5�-CCCTTGGTGGAAGCT-

GAG-3� as downstream primer for FL 6. cDNA (1 �L) was used in 25-�L

reaction mixture. The PCR protocol was the same as for the VH family-

specific PCR.14 The obtained PCR products were subsequently sequenced.

Sequencing of PCR products

Both strands of the PCR products were directly sequenced with an ABI

sequencer by using the dye-terminator cycle-sequencing kit (PerkinElmer,

Norwalk, CT).

Results and discussion

BCR configuration was studied over time in 3 FLs. In the

presentation biopsy of FL 8 (FL 8-’83) IgM- and IgG-switch

variants were found that contained 30 and 35 somatic mutations

compared with the germline gene V3-23, respectively (Figure 1A).

The second time point (FL 8-’92) 9 years later consisted of

IgG-expressing tumor cells only that contained 35 mutations

compared with V3-23, 30 of which were shared with the IgM- and

IgG-sequences of the 1983 sample (Figure 1A). At both time points

high intraclonal variation was observed,10 generally believed

indicative of ongoing somatic hypermutation.

The subclones present in FL 8-’83 were studied in more detail

by dissecting samples of approximately 50 cells from the 20

neoplastic follicles. Of each sample, the VH-C� and VH-C� gene

transcripts were amplified and sequenced. All PCR and sequence

reactions were carried out in duplicate, and “consensus” sequences

thus obtained of each sample were compared. In general, we found

a random distribution of subclones over the follicles without

obvious subclone dominance within individual tumor follicles

(data not shown). Significant intraclonal sequence variation was

found (ie, 2.7 and 3.1 somatic mutations per immunoglobulin

sequence) compared with the IgM- or IgG-derived consensus

sequences as derived from crude tissue analyses,10 respectively

(Table 1). Interestingly, we noticed that the IgM-derived sequences

from samples 2, 3a, 3b, and 4a, as well as the IgG-derived

sequences from samples 2 and 9a of FL 8-’83 clearly differed from

the consensus 8-’83 sequences but instead were almost identical to

the mutation pattern of the IgG� subclone that dominated the 8-’92

sample (Figure 1A). The only difference was a replacement

mutation at amino acid position 30 present in FL 8-’92 but not

found in any of the sequences of FL 8-’83 (Figure 1A). This close

resemblance and the fact that we found significant intraclonal

variation makes it very likely that the dominant subclone of 8-’92

was already present in the presentation biopsy. The findings

suggest that over time subclone selection occurred instead of

evolution of a subclone by continued somatic hypermutation in

combination with BCR selection.

On the basis of this finding, we assayed the initial biopsies of

FLs 3 and 6 for the presence of the subclones that dominated their

respective relapses. For this purpose, we designed time point–

specific PCR primers of which critical 3�-position(s) matched

solely with the sequences of the relapse populations. In FL 3, we

had previously found a decrease in the number of somatic

mutations over time and successive mutation patterns that were not

in favor of clonal evolution.10 Now, we obtained a PCR product

from cDNA of FL 3-’93 with 3-’95–specific primers. Sequencing

of this product indeed proved that the clone that dominated the

relapse 3-’95 had already been present in the initial biopsy 3-’93,

most likely at a very low frequency (Figure 1B). The fact that we

found this subclone with an identical mutation pattern at both time

points is not in support of ongoing somatic hypermutation. In FL 6,

this PCR approach was not successful (data not shown). Interest-

ingly, in this case, the number of somatic mutations had increased

over time, from 44 to 50 mutations compared with the germline

Table 1. Diversity of subclones found in follicular lymphoma 8-’83

Isotype
No. of clone
sequences

Total no. of intraclonal
nucleotide differences*

Intraclonal variation
(no. of mutations/clone)

8-’83 IgM 22 59 2.7

8-’83 IgG 20 61 3.1

8-’92 IgG 6§ 8 1.3

IgM, immunoglobulin M; IgG, immunoglobulin G.
*The majority of the nucleotide differences found were mutations that were

shared by more than one clone, which argues strongly for somatic hypermutation
rather than Taq errors.

§Clones were not obtained by microdissection of samples, but bacterial clones
were made from the VH3–polymerase chain reaction product derived from 8-’92
complementary DNA.10

Figure 1. Evidence for subclone selection over time in FL 8 and FL 3. (A) The
IgM- and IgG-derived VH sequences from FL 8-’83 (8-’83� and 8-’83�, respectively)
and from the relapse, 8-’92, are represented as lines. The consensus sequences had
been determined by crude tissue analyses.10 The total number of somatic mutations
compared with the germline gene, V3-23, is indicated at the end of each line. In
addition, the IgM-derived sequences from microdissected samples (MD) 2, 3a, 3b,
and 4a, as well as the IgG-derived sequences from samples 2 and 9a from FL 8-’83
are shown. The sample numbers represent the different follicles from which they were
taken. Different samples from one follicle are designated with a different letter.
Replacement and silent mutations are represented as closed and open circles,
respectively. Codon numbers are indicated underneath the symbols. Only the
mutations that differ between the sequences are indicated. The sequences depicted
of the microdissected samples of FL 8-’83 had an identical mutation pattern and were
remarkably similar to that of the consensus sequence of FL 8-’92. (B) Comparison of
the consensus sequences of FL 3-’93 and 3-’95 (top and bottom line).10 Only the
nucleotide differences between them are shown. The total number of mutations
compared with the germline gene, V3-7, is indicated at the end of each line. A PCR
was performed on cDNA of FL 3-’93 using primers (depicted as arrows) designed on
the 3-’95–specific sequence in the indicated areas. The 3� termini of these primers
matched the critical 3-’95 positions in codons 2 and 96, respectively. The middle line
depicts the sequence of the product obtained by this time point–specific PCR.
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gene, whereas the successive mutation patterns were also poten-

tially compatible with clonal evolution.

Thus, we provided evidence for selective outgrowth of minor

subclones in the course of FL disease. Previously, the gradual

overgrowth by an already major subclone, without alteration of the

consensus mutation pattern, has been documented.4 Matolcsy et

al13 described a diffuse large B-cell lymphoma (DLBL) that

evolved from a FL.13 The mutation patterns of the FL and its DLBL

relapse were different and more suggestive of subclone selection

than of clonal evolution.13 However, the investigators were not able

to demonstrate, by PCR with subclone-specific primers, the

presence of the DLBL clonotype in the FL.

On the basis of observed mutation patterns, intraclonal variation

and genealogic relationships between tumor subclones in FL, a role

for antigen-receptor ligands in lymphomagenesis has been pro-

posed.11,12 However, the evidence we obtained for subclone

selection rather than clonal evolution questions a role for BCR

ligands in the growth of at least some FLs. Interestingly, Ottens-

meier et al5 recently described a FL subclone with a stop codon in

the functionally rearranged VH gene. Among other clones, this

subclone was also found in the relapse sample 10 months later,

suggesting that BCR expression was not essential for the propaga-

tion of this FL.5 In conclusion, we think it is worth considering that

the expansion of FLs is independent of the quality of the BCR but is

determined by various other genetic alterations that give selective

growth advantage during disease course.
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It is generally assumed that follicular lymphomas (FL)
not only morphologically resemble normal germinal
centers but have retained some functional character-
istics of their non-neoplastic counterparts as well.
Recent IgV gene analyses on a panel of FLs however,
strongly suggested that FLs do not retain the capacity
of somatic hypermutation and are not being selected
on basis of the quality of their mIgV regions. To ex-
tend these findings, we investigated the follicular or-
ganization and class switching in a FL that consisted
of both IgM- and IgG-expressing tumor cells with a
high somatic mutation load and significant intra-
clonal VH gene diversity. VH-C� and VH-C� gene tran-
scripts were amplified and sequenced from samples
of approximately 50 tumor cells, isolated from frozen
tissue sections by laser microdissection. We identified
many different subclones and obtained limited evi-
dence of subclone dominance in individual follicles.
Remarkably, several subclones were found scattered
over different follicles. All samples contained IgM-
and IgG-expressing tumor cells with, in general, non-
identical mutation patterns, which is not in support
of ongoing class switching. Accordingly, no switch
circle recombination products were found. The find-
ings indicate that the neoplastic follicles lack the or-
ganization and functions typical of reactive germinal
centers. (Am J Pathol 2002, 160:883–891)

During normal B cell maturation, the developing cells are
continuously tested for expression and quality of their B
cell antigen receptors (BCR).1,2 This principle most obvi-
ously rules the germinal center (GC) reaction, where B
cells compete to obtain survival signals by binding anti-
gen that is presented at the surface of follicular dendritic

cells (FDCs).3 This competition, combined with changes
that are introduced in the immunoglobulin variable (IgV)
region genes due to somatic hypermutation,4 results in
clonal evolution of the BCRs and forms the molecular
basis of affinity maturation of the humoral immune re-
sponse.

Several in situ studies have provided insight into the
selection and differentiation processes that take place
within germinal centers.5–7 Both anatomically and func-
tionally, germinal centers seem rather closed compart-
ments. It has been shown that, although a single B cell
clone can be seeded into multiple GCs, clonal evolution
thereafter occurs independently in these GCs.7,8 The
stringency of selection within this environment was dem-
onstrated by the fact that the B cell populations of indi-
vidual GCs, initially being highly polyclonal, become oli-
goclonal or even monoclonal within a relatively short time
span.5,6,9

Follicular lymphoma (FL) is considered as the proto-
type of a germinal-center cell-derived B cell non-
Hodgkin’s lymphoma,10 as the centroblast- and centro-
cyte-like tumor cells proliferate in nodular networks of
non-neoplastic FDCs. Many investigators have demon-
strated that FLs carry heavily mutated IgV genes.11–13

Moreover, based on the findings of intraclonal IgV gene
diversity and the co-presence of different heavy (H) chain
switch variants in some FLs, it was concluded that the
processes of somatic hypermutation14–17 and H chain
isotype switching18,19 remain active in these neoplasms.
Finally, as the mutation patterns in the IgV genes of FLs
were found to be highly comparable to those in normal
antigen-selected B cells, it was proposed that FL cells
are, during their malignant growth, still being clonally
selected on basis of the antigen-binding capacity of their
BCRs.15,20–22

We have recently studied a large panel of FLs.13 These
analyses indicated that FLs may not retain the capacity to
somatically mutate. Additionally, we obtained evidence
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for subclone selection instead of clonal BCR evolution
over time.23 These findings challenged the concept of
antigen-driven lymphomagenesis.

We here analyze an interesting case of a FL that har-
bored, in all tumor follicles, IgM� and IgG� tumor cells of
the same clonal origin. By in situ analyses using laser
microdissection we aimed to obtain insight in the com-
position of the neoplastic follicles, the process of isotype
switching and the repertoire of infiltrating T cells within
the tumor compartment. The results again indicate that
FL cells may have retained less properties of normal GC
B cells than is generally assumed.

Materials and Methods

Patient Material

Fresh tissue of FL no. 8 was obtained from surgically
removed lymph nodes from the departments of pathology
of the Westeinde Hospital, The Hague, the Netherlands
and was kindly provided by Dr. E.C.M. Ooms. The pa-
tient, a 48-year-old woman, presented with a FL in 1983
(FL 8-‘83). Complete remission was achieved after che-
motherapy. After irradiation of a local relapse, in 1988, a
systemic relapse developed in 1992 (FL 8-‘92). As control
tissue, fresh human tonsil was used. All tissues had been
snap-frozen and stored in liquid nitrogen until usage.

Immunohistochemistry

Cryostat sections were immunohistochemically stained
as described,24 using monoclonal antibodies specific for
human CD21L (DRC-1, Dako, Glostrup, Denmark), Bcl-2
(clone 124, DAKO), and for Ig heavy and light chain
isotypes (all from Dako except for anti-IgM, -�, and -�,
which were obtained from Becton Dickinson, Erembode-
gem-Aalst, Belgium). Heavy chain isotype expression of
the lymphoma of patient 8 was also assessed by immu-
nofluorescence. Briefly, acetone-fixed tissue sections
were incubated at 37°C with the primary antibody (anti-
IgM, -IgG, -IgA, -IgD, -� or -�; Dako), washed three times
in phosphate-buffered saline (PBS), and incubated for 30
minutes with swine-anti-rabbit, labeled with FITC (Dako).

Microdissection of Samples

Microdissection out of frozen sections was performed
with a laser-microbeam system (PALM GmbH, Bernried,
Germany). The potential risk of RNA carry-over by cutting
was evaluated using slides with membranes on which
tissue of two distinct lymphomas was mounted together.
These analyses indicated that cell-specific results were
obtained and that out of microdissected membrane lo-
cated adjacently to the tissue no polymerase chain reac-
tion (PCR) products were amplifiable by reverse tran-
scriptase (RT)-PCR (data not shown). Similar results were
reported by others even after a brief fixation and staining
procedure.24 If, however, microdissection is possible us-
ing polarized light only, like in the present study, we use
untreated sections to exclude the risk of RNA carry-over.

Thus, here 10-�m frozen sections were dried but were left
unfixed and unstained before use. For RNA analyses,
samples of approximately 50 cells were dissected from
lymphoma 8-’83 (Figure 3), catapulted into 3 �l of cDNA
reaction mixture (see below), and stored on ice until
cDNA synthesis. For DNA samples, approximately 100
cells were dissected from follicles of hematoxylin-stained
tissue sections of lymphoma 8-‘83 and its relapse, 8-‘92
and from normal tonsil. Tissue samples were “catapulted”
into 5 �l of water.

cDNA Synthesis

RNA of bulk material was isolated from frozen tissue
sections using the TRIzol reagent (Life Technologies,
Breda, the Netherlands) and cDNA was synthesized as
described.25 From the microdissected samples, cDNA
was synthesized without prior RNA isolation. The micro-
dissected samples were incubated in a total volume of 20
�l of cDNA reaction mixture.25 The reaction was per-
formed for 15 minutes at 37°C. Subsequently, the enzyme
was inactivated during 10 minutes at 95°C. After cDNA
synthesis 20 �l of water was added.

DNA Preparation

For DNA samples, 15 �l of 0.25 mol/L proteinase K in 1X
Taq buffer was added (20 mmol/L Tris-HCl, 50 mmol/L
KCl, pH 8.4). After incubation overnight at 56°C, the
enzyme was inactivated for 10 minutes at 95°C. Bulk DNA
was isolated from frozen tissue sections using the DNA-
zol reagent, according to the manufacturer’s instructions
(Life Technologies).

Amplification of the VH Gene

In the first rounds of amplification 1 �l of cDNA reaction
mixture was used in a 25 �l PCR reaction volume using a
forward primer with specificity for the leader of the VH3
gene family in combination with a reverse primer specific
for C� (C�1-: 5�-CGTATCCGACGGGGAATTCTC-3�), or
C�.25 Next, a nested PCR was performed using 2.5 �l of
the first PCR product in a 25-�l reaction. PCR reactions
were performed with a VH3 primer that anneals in the FRI
region (VH3FR: 5�-TCCCTGAGACTCTCCTGTG-3�) com-
bined with the appropriate reverse primer either C� or
C�2.25 The PCR consisted of 50 cycles under conditions
that were the same as described previously for the
CDR3-specific PCR.25 PCR products were analyzed on a
1% standard agarose gel (Sigma, St. Louis, MO). All PCR
reactions and the subsequent sequencing reactions
were performed in duplicate to obtain a reliable consen-
sus sequence of a sample. Specificity of the PCR results
was further controlled using many buffer-only samples to
which no cDNA was added. These controls were in all
instances negative.

Amplification of Switch Circle Fragments

Quantification and subsequent stratification of the
amount of amplifiable DNA was performed using a PCR
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on the �2 microglobulin gene (�2m). The primers used
were 5�-AGCATTCAGACTTGTCTTTCAG-3� and 5�-GAT-
GCTGCTTACATGTCTCG-3�, which yield a product of
776 base pairs from DNA. The PCR protocol for this
�2m-PCR was the same as for the amplification of the VH
gene. S�-S� switch circle fragments were amplified in
25-�l reaction mixtures from 250 ng or less DNA, using
the upstream I�1/2 primer, in combination with the down-
stream S� primer.26 As positive controls, 10 copies of
artificial construct plasmids27 were amplified. All plas-
mids (S�1-S�, S�2-S�, S�3-S�, and S�4-S�) could be
amplified using this PCR approach (data not shown). The
PCR samples were first incubated at 95°C for 4 minutes,
then 40 cycles of 1 minute at 95°C, 1 minute of 68°C and
1 minute of 72°C were performed, followed by 10 minutes
at 72°C. Next, a nested PCR was performed with 2 �l of
PCR product of the first PCR in a 25-�l PCR, using the S�
and S� primers.26 The same PCR mixtures were used as
for the amplification of the VH gene, except that 100
nmol/L of each primer was used and Taq platinum poly-
merase (Life Technologies). With this PCR, one switch
circle copy in at least 1000 cells is detectable. The PCR
products were analyzed on a 1% agarose gel (Sigma)
and subsequently sequenced to confirm their origin.

DNA Fiber Fluorescence in Situ Hybridization

The configuration of the constant heavy chain gene locus
of both time points of FL 8 was analyzed by DNA fiber
fluorescence in situ hybridization (FISH) as described.28

Probes for the J region, the different constant region
genes and the BCL-2 locus were used. At least 20 fibers
representative for each configuration were analyzed out
of tissue of each time point.

Amplification and Analysis of Clonality of the
Variable Genes of the TCR-� Locus

The T cell receptor-� (TCRG) gene rearrangements were
amplified from DNA of microdissected samples. The first
PCR was performed with the PCR primers as de-
scribed,29 except that Taq platinum polymerase (Life
Technologies) was used instead of AmpliTaq Gold poly-
merase (PE Biosystems, Foster City, CT). For the second,
nested PCR, the sequencing primers29 were used with
the same PCR protocol, with exception that 2.0 mmol/L
MgCl2 was used and 0.25 �mol/L of each primer. The
products were first analyzed on a 1% agarose gel and
subsequently by heteroduplex analysis.30 Briefly, the
PCR products were denatured for 5 minutes at 95°C, then
they were allowed to reanneal at 4°C for at least 1 hour.
The resulting homo- and/or heteroduplexes were ana-
lyzed on a 6% non-denaturing polyacrylamide gel and
visualized by staining with ethidium-bromide.

Cloning and Sequencing of PCR Products

Both strands of the PCR products were either directly
sequenced with an ABI sequencer (Perkin Elmer Corpo-

ration, Norwalk, CT) using the dye-terminator cycle-se-
quencing kit (Perkin Elmer), or first cloned into pCR2.1-
TOPO vectors (Invitrogen, Groningen, the Netherlands)
and transformed into TOP10 bacteria (Invitrogen). Sub-
sequently, both strands of the inserts of a clone were
sequenced.

Results

Immunoglobulin Analyses of FL 8

We previously analyzed the VH and variable light (VL) chain
genes of a large panel of FLs of different Ig isotypes. Among
these, two biopsies of FL 8 were included.13 Interestingly, in
all follicles of the presentation biopsy of 1983 (FL 8-‘83) both
IgM/� and IgG/� tumor cells were found by immunofluo-
rescence as well as immunohistochemically (Figure 1).
Molecular analyses revealed that these assumed isotype
switch variants indeed carried the same VDJ rearrange-
ment which contained 30 and 35 somatic mutations com-
pared to the germ-line gene V3–23, respectively. This FL
expressed the L16 V� chain gene, which harbored 20
somatic mutations (data not shown). At the second time
point (FL 8-‘92), 9 years later, only IgG-expressing tumor
cells were found of the same clonal origin (data not
shown). In the V3–23 gene, 35 somatic mutations were
found compared to the germ-line gene, 30 of which were
shared with the IgM and IgG sequences of the first time
point. In the � light chain one extra replacement mutation
was present (data not shown). At both time points, sig-
nificant sequence variation was found between cloned
VH products: the means of this intraclonal variation were
5.0, 4.0, and 1.3 mutations/clone compared respectively
to the consensus IgM and IgG sequences of FL 8-‘83 and
the consensus IgG sequence of FL 8-’92, as determined
on crude tissue.13

Distribution of IgM and IgG Subclones in FL 8

To assay the distribution of the subclones within the
tissue of FL 8, we microdissected a total of 47 samples
from 19 neoplastic follicles from frozen tissue sections
(Figure 2). Cells were microdissected from unstained
tissue sections. Of each sample, containing approxi-
mately 50 cells, the VH genes were amplified and se-
quenced. All PCR and sequence reactions were carried
out in duplicate and consensus sequences thus obtained
of each sample were compared. The overall PCR effi-
ciency was 86%. All VH PCR products contained the
known VDJ rearrangement of this FL. From 5 of 47 sam-
ples the duplicates were not reproducible (the IgM-de-
rived sequences of sample 11a and 17b, and the IgG-
derived sequences of sample 9c, 15b, and 20b), ie, point
mutation differences were observed, most likely due to
the presence of too many different subclones without
clear dominance of one of them. The sequences that
could be reproduced are depicted in Figure 3. The vari-
ation found within the IgM and IgG sequences of the
samples was 2.7 and 3.1 somatic mutations per IgVH

sequence, compared to the IgM- or IgG-derived consen-
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sus sequences established in crude tissue analyses, re-
spectively.13

In 9 instances (concerning 5 IgM and 4 IgG se-
quences), a second sample derived from the same
follicle was assayed. In two of the five paired IgM
samples, the obtained VH sequences were identical
(3a and b, 13a and b), suggesting that these follicles
were dominated by a specific subclone. However, in
the three other sample pairs non-corresponding sub-
clones were identified with respectively 1 (samples 4a
and b), 3 (8a and e) and 6 (14a and b) nucleotide
differences. All four paired IgG-derived sequences

yielded non-identical sequences with either five (sam-
ples 3a and b and samples 4a and b) or one (samples
11a and b and samples 13 a and b) nucleotide differ-
ences (Figure 3).

To get more insight into (sub)clonal diversity, three to
eight bacterial clones were made from the PCR products
of samples 2�, 3a�, 3b�, and 9a�, and the respective
inserts were sequenced (Figure 4). Significant intraclonal
variation was found, which ranged from 1 mutation per
clone (sample 3a�) to 4.6 mutations per clone (sample
9a�). It must be emphasized that in these calculations
Taq errors may be present. We determined the frequency

Figure 1. FL 8-‘83 harbors both IgM- and IgG-expressing tumor cells. Frozen section of FL 8-‘83 stained with monoclonal antibodies specific for human IgA (A),
IgG (B), IgM (C), and BCL-2 (D) (magnification, �100). Whereas all cells are IgA-negative, a faint but significant expression of IgG is found on the majority of
cells in all areas. In between these cells, scattered tumor cells with relatively strong IgM expression are found.

Figure 2. Tissue sections of FL 8-‘83. A: The unstained tissue section of FL 8-‘83 from which samples were microdissected. B: A schematic drawing of the tissue
section. The circles represent the numbered follicles from which samples were taken. C: Tissue section of FL 8-‘83 stained with CD21L antibodies and
counterstained with hematoxylin.
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of Taq polymerase errors to be 0.14% in our experimental
setup, which would amount to an average of 0.4 muta-
tions per sequence for these clones.25 In sample 3a�
and 3b�, these clonal analyses were concordant with the
consensus sequences obtained by directly sequencing
the PCR products derived from these samples (Figure 4).
However, in sample 2� and 9a�, the consensus se-
quence derived from the clones differed from the directly
sequenced product. This may be erroneous, due to the
low number of analyzed clones, or be a reflection of
polyclonality.

It was striking that several subclones were found in
more than one follicle (Figures 3 and 5). The IgM� sub-
clone of sample 3a and 3b was also found in samples 2
and 4a and closely resembled the subclones of sample
1, 4b and 20a (one nucleotide difference). These follicles
are located adjacently (Figures 3 and 5). However, the
same samples yielded quite different IgG sequences, not
or less clearly related to each other. Furthermore, the IgM
sequences of sample 8a, 11b, and 12 were the same,

and closely resembled the IgM sequences of 7 and 9a
(one nucleotide difference). The IgM-sequences of 13a
and 13b were the same as the IgM sequence from 6, and
the 17a IgM-sequence was the same as the IgM se-
quence from sample 19. Similarly, an identical IgG� sub-
clone was found in samples 11b, 13a, and 14b and in
samples 2 and 9a. In all these cases no clear zonation
was apparent (Figures 3 and 5).

Isotype-Switch Variants Do Not Seem to Result
from Active Class Switching

Immunohistochemically, no clear compartmentalization
was found of the IgM- and IgG-expressing cells. Accord-
ingly, PCR analyses revealed that all dissected samples
contained both IgM and IgG transcripts (data not shown).
In all samples, except one, nucleotide differences be-
tween the isotype-switch variants were observed. Only
sample 2 contained an identical IgM- and IgG-express-
ing subclone. The average number of point mutation
differences between the class switch variants within the

Figure 3. Schematic representation of IgM- and IgG-derived sequences from
FL. no 8-‘83 (upper part and lower part, respectively) and its relapse 8-‘92
(bottom line). Only mutations that differ from the IgM consensus sequence,
as determined on crude tissue,13 are shown. The numbers represent the
different follicles from which samples were taken, as indicated in Figure 2.
Different samples from one follicle are designated with a different letter.
Replacement and silent mutations are represented as closed and open
circles, respectively. Codon numbers are indicated underneath the symbols.
Whereas in the consensus sequence at position 81 a mutation was present as
compared to the germ-line gene, the gray symbols at this site in sequence
8a� and 4a� represent the germ-line nucleotide.

Figure 4. A-D: Intraclonal variation within cloned PCR products. The se-
quences are depicted as lines. Only differences with the IgM-derived con-
sensus sequence of FL 8-‘83 are shown. The upper line of each figure
represents the sequence that was obtained by directly sequencing two
independent PCR products from the same sample. The other lines are the
sequences of individual bacterial clones made from the PCR products. Re-
placement and silent mutations are represented as closed and open circles,
respectively. Codon numbers are indicated underneath the symbols.
Whereas the consensus sequence of 9a� contains mutations at positions 50
and 56 as compared to the germ-line gene, the gray symbols at these sites
in sequences 1.1, 2.2, and 2.4 represent the germ-line nucleotides. *The
mutations at position 110 of clones 2.2 and 2.4 (9a�) are different from the
mutations in the same codon of clone 1.1 and 1.4.
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individual samples was 7.2, ranging from 0 (sample 2) to
13 (sample 3a) differences. These findings are not in
support of recent isotype switching of the tumor cells.
Therefore, to search for signs of active switching, tissues
of both time points of FL 8 were analyzed for the pres-
ence of S�-S� switch circles by PCR and sequencing
(Figure 6). Whereas switch circle products were abun-
dantly amplified from DNA of three different tonsils, from
neither time points of FL 8 were specific switch circle
products obtained (Figure 6).

Fiber FISH Analysis of CH Gene
Rearrangements in FL 8

To further address the isotype switching process in this
FL, the configuration of the constant heavy chain gene
locus of both time points of FL 8 was analyzed by DNA
fiber fluorescence in situ hybridization (FISH).28 Both the
functional allele and the translocated allele were de-
tected with probes specific for the J region, the different
CH genes and the BCL-2 locus, respectively. Except for
one translocated allele, two different functional alleles
were detected in the sample from FL 8-‘83, indicating that
the isotype-switch variants were derived from different
tumor cells (Figure 7 and Table 1). The first functional
allele was a VDJ rearrangement adjacent to C� and 4 C�
genes of the 3� CH cluster, with a downstream deletion of
2 C� and 1 C� gene. The second allele showed a VDJ
rearrangement adjacent to a C� gene of the 3� CH cluster.

By fiber FISH analysis of FL 8-‘92, we detected that the
translocated and the functional VDJ-C� allele were
identical to those of FL 8-‘83. In accordance with im-
munohistochemistry and PCR analyses, no VDJ rear-
rangement adjacent to C� was found in FL 8-‘92 (Fig-
ure 7 and Table 1).

TCRG Analyses of Intrafollicular T Cells

The proposed role for BCR ligands in lymphomagenesis
could imply that the tumor cells function as antigen pre-
senting cells for the intrafollicular T cells that might in turn
provide essential growth signals. To acquire more insight
into the T cell repertoire of this FL, we analyzed T cell
receptor-� (TCRG) variable genes of areas microdis-
sected from the biopsies of both time points of FL 8.
Since the TCRG locus, which has a limited repertoire, is
rearranged early in T cell development and remains un-
altered even in TCR��� cells,31 TCRG rearrangements
can be used as clonality markers. Samples of approxi-
mately 100 cells were dissected from follicles of FL 8-‘83,
its relapse 8-‘92, as well as from germinal centers of a
tonsil tissue section. From the microdissected samples of
FL 8 and tonsil, PCR products were obtained of the four
different V� families. The frequencies of occurrence of
these families were strikingly similar between the FL and
the tonsil (Table 2), with the exception that in FL 8-‘83
V�IV family products were detected in 11 of 33 samples
(33%), compared to 11% and 13% of the samples origi-
nating from the FL 8-’92 and tonsil, respectively. All PCR
products found in FL 8, which appeared as a sharp band
in heteroduplex analyses, were sequenced. Finally, of 13

Figure 5. A schematic drawing of the unstained tissue section of FL 8-‘83.
The open circles represent the numbered follicles from which samples
(smaller closed circles) were taken. Labeling of samples with letters was
done from left to right, from top to bottom. Follicles in which IgM- or
IgG-expressing subclones with identical mutation patterns were found are
connected by solid and dashed lines respectively.

Figure 6. PCR analysis to detect S�-S� switch circle recombination products.
The first lane is the 1 kb DNA ladder (M) with the fragment sizes indicated
on the left. Lanes T1-T3 represent the PCR products obtained out of crude
tonsil tissue, whereas lanes 8-‘83 and 8-‘92 show the PCR results obtained
on crude tissue of FL 8. The amount of genomic DNA (approximately 250 ng)
had been stratified using a �2-microglobulin PCR (lower panel). Sequenc-
ing proved that the PCR products obtained out of tonsil DNA (T1-T3) were
indeed switch circle recombination products, whereas the faint bands found
in lanes 8-‘83 and 8-‘92 proved to represent non-specific products (data not
shown).
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V�I PCR products (8 from 8-‘83 and 5 from 8-‘92), 6 V�II
products (4 from 8-‘83 and 2 from 8-‘92), 10 V�III prod-
ucts (4 from 8-‘83 and 6 from 8-‘92) and 5 V�IV products
(3 from 8-‘83 and 2 from 8-‘92), readable sequences were
obtained (data not shown). In these analyses, not a single
V�-J� rearrangement was found more than once, strongly
suggesting there is no dominating T cell clone in FL 8. It
must be realized that in contrast to reactive germinal
centers in tonsil or lymph node tissue, in which also
polyclonal T cells have been described,32,33 a FL con-
sists of cells of a single antigen-receptor specificity. By
consequence the potential repertoire of peptides pre-
sented by MHC class II molecules is restricted. Thus,
despite this uniformity of “antigen presenting” tumor cells
no indication for oligoclonality of T cells was obtained.

Discussion

We studied clonal distribution and isotype switching in a
FL, which harbored IgM and IgG expressing tumor cells
of the same clonal origin. Cell samples from neoplastic
follicles were microdissected and VH-C� and VH-C� tran-
scripts present herein were analyzed. We identified many
subclones scattered over the different follicles. Four out
of 13 identified IgM subclones and 2 of the 16 IgG sub-
clones were found in more than one follicle, some at

relatively large distances of each other (Figure 5). This is
not what would be expected if the neoplastic follicles
were anatomically and functionally sequestered compart-
ments, like normal GCs.7 Additionally, we observed no
clear subclone dominance within individual follicles: in 5
of 47 samples too many nucleotide differences were
found between the duplicate analyses to be able to as-
sign a consensus sequence. Moreover, in only 2 of the 9
follicles (nos. 3 and 13) of which two samples were taken
from different areas (and led to unambiguous results), the
same VH sequences were obtained (Figure 3), compati-
ble with local outgrowth of individual subclones. The
overall picture however is more indicative of a more or
less random distribution of subclones. Of note, the VH
sequence which was found most frequently in different
follicles, both as � (samples 2, 3, and 4a) and � (samples
2 and 9a) transcripts, was virtually identical to that of the
dominant IgG clone in the relapse tumor 8-‘92, 9 years
later. This remarkable evidence for selection of pre-exis-
tent subclones was reported previously by us.23 Also in
longitudinal studies on B cell lymphomas reported by
others,16,17,21,22 successive IgV gene patterns were
compatible with subclone selection. Apparently, such
subclones can finally obtain growth advantage most
likely on basis of additional genetic alterations unrelated
to the configuration of the BCR.

Our analyses further showed that in all microdissected
tissue samples, both IgM and IgG transcripts are present
(Figure 3). The fact that by fiber FISH, one translocated
allele and two distinct functional alleles were found in FL
8-‘83 (data not shown) indicates that these transcripts are
not the result of trans-splicing but are indeed derived
from different cells. In general, non-identical mutation
patterns were found in the isotype-switch variants of in-
dividual samples, except for sample 2. The average num-
ber of point mutation differences between the IgM- and
IgG-derived VH sequences of individual samples was
7.2. Moreover, despite significant intraclonal variation in
both IgM- and IgG-derived sequences, the IgM se-
quences resembled each other more than they resem-
bled the IgG sequences, and vice versa. These findings
argue against active class switching. The switch circle-
specific PCR analyses support this notion. Abundant

Figure 7. Fiber FISH detection of CH rearrange-
ments in FL 8-‘83 and FL 8-‘92. Shown are typical
examples of the consistently observed bar codes
representative for the functional Ig alleles of
IgM� (upper panel) and IgG� (center panel)
tumor cells of FL 8-‘83 and the IgG� tumor cells
of FL 8-‘92 (lower panel). The VDJ as well as
the different CH regions, as detected by the FISH
probes described previously,28 are indicated by
white symbols above each fiber.

Table 1. Schematic Overview of the Configuration of the
Constant Ig Heavy Chain Gene Loci Found at Both
Timepoints of FL 8 as Assessed by Fiber FISH

Alleles CH configuration

Germline allele 1 C� C� C�3 C�1 C�1 C� C� C�2
Germline allele 2 C� C� C�3 C�1 C�1 C� C� C� C� C�2
Translocated allele* bcl-2 C�1 C�1 C� C� C�2
Functional IgM allele

8-’83
VDJ C� C� C� C� C� C� C�2

Functional IgG allele
8-’83

VDJ C� C� C� C�2

Functional allele
8-’92

VDJ C� C� C� C�2

C� and C� genes are numbered when possible.
*The translocated allele was identical at both time points and was

derived from germ-line allele 1.

Table 2. TCRG V Gene Family Products Found in Samples Microdissected from FL 8 and Tonsil Tissue

Tissue Samples tested V�I V�II V�III V�IV

8-’83 33 21 (64%) 24 (73%) 9 (27%) 11 (33%)
8-’92 19 12 (63%) 12 (63%) 6 (32%) 2 (11%)
Tonsil 16 10 (63%) 14 (88%) 3 (19%) 2 (13%)
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switch circle recombination products were amplified from
tonsil tissue DNA (Figure 6), in which only a minor cell
fraction is likely to have undergone a class switch.
Among these class-switched cells, a minority will still
harbor the excision circles. By contrast, from DNA of the
FL, consisting of an almost pure population of isotype
switch variants of a single clone, no specific switch circle
products were amplified by this sensitive PCR method.
This and the fact that we found only one type of VDJ-C�
allele by fiber FISH, present in identical configuration in
FL 8-’92 (Figure 7 and Table 1), strongly argues against
active class switching. Although we can formally not rule
out that class switching occurs at very low frequencies in
this FL, our findings demonstrate that the tumor cells are
not frozen in a stage in which the IgM� cells are all on the
verge of H chain isotype switching. Most likely, the iso-
type switch took place early after initial transformation,
but not before a substantial amount of somatic mutations
had been introduced. In the literature, change of isotype
expression in time has been documented in some FLs, in
one case concurrent with transformation to a diffuse lym-
phoma.18,19 In these reports however, no control PCR
analyses were performed to exclude that the isotype-
switched clones had already been present at low fre-
quencies at the early time points.

It is questionable whether and to what extent the prin-
ciple molecular and cellular processes occurring in nor-
mal GCs, ie, somatic diversification, H chain isotype
switching and BCR-based clonal selection, occur in FLs.
The concept of antigen-driven lymphomagenesis relies
strongly on the capacity of the tumor cells to somatically
mutate their IgV genes together with the observed non-
random IgV gene mutation patterns. Many investigators
consider intraclonal V gene sequence diversity of lym-
phomas as an indicator of an active mutation machinery.
We previously pointed out that, considering the signifi-
cant tumor volume of FLs in general and thus the number
of cell divisions that must have occurred, the degree of
intraclonal sequence diversity in this and other FLs is in
fact remarkably low and indicates that, like the class
switching activity, the mutational activity in advanced
stage FLs must be very low or even absent.13 This con-
tention was supported by the finding that in general the
degree of intraclonal sequence diversity within FLs de-
creases instead of increases over time13,16,17,21,34 Strin-
gent selection processes must therefore occur which,
based on the available evidence for selection of pre-
existent subclones,23 are not necessarily BCR-guided.
As we found no indication of T cell oligoclonality within
this FL either, we obtained no circumstantial arguments
for a role of BCR ligands in lymphomagenesis via anti-
gen-specific T cell help, as has been proposed for low-
grade gastric mucosa-associated tissue (MALT) lympho-
mas.35–37

The notion that FLs are functionally more crippled than
generally assumed seems not inconsistent with their his-
tology. In most FLs, the neoplastic follicles are irregular
and in part ill-defined. This can be well appreciated in
immunohistochemical stainings with the DRC-1 (anti-
CD21L) antibody, in which the FDC networks, unlike nor-
mal germinal centers, often have a non-homogeneous,

“moth-eaten” appearance. Based on these architectural
characteristics, it can be conceived that the formation of
new follicles is a process of budding off from pre-existent
tumor nodules rather than the result of seeding by
founder cells. On the other hand, the fact that individual
tumor clones are also found at relatively large distances
and that most FLs are systemic indicates that the cells
must be actively trafficking and, on recirculation via
lymph and blood, home to distant follicles.38 Hence,
whereas normal GCs are rather closed compartments7

that allow for independent clonal evolution of the included
B cells, the neoplastic follicles appear to permit interfol-
licular tumor cell trafficking, as has previously also been
proposed by Dogan et al.39 This lack of spatial organiza-
tion in FLs is likely to interfere with strict BCR-based
selection processes.
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Abstract

Activation-induced cytidine deaminase (AID) is essential for somatic
hypermutation and class switch recombination of the immunoglobulin
(IG) genes in B cells. It has recently been proposed that AID, as the newly
identified DNA mutator in man, may be instrumental in initiation and
progression of B-cell non-Hodgkin’s lymphomas (B-NHL). We quantita-
tively measured, by real-time reverse-transcription PCR, expression of
AID and of the error-prone DNA polymerase � in normal B cells and a
comprehensive panel of B-NHL entities. In pre- and postgerminal center
(GC)-type B-NHLs like in normal naive and memory cells, AID did not
exceed background levels. However, half of Burkitt lymphomas tested
were found to express AID, at most at levels comparable with those found
in normal GC B cells. Thirty percent of diffuse large B-cell lymphomas
also transcribed AID, some at supraphysiological levels. Of follicular
lymphoma cases, only 25% expressed significant amounts of AID. More-
over, within the group of GC-type B-NHLs, a statistically significant
correlation between AID and polymerase � expression was found. By
contrast, we observed no correlation between AID expression and muta-
tion load neither with the degree of intraclonal diversity of IG variable
heavy chain genes. Interestingly, in two of seven follicular lymphomas
with clinical and histological progression, selective outgrowth of AID-
expressing clones occurred, suggestive for a role of the somatic diversifi-
cation machinery in lymphoma transformation.

Introduction

To create the degree of antibody diversity necessary to combat the
huge repertoire of microorganisms, IG3 genes undergo several regu-
lated alterations during B-cell development. The IG remodeling pro-
cesses that occur during the GC stage of B-cell differentiation, albeit
essential for the quality of the humoral immune response, are believed
to bear an intrinsic risk of derailment (1): NHLs are in majority of
B-cell origin and of GC or post-GC phenotype (2) and several IG
gene-related chromosomal translocations of B-NHL entities now
seem to result from mistakes in DNA diversification in the GC, in
particular SHM and IG CSR (1). It has also become clear that the
long-held dogma that SHM is confined to the IG loci is incorrect and
that other genes such as BCL-6 (3) and CD95 (4) can be substrates
even in nonneoplastic B cells. Recently, Pasqualucci et al. (5) demon-

strated that some reported translocation partners of IG, i.e., the proto-
oncogenes C-MYC, PIM-1, PAX-5, and TTF-1, are mutated in a
proportion of DLBCLs, most likely attributable to an aberrantly
targeted SHMmachinery. Such promiscuous hypermutation activity is
assumed to increase the chance that target genes become involved in
chromosomal translocations and, perhaps more importantly, implies a
new form of genetic instability.
SHM and CSR are now known to be highly related molecular

processes both depending on the recently identified enzyme AID (6).
Absence of AID in knockout mice (7), as well as in hyper-IgM
syndrome type 2 patients (8), leads to absent CSR and defective SHM.
Although AID shares homology with the RNA-editing enzyme
APOBEC-1, recent reports strongly suggested that AID acts by direct
deamination of cytidine residues in DNA (9–12). Most likely, SHM
and CSR both start with the AID-triggered conversion of cytidine to
uracil residues in the nontemplate DNA strand of the IG variable and
H chain switch regions, respectively, with preference for certain
hot-spot motifs (12, 13). These mismatches can become fixed muta-
tions if they are replicated without prior modification (14). Alterna-
tively, the created dU/dG pairs can be resolved by the base excision
repair (9, 15, 16) and mismatch repair systems, involving uracil
glycosylase, endonucleases, and error-prone DNA polymerases. There
is evidence that the polymerases Pol�, Pol� (17, 18), and Pol� (19) are
operational in these pathways. Of note, transgenic mice, with ectopic
and deregulated AID expression, were found to die early because of
development of epithelial and lymphoreticular neoplasms harboring
several hypermutated non-IG genes (20). This demonstrated that AID,
as the first active genome mutator identified in man, has oncogenic
potential.
Although it has been proposed that somatic gene diversification

may be instrumental in the ongoing transformation process of B-
NHLs, it is currently unknown to what extent the processes of SHM
and CSR are indeed active in the group of B-NHLs. We previously
noted that at least a proportion of FLs, despite their morphological and
architectural resemblance to normal GC B cells and despite the
somatically diversified nature of their IG genes, lack these typical GC
functions (21–26). With the knowledge recently obtained regarding
the molecular basis of the IG gene remodeling processes, this topic in
B-NHLs can be studied in a more exact manner. We present data on
mRNA expression of AID and DNA polymerase � in human tonsillar
B cells and in an elaborate set of B-NHLs, covering most clinicopath-
ological entities. Our findings demonstrate that AID expression
closely correlates with the immunopathological phenotype of B-cell
malignancies and that AID, as a genome mutator, may play a role in
ongoing transformation of at least part of GC stage-derived B-NHLs.

Materials and Methods

Patient Material. Tumor material was obtained from surgically removed
lymph nodes that were snap-frozen in liquid nitrogen at the departments of
Pathology of the Academic Medical Center in Amsterdam, the Westeinde
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Hospital in the Hague, the Academic Hospital in Groningen, and the Spaarne
Hospital in Haarlem, the Netherlands. B-CLL samples were derived from
peripheral blood obtained at the Department of Hematology of the Academic
Medical Center in Amsterdam. All lymphomas were classified according to the
WHO classification (2) criteria and judged at least by two expert pathologists.
Of all Burkitt’s lymphomas studied, a translocation involving c-MYC [t(8;
14)(q24;q32) or t(8;22)(q24;q11)] was demonstrated by classical karyotyping
and/or fluorescence in situ hybridization (27). To evaluate the relative number
of tumor cells and to exclude the presence of residual GCs, extensive immu-
nohistochemical analyses were performed. Thus, it was ensured that in all
B-NHL and B-CLL samples, the relative contribution of tumor cells was at
least 80%.

B-Cell Purification and Cell Sorting. Tonsillar mononuclear cells were
obtained by Ficoll density centrifugation (Pharmacia Biotech, Roosendaal, the
Netherlands). B cells were purified by E-rozetting. Naive, GC, and memory B
cells were sorted by a FACS-Vantage (Becton Dickinson, Erembodegem-
Aalst, Belgium) based on double stainings using a biotin-labeled monoclonal
antibody specific for CD38 (Caltag, Burlingame, CA), detected by Cy5-
phycoerythrin-labeled streptavidin (Dako, Glostrup, Denmark), and a poly-
clonal FITC-labeled antibody specific for IgD (Dako; Ref. 28). All samples
analyzed contained the specific B-cell subpopulations at purity of at least 90%.

RNA Isolation, cDNA Synthesis, and Quantitative PCR Analysis. Total
RNA was isolated using the Trizol reagent (Life Technologies, Inc., Breda, the
Netherlands), and cDNA was synthesized using pd(N)6 random primers (Phar-
macia) as described previously (29). Quantitative real-time PCR analysis was
performed using a LightCycler (Roche, Almere, the Netherlands; Ref. 30).
AID was amplified using the primers 5�-AGAGGCGTGACAGTGCTACA-3�
and 5�-TGTAGCGGAGGAAGAGCAAT-3�matching sequences in the 3�-end
of exon 2 and 5�-end of exon 3, respectively. All reported AID splice variants
are detected by this PCR (but not discriminated), except for the splice variant
lacking the 3�-end of exon 2 and whole exon 3 (31). To adjust for variable
cDNA input, the relative levels of �-actin cDNA were determined using the
primers 5�-GGATGCAGAAGGAGATCACTG-3� and 5�-CGATCCACACG-
GAGTACTTG-3�. Messages of the error-prone polymerases were amplified
by quantitative RT-PCR using distinct forward and reverse primer combina-
tions, i.e., 5�-CATCAGGTTGTGGAGCAGTT-3� and 5�-GGCAAACAC-
CCATGAACTTT-3� for Pol �, 5�-TGGTCGTGAGAGTCGTCAGT-3� and
5�-ACCATTGGGGTCATCACATC-3� for Pol �, 5�-TGTGGGCAGATGA-
TGCTAAG and 5�-CCCGGTACTTGGTGAGGTTA-3� for Pol �, and 5�-
CGCGTCAGTTGGGACTTAAG-3� and 5�-ACTATCGCCAACCTCAAT-
GC-3� for Pol �, respectively. The FastStart DNA Master Sybr Green I reagent
(Roche) was used for amplification with MgCl2 at 4 mM for AID, Pol �, and
Pol �, 3 mM for �-actin and Pol �, and 2.5 mM for Pol �. After incubation at
95°C for 6 min, 40 cycles of amplification were performed, i.e., successively
10 s at 95°C, 5 s at 60°C, and 5 s at 72°C. In each PCR run, a dilution series
of one AID-expressing FL was used to construct a calibration curve. All PCR
products were positively identified by melting curve analysis. Results are
expressed as ratios of the relative values of AID and �-actin in comparison to
the calibrator sample.

Variable H Chain Gene Mutation Analysis. IGVH genes of B-NHLs
were amplified by RT-PCR, cloned, and sequenced as described previously
(29). Of each lymphoma, 3–10 clones (on average 6 clones) were sequenced.
The consensus IGVH sequence is defined as the nucleotide sequence that is
shared by �50% of the clones. The ICV was calculated as the mean number
of nucleotide differences/clone compared with this consensus IGVH sequence.

Results and Discussion

AID/�-actin mRNA ratios were measured in a variety of normal
and malignant B-cell populations by real-time RT-PCR using a Light-
Cycler. In normal naive as well as memory B cells, originating from
peripheral blood and tonsil, no significant AID was amplified yielding
AID/�-actin ratios � 0.8 (Fig. 1 and data not shown). In accordance
with previous articles (6, 32, 33), significant AID expression was
found in sorted GC B cells by our quantitative PCR approach yielding
relative values of 1.5, 2.8, and 6.3 (with an average of 3.5).
We subsequently investigated an extensive panel of B-NHLs rep-

resentative for all maturational stages, i.e., 2 B-ALL, 4 MCL, 36 FLs,
18BLs, 22 DLBCLs, 9 low-grade extranodal marginal zone B-cell
lymphomas of MALT, 18 B-CLLs, and 5 plasmacytomas (Fig. 1). In
remarkable accordance with their phenotypes, in B-NHLs of pre-GC
phenotype, i.e., B-ALL and MCL, and of post-GC phenotype, i.e.,
MALT lymphomas, B-CLL and plasmacytomas, we measured AID/
�-actin ratios that did not exceed those found in normal naive or
memory B cells. Of note, among the 15 B-CLLs, 9 cases expressed
IGVH genes with mutation frequencies �2%. Moreover, also after
B-cell antigen receptor-mediated stimulation in vitro of these mutated
and unmutated B-CLL variants, no AID expression was induced up to
quantifiable levels (data not shown). Our findings seem to contradict
recent articles reporting on AID expression in B-CLL (31–33). In
most of these studies, however, AID mRNA expression was measured
by nonquantitative RT-PCRs, and by consequence, the actual expres-
sion levels are difficult to judge. Recently, McCarthy et al. (32)
reported on high AID expression in a proportion of mostly unmutated,
B-CLL. The authors, however, show, by quantitative AID mRNA
measurement using TaqMan technology, that the expression levels
found in the B-CLL were in all cases�5% of those found in GC cells.
This thus is concordant with our measurements, albeit in our RT-PCR
assay, such levels are not quantifiable. We therefore think that the
mutations found in a proportion of B-CLL are unlikely to result from
an active or inducible mutation apparatus but are introduced before or
at early stages of cellular transformation.
Strikingly, AID was only expressed at significant levels in lym-

phomas with a GC phenotype: in 9 of 18 BLs, AID was expressed, at
most at levels comparable with those found in normal GC B cells.

Fig. 1. AID expression in normal B-cell popula-
tions and B-NHLs. Quantitative RT-PCR analysis
of AID and �-actin was performed on naive, GC,
and memory B-cell populations and various primary
B-NHLs. Each dot represents the average value of at
least three AID/�-actin ratio measurements. The
interexperimental variation was 30% on average.
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This is in agreement with evidence that in BLs (34) and in BL cell
lines (35, 36), the SHM/CSR machinery is active or can be induced.
Of 22 DLBCLs tested, 7 (32%) expressed measurable AID mRNA, 2
of which (overall 9%) at relatively high levels. This is an intriguing
finding because artificial overexpression of AID is known to confer
mutation of non-IG genes, also in T cells, fibroblasts (37–39), and
even bacteria (9). Among the panel of 36 FLs, only 9 (25%) expressed
AID above detection level. These AID-expressing FLs were, as a
group, not obviously distinctive with respect to histology, immuno-
phenotype nor stage.
We quantitatively measured in the panels of B-NHLs, mRNA

expression of the DNA polymerase Pol� and members of the Y family
of error-prone DNA polymerases, i.e., Pol�, Pol�, and Pol�. Interest-
ingly, among the AID expressing B-NHLs, a statistically significant

correlation between the expression levels of AID and Pol� (Spearman
rank correlation coefficient � of 0.6, P � 0.002; Fig. 2), but with none
of the other polymerases (data not shown), was observed. When the
AID-positive B-NHLs were separated according to subtype, a statis-
tically significant correlation between AID and Pol� was observed
within the group of BLs (� � 0.62, P � 0.05). The values calculated
for both FLs and DLBCLs did not reach statistical significance. Still,
it is remarkable that in the subgroup of DLBCL, the 3 cases with the
highest Pol� expression levels also displayed the highest mRNA levels
for AID. The trend that we observed within our panel of B-NHLs
seems compatible with recent RNAi-based gene inactivation studies
showing that SHM depends on Pol� (40) and suggests coregulation of
expression of two key enzymes of the somatic gene diversification
process in B-NHLs.
The finding that a minority of FLs express AID is in support of our

previous proposal that, in contrast to the general belief, at least a part
of these B-NHLs have not retained GC-specific functions like SHM
and CSR (21, 22, 29). To substantiate this notion, we compared
individual FLs, BLs, and DLBCLs the measured AID levels with the
total number of consensus mutations and the degree of intraclonal
sequence variation (ICV) in their IGVH genes, as far as these could be
assessed (Fig. 3). It was striking that for all three B-NHL types, this
comparison revealed no obvious correlation between either of these
three parameters. With respect to the group of FLs (Fig. 3A), different
categories could be discerned: FLs lacking ICV, with or without
significant AID expression. Next, FLs with significant ICV but no
detectable AID expression. This subgroup is of importance because it
proves our notion that ICV is not necessarily a reflection of active
SHM during the tumor stage but rather a remnant of earlier stages of
transformation. By consequence, the mutation patterns found in these

Fig. 2. Relation between AID and pol� mRNA expression in the group of GC-derived
B-NHL entities. Correlation between AID/�-actin and pol�/�-actin ratios in AID express-
ing FLs (�), BLs (E) and DLBCLs (ƒ).

Fig. 3. AID expression compared with intraclonal IGVH gene
diversity as measured in individual B-NHLs. AID/�-actin ratios
(solid bars) and the values of intraclonal IGVH gene sequence
variation (dotted bars) as determined in individual FLs (A), BLs (B),
and DLBCLs (C). On the X axis are plotted the total number of
consensus mutations present in the different B-NHLs.

3896

AID EXPRESSION IN B-NON HODGKIN’S LYMPHOMAS



FLs, which resemble those of normal antigen-selected B cells, neither
result from continued antigen receptor-based selection processes but
more likely are left over from the initial GC reactions in which the
respective progenitor tumor cells had been engaged. Of note, this
subgroup also included the previously reported FL8, which harbored
both IgM- and IgG-expressing tumor cells of the same clonal origin
(with 30 and 35 consensus mutations, respectively; Refs. 21, 22, 29).
Despite the abundance of H chain isotype switch variants among the
neoplastic cells, we have not been able to detect CSR excision circles
in the tumor tissue (22). Moreover, in this FL, the degree of ICV had
decreased instead of increased over a 9-year interval (21, 22). Our
interpretation that in this FL and most likely also other FLs, neither
CSR nor SHM proceeds is again corroborated by the finding of absent
AID expression. In 2 FLs (with respectively 11 and 42 consensus
mutations), significant ICV as well as AID expression was detected.
A similar pattern was obtained for BLs (Fig. 3B), with cases showing
significant ICV without quantifiable AID levels (with 3, 9, and 15
consensus mutations, respectively) and vice versa (with 5 and 7
consensus mutations, respectively). One BL, with 3 consensus muta-
tions, lacked AID and ICV, whereas in 3 BLs (with 10, 21, and 22
consensus mutations, respectively), both AID expression and ICV of
the IGVH genes was found. In these latter cases, the somatic diver-
sification machinery is thus potentially active.
For reasons not determined, we managed to resolve the IG gene

configuration only of a limited number of DLBCLs (Fig. 3C). Al-
though this may thus well provide a biased view, it is apparent that
AID is not preferentially expressed in cases with the highest number
of consensus mutations; 2 of 5 DLBCLs (with 35 and 8 consensus
mutations, respectively) harbored significant AID mRNA levels. In-
terestingly, the first case also displayed ICV of the IGVH gene and
was 1 of 3 DLBCLs with the highest levels of Pol � expression (Fig.
2). By contrast, the second AID� DLBCL, with 8 consensus muta-
tions, lacked ICV and Pol � expression. We conclude that the hyper-
mutation machinery is likely to be active in at most a minority of the
FLs and DLBCLs. In BLs the relative number with ongoing gene
diversification may be higher. Furthermore, knowing that AID ex-
pression is mandatory for the hypermutation process, the current
findings confirm our previous notion that ICV alone is an inappro-
priate parameter to read out hypermutation activity in B-NHLs.
Finally, we measured AID mRNA in 7 FLs with clinical progres-

sion over time (Fig. 4). In 6 of these lymphomas (FL3, FL6, FL24,
FL66, FL83, and FL91), progression was also evident histologically.
In FL24, AID expression was measurable at both time-points (FL24-
’95 and FL24-’99) with a slight increase over time. Interestingly, in 2
cases, significant AID expression was only detected at the second time

point (FL3-’95 and FL6-’98). The fact that in these 2 cases AID was
not expressed at presentation (FL3-’93 and FL6-’94, respectively)
indicates selective outgrowth of subclones with AID transcription and
thus potentially with an active mutation machinery. This subgroup
among the FLs is of interest because it may harbor a clue for the
questions whether AID plays a role in the process of tumor progres-
sion and, if so, at what stage the mutations found in the proto-
oncogenes in DLBCLs, as described by Pasqualucci et al. (5), are
being introduced.
In conclusion, AID is expressed in a proportion of B-NHLs of GC

phenotype only. The finding of DLBCL with abnormally high AID
levels as well the observed selective outgrowth of AID-expressing
tumor cells in FL suggest that SHM-related genetic instability is not
only essential in tumor initiation but may also be instrumental in
ongoing transformation of GC derived B-cell malignancies. It is
envisaged that if lymphomas with a mutator phenotype are more
prone to progress to higher grade malignancies, assessment of SHM
activity of low-grade B-NHLs will become of clinical relevance.
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Primary follicular lymphoma of the gastrointestinal
tract (GI-FL) is a rare so far poorly studied entity. We
analyzed four FL cases located in the small intestine
and duodenum to gain insight in their pathogenesis
and to find an explanation for their low tendency to
disseminate outside the GI tract. GI-FLs resemble
nodal FLs with respect to morphology and expression
of typical GC markers such as CD10, CD38, and BCL-6.
We established that the high levels of the anti-apop-
tosis protein BCL-2 in the tumor cells are in all cases
due to a t(14;18) involving the immunoglobulin heavy
chain and BCL-2 loci. Detailed immunoglobulin gene
analyses on microdissected tissue samples further
supported the GC-cell derivation: GI-FLs carry exten-
sively mutated variable heavy-chain genes. The muta-
tion patterns indicated that at some time point in
development stringent antigen receptor-based selec-
tion processes must have occurred. Interestingly,
three of four neoplasms expressed surface IgA, an
immunoglobulin class typical of the mucosal immune
system and seldom found in nodal FL. In contrast to
nodal FLs, the GI-FLs expressed the �4�7 integrin, an
established mucosa-homing receptor also expressed
by normal intestinal B and T lymphocytes and by
low-grade mucosa-associated lymphoid tissue lym-
phomas. However, the chemokine receptor CXCR3,
expressed on low-grade mucosa-associated lymphoid
tissue lymphomas, was not detected on the GI-FLs or
on nodal FLs. The combined data suggests that pri-
mary FL of the small intestine is a distinct entity that
originates from local antigen-responsive B cells.
(Am J Pathol 2003, 162:105–113)

Twenty-five to 40% of non-Hodgkin’s lymphomas (NHLs)
arise at mucosal sites, most frequently in the gastrointes-

tinal (GI) tract.1 The most common GI tract lymphomas
are the classical low-grade mucosa-associated lymphoid
tissue (MALT) B-NHLs.2,3 Follicular lymphomas (FLs) of
the GI tract (GI-FL), by contrast, are rare with an esti-
mated frequency of 1 to 3% among the GI tract
B-NHLs.4–6 They occur most frequently in the small in-
testine, specifically in the duodenum.4–11

In the lymph nodes, FL is one of the most common
B-NHLs and, by consequence, has been extensively
studied. In its classical form, this neoplasm consists of
follicular structures that harbor centrocytic and centro-
blastic tumor cells. These cells proliferate within networks
of nonneoplastic follicular dendritic cells, similar to the
GC B cells of so-called secondary lymphoid follicles.12

Like their normal counterparts, the tumor B cells generally
express CD10, CD38, and BCL-6 in addition to pan B-cell
markers.12–14 Nodal FLs most often express surface IgM
(sIgM) and sIgD, less frequently sIgG and rarely sIgA. At
the molecular level, FLs are characterized by the t(14;
18)(q32;q21) involving the Ig heavy chain (IGH) and
BCL-2 gene loci.15,16 Because of this translocation, the
oncogene BCL-2 is constitutively expressed, preventing
cells from apoptosis.17,18 Molecular analyses of the vari-
able (V) regions of IGH- and IGL- chain genes have
further confirmed the germinal center (GC) origin of FLs:
the IgVH and IgVL genes of FLs harbor significant num-
bers of nucleotide substitutions because of somatic hy-
permutation.19–21

It is remarkable that in all of the reported cases of
primary duodenal FLs,5,6,8,9 including a large FL that
invaded the pancreas,7 no evidence for distant or sys-
temic disease was found. This low tendency to dissemi-
nate outside the GI tract, which clearly contrasts the
behavior of nodal FL,12 may be because of expression of
specific adhesion molecules and/or dependence on local
stimuli such as antigen or chemokines.22 Mucosal lym-
phocytes strongly express the �4�7 integrin whereas
its ligand, MAdCAM-1, is selectively expressed on mu-
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cosal endothelium.23,24 Accordingly, mucosa-associated
B-NHLs, such as low-grade MALT lymphomas and man-
tle zone lymphomas presenting as malignant lymphoma-
tous polyposis, have been shown to express the mucosal
homing receptor �4�7.25,26 In addition, it has been re-
ported that intestinal epithelial cells produce a number of
chemokines, ie, CLL25 (TECK),27,28 CCL5 (RANTES),29

CCL9 (MIG), CCL10 (IP10), and CCL11 (I-TAC).30,31 The
respective receptors for these chemokines, CCR9,
CCR5, and CXCR3 are expressed by �4�7� T lympho-
cytes present in the lamina propria and in the epitheli-
um.27,28,30–32 Interestingly, it has recently been shown
that CLL25 (TECK) also attracts IgA-secreting cells to the
intestine.33 Furthermore, CXCR3 is expressed by a small
subset of peripheral B cells and by distinct types of B-cell
malignancies such as low-grade MALT lymphoma,
splenic marginal zone lymphoma, and B-cell chronic lym-
phocytic leukemia (B-CLL).34–36 However, CXCR3 ex-
pression has not been detected in nodal FLs.36 Thus,
expression of adhesion molecules and chemokine recep-
tors determine homing and dissemination of normal and
malignant B cells.

To explore to what extent FLs of the small intestine
resemble their nodal counterparts and on the other hand
to explain their localized nature, we performed a detailed
analysis of the configuration of the expressed IgVH chain
genes and the expression of lymphocyte-homing recep-
tors in four cases of GI-FL. The results of these studies
strongly suggest that these lymphomas are the offspring
of local antigen-responsive B cells.

Materials and Methods

Patient Material

Fresh tissue material of the four GI-FLs, originating from a
small bowel resection in one case and from endoscopi-
cally taken biopsies in three other cases, was in part
snap-frozen in liquid nitrogen and in part fixed in formalin
and paraffin-embedded. Patient 1, a 60-year-old male,
was admitted with nausea and vomiting because of an
ileus. On laparotomy, a stricturing tumor of 3.7 cm in
diameter was found that extended transmurally up to 1
mm from the serosa. Patients 2, 3, and 4 were females of
68, 45, and 35 years of age that underwent endoscopic
examinations for nonspecific GI complaints. In patient 2,
a lesion was seen in the pars descendens of the duode-
num covering an area of 3 cm in diameter with a con-
spicuously nodular surface. A low-grade MALT B-cell
lymphoma was suspected. In patient 3, a polypous tumor

with a diameter of 1.5 cm was found in the area of the
ampulla of Vater (see Figure 2A). In patient 4 a lesion in
the duodenum and focally in the ileum was found. In none
of the four patients was histological evidence obtained for
systemic disease. Patient 4 however, was treated che-
motherapeutically based on demonstration of a t(14;18)
by polymerase chain reaction (PCR) on bone marrow. All
achieved a disease-free status. The clinical data of the
patients are summarized in Table 1.

Tissue material of nodal FLs, MALT lymphomas, B-cell
chronic lymphocytic leukemia, and normal ileum, tonsil,
and lymph node were obtained from surgically removed
specimens of our hospital.

Immunohistochemistry

The immunohistochemical stainings were performed on
acetone-fixed cryostat sections and/or on formalin-fixed
paraffin-embedded sections using the highly sensitive
Powervision� detection system (ImmunoVision Technol-
ogies, Daly City, CA). Endogenous peroxidase activity of
cryostat sections was blocked with 0.1% NaN3 and 0.3%
H2O2 in phosphate-buffered saline and of paraffin sec-
tions, after deparaffinization and rehydration with 0.3%
H2O2 in methanol. Visualization of antibody binding was
performed for the cryostat sections with 3-amino-9-ethyl-
carbazole (Sigma, St. Louis, MO), 0.03% H2O2 in sodium
acetate, pH 4.9, and for the paraffin sections with 3,3�-
diaminobenzidine (Sigma), 0.03% H2O2 in Tris-HCl, pH
7.6. The sections were counterstained with hematoxylin
(Merck, Darmstadt, Germany). Monoclonal antibodies
(mAbs) specific for CD10 (CALLA), IgM, �- and �-light
chains (Becton and Dickinson, Erembodegem-Aalst, Bel-
gium), IgG, IgA, CD20 (B-Ly1), CD21-L (DRC-1, R4/23),
BCL-2 (124), and BCL-6 (PG-B6P) (DAKO, Glostrup,
Denmark), CD38 (HIT2) (CLB, Amsterdam, the Nether-
lands), CXCR3 (1C6) (Pharmingen, San Diego, CA), and
�4�7 (Act-1)37 were used. mAbs for IgM, IgG, IgA, �, �,
CD21-L, �4�7, CD10, and CD38 were only used on cry-
ostat sections, mAbs for CD20, BCL-2, BCL-6, and
CXCR3 were used on cryostat and on paraffin sections.
For the CXCR3, BCL-2, and BCL-6 mAbs, the paraffin
sections were pretreated with citrate buffer (10 mmol/L,
pH 6.5) at 100°C for 10 minutes.

Amplification and Analysis of t(14;18)

High-molecular weight DNA was obtained from frozen
tissue specimens by lysis in sodium dodecyl sulfate and

Table 1. Clinical Findings and Disease Course of the GI Tract Follicular Lymphomas Analyzed

Patient Sex Age Localization Stage* Therapy Time† Outcome

1 m 60 Jejunum IE Resection 41 Alive, without disease
2 f 68 Duodenum IE Radiotherapy 60 Alive, without disease
3 f 45 Duodenum IE Radiotherapy 31 Alive, without disease
4 f 35 Duodenum IE

‡ Chemotherapy 24 Alive, without disease

*Ann Arbor staging classification.
†Disease-free survival time in months.
‡Positive t(14;18) on bone marrow samples but no histological evidence for bone marrow localization.
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100 �g/ml of proteinase K. The samples were digested at
56°C for 16 hours, followed by phenol-chloroform extrac-
tion and ethanol precipitation. After washing, the DNA
samples were dissolved in distilled water. These genomic
DNA samples were tested for the presence of the t(14;
18)(q32,q21) using a PCR targeted at the BCL-2/JH
breakpoint. The BCL-2 mbr2 primer was used in combi-
nation with a reverse JH consensus primer JH18.38 The
PCR products were analyzed on a 1.5% agarose gel and
subsequently purified. The purified PCR products were
sequenced on both strands using the Big Dye terminator
cycle-sequencing kit and an ABI sequencer (Perkin
Elmer Corp., Norwalk, CT).

Microdissection and cDNA Synthesis

Microdissection of groups of cells was performed with a
PALM laser-microbeam system [Positioning and Ablation
with Laser Microbeams (PALM), GmbH, Bernried, Ger-
many]. Frozen tissue sections of 10 �m were mounted on
plastic membranes and stained for 1 minute with hema-
toxylin. For RNA analyses, samples of �50 cells were
dissected out of tumor follicles and catapulted into a
20-�l cDNA reaction mixture (see below) and kept on ice.
Without previous RNA isolation, cDNA was synthesized
using 2 nmol of Pd(N)6 primer (Pharmacia Biotech,
Roosendaal, The Netherlands) and 160 U of M-MLV re-
verse transcriptase (Live Technologies, Breda, The Neth-
erlands). The reaction mixture further contained 8 mmol/L
dithiothreitol, 1 mmol/L of each dNTP, 1� first strand
buffer (50 mmol/L Tris-HCl, pH 8.3, 75 mmol/L KCl, 3
mmol/L MgCl2) and 24 U of RNase inhibitor (Boehringer
Mannheim, Almere, The Netherlands). The reaction was
performed for 15 minutes at 37°C after which the enzyme
was inactivated during 10 minutes at 95°C. After cDNA
synthesis, 20 �l of water was added.

Amplification of the VH Gene by PCR

The IGVH locus and the applied primers in the PCR reac-
tions are schematically depicted in Figure 1. VH family-
specific PCRs were performed using different VH family-
specific leader primers39 in combination with reverse
primers specific for either C� (patients 1 and 3) or C�
(patient 2). (C�1: 5� CGTATCCGACGGGGAATTCTC 3�;
C�1: 5� TTCGCTCCAGGTCACACTG 3�). In the first
round of amplification 1 �l of cDNA was used in a 25-�l
PCR reaction volume. The PCR mixture contained 1� Taq
buffer (20 mmol/L Tris HCl, 50 mmol/L KCl, pH 8.4), 0.2
mmol/L of each dNTP, 1.5 mmol/L MgCl2, 1 U of Taq
polymerase (Life Technologies, Breda, The Netherlands)
and 0.5 �mol/L of each primer. First, 10 PCR cycles were
performed in the thermal cycler (PTC-100; MJ Research
Inc., Watertown, MA) successively 30 seconds at 95°C,
20 seconds at 57°C, and 20 seconds at 72°C. The next
40 cycles of amplification consisted of 30 seconds at
95°C, 20 seconds at 55°C, and 20 seconds at 72°C. The
reaction was completed for 6 minutes at 72°C. Under the
same conditions, the complementary determining region
3 (CDR3) was amplified in a nested PCR reaction using

2.5 �l of the first PCR product in a 25-�l reaction volume
using a forward primer specific for framework region 3
(FR3) in combination with an appropriate nested reverse
C� or C� primers.39 The PCR products were analyzed on
a 3% Methaphor agarose gel (FMC Bioproducts, Rock-
land, ME).

To obtain enough material for sequencing, the tumor-
specific IgVH products of first VH family-specific PCR
were amplified in a nested PCR using the appropriate
VH-FR1-specific primer in combination with nested C� or
C� primers. Also 2.5 �l of PCR product of the first VH

family-specific PCR was used here in a 25-�l reaction
volume under the same PCR conditions (VH3-FR1, 5�-
TCCCTGAGACTCTCCTGTG-3�) PCR products were an-
alyzed on a 1% standard agarose gel. The PCR products
were sequenced on both strands. The IgVH sequences
found were compared with published germline IgVH se-
quences using the Vbase database40 and DNAplot41 on
the internet (http://www.mrc-cpe.cam.ac.uk) to identify
somatic mutations. The amino acid sequences of the
CDR3 regions were analyzed using the National Center
for Biotechnolgy Information Protein-BLAST program, op-
tion “search for short nearly exact matches” (http://
www.ncbi.nlm.nih.gov/BLAST).

Statistical Analysis

To calculate whether there is significant selection against
replacement (R) mutations in the framework regions (FR),
we used the binomial distribution model as proposed by
Chang and Casali42 and the multinomial distribution
model as proposed by Lossos and colleagues43 Be-
cause the framework regions are essential for the overall

Figure 1. Schematic representation of the IgH locus and the primers used in
the PCRs on the FLs. L, leader sequence; VH, variable gene segment; D,
diversity gene segment; JH, joining gene segment; CH, constant gene seg-
ment; N, nontemplated nucleotide additions; FR, framework region; CDR,
complementarity determining region. A: VH family leader-specific PCR. To
amplify the VH gene, VH family-specific primers annealing in the leader
regions were combined with downstream primers specific for the constant
regions of the immunoglobulin gene, ie, either C�1 for IgM-expressing and
C�1 for IgA-expressing lymphomas. B: Nested VH family-FR1 PCR. The VH

region was amplified out of the products of PCR-A using nested VH family-
specific FR1 primers and C� and C� downstream primers. C: Nested CDR3-
specific PCR. The CDR3 regions were amplified out of the products of PCR-A,
using a consensus FR3 primer and nested C� or C� downstream primers.
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structure of the IgV region, in normal Ag-selected B cells
counterselection for R mutations in these regions occurs.
This results in lower replacement/silent ratios in the FR
regions (R/S �1.5) than would be expected if mutations
would occur by chance only (R/S � 2.9).

Results

Histopathological and Molecular Features of
Primary FLs of the Small Intestine

We studied four cases of primary FL of the small intestine
(see Materials and Methods). In patient 3, a typically
polypous tumor with a diameter of 1.5 cm was found in
the area of the ampulla of Vater (Figure 2A). Histologi-
cally, the tumors of all four patients consisted of dense
infiltrates of predominantly small cleaved lymphocytes
admixed with variable numbers of centroblasts and a few
immunoblasts. The infiltrates displayed a clear nodular
growth pattern reminiscent of normal lymph follicles (Fig-
ure 2, B and C). Starry sky macrophages, which are
prominent in reactive germinal centers, were absent. Un-
like in classical MALT-type lymphomas, the lymphoid
cells did not infiltrate and destruct the gland epithelium,
ie, no lymphoepithelial lesions were present. Immunohis-

tochemistry demonstrated that the tumor cells consisted
of mature CD20� B cells, expressing the typical GC
B-cell markers CD38, CD10, and BCL-6, which are also
expressed by the vast majority of nodal FLs12–14 (Figure
2, D and F; Table 2). Interestingly, the tumor cells of
patients 1, 3, and 4 were IgM�, IgG�, and IgA� (Figure 2,
G to I; Table 2). CD21-L (DRC-1) stainings demonstrated
that the tumor cells expand mainly in networks of follicular
dendritic cells (Figure 5, Table 2). However, BCL-2�

BCL-6� IgA� tumor cells were also found scattered in the
lamina propria (Figure 2; E, F, and I). Like nodal FLs, all
four GI-FLs were found to carry a t(14;18). The translo-
cations in all cases involved the major breakpoint region
(mbr), located in the 3� untranslated region of the BCL-2
gene, adjacent to one of the JH gene segments of the
IGH locus (Table 2 and data not shown).15,16

Ig VH Gene Analysis on Microdissected Tumor
Samples

We amplified the IgVH regions out of almost pure samples
of tumor cells microdissected from frozen tissue sections
of the GI-FL of patients 1, 2, and 3. In these experiments,
separate PCRs were performed applying six VH family
leader region-specific primers in combination with appro-

Figure 2. Endoscopy and histology of the duodenal polyp of patient 3. A: Endoscopic picture of the adenoma-like structure found near the ampulla of Vater. B
and C: H&E staining of a section through one of the tumor nodules showing a follicle-like lymphocytic infiltrate in the mucosa at �50 and �400 magnification,
respectively. D: CD20 staining, proving the B-cell origin of the majority of the infiltrating lymphocytes. E: BCL-2 staining showing strong overexpression of this
oncogene by the B cells in the follicular infiltrates. F: BCL-6 staining showing expression of this typical GC B-cell marker. G, H, and I: IgM, IgG, and IgA stainings
showing that the tumor cells express IgA exclusively.
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priate reverse constant heavy chain region-specific prim-
ers, being either C�1, in lymphomas 1 and 3 or C�1 in
lymphoma 2 (Figure 1). On the PCR products thus ob-
tained, not visible on agarose gel, a nested CDR3-spe-
cific PCR was performed using an FR3 region-specific
primer, which anneals just 5� to the D gene, combined
with a nested C� or C� region-specific reverse primer
(Figure 1). Of each GI-FL, these nested CDR3 PCRs
yielded sharp bands on agarose gel only in the condition
that a VH3-specific leader primer had been used in the
first PCR (Figure 3A). As this finding was reproducible in
multiple tissue samples of each lymphoma we were con-
fident that we had confirmed clonality and identified the
IgVH genes, with their respective CDR3 regions, that were
expressed by the lymphomas. To obtain sufficient
amounts of PCR products for sequencing, nested PCRs
on the primary VH3 PCR products were performed using
a 5� primer annealing in the FR1 region in combination

with the nested C� or C� reverse primers (Figures 1 and
3B). To ascertain that these nested IgVH products indeed
originated from the tumor clones, we also performed a
seminested CDR3 PCR on them. In all three cases, the
obtained CDR3 products had sizes identical to the orig-
inal CDR3 amplimers (not shown). The amplified IgVH

genes were sequenced and analyzed. Of lymphomas 1,
2, and 3 we obtained VH sequences out of six, two, and
six malignant follicles, respectively. GI-FL 1 used the
V3–11 gene in combination with the JH4b gene, GI-FL 2
used the V3-48 and JH4b genes, and GI-FL 3 used the
V3-7 and JH6 genes (Table 3). Corbett and colleagues44

proposed stringent criteria for the assignment of D
genes: at least 10 constitutive nucleotides of identity are
required to confidently assign a D gene segment. Ac-
cording to these criteria, we could not determine a D
gene used in any of the three cases.

Number of Mutations, Mutation Patterns, and
CDR3 Amino Acid Sequence Analysis

The GI-FLs of patients 1, 2, and 3 all expressed extensively
mutated IgVH genes with, respectively, 40, 32, and 21 nu-
cleotide differences in their VH genes compared to germline
VH3 genes of closest homology (Figure 4, Table 3). We
assessed the distribution of replacement (R) mutations ver-
sus silent (S) mutations over the CDR and FR regions. In all
three cases the R/S ratios found in the FR regions were
lower than those of the CDR regions (Table 4). According to
the statistical analysis of Lossos and colleagues,43 in all
cases the number of R mutations in the FR regions were
significantly lower (P � 0.05) than would be expected if the
mutations had occurred at random and in the absence of
selective forces (Table 4). These data indicate that despite
the high number of somatic mutations the overall structure
of the IgVH and thus of the B cell receptor (BCR) was
preserved in these lymphomas.

It has been reported that the amino acid sequence of
the CDR3 regions of 50% of a panel of 20 gastric MALT

Table 2. Immunohistochemistry and t(14;18) PCR

Patient
no.

Immunohistochemistry PCR
t(14;18)CD20 CD21-L Ig isotype Light chain BCL-6 CD10 CD38 BCL-2

1 � � IgA nc � � � � �
2 � � IgM � � � � � �
3 � � IgA � � � � � �
4 � � IgA � � � � � �

�, The reactivity of the monoclonal antibody with the tumor cells, except for the CD21-L staining in which it indicates the reactivity with the
nonmalignant FDCs.

nc, Not clear.

Figure 3. Nested CDR3- and VH FR1-specific PCRs. A: The products obtained
by the VH leader-specific PCR were subjected to CDR3 PCRs using the FR3
upstream primer and C� (patients 1 and 3) or C� (patient 2) downstream
primers. These nested CDR3 PCRs on the VH3 PCR products yielded sharp
bands of 120-, 160-, and 130-bp lengths on gel, proving the clonal nature of
the proliferating cells of patients 1, 2, and 3, respectively. Control CDR3 PCRs
on polyclonal B cells, shown in the last two lanes, yielded smear patterns on
gel. B: To be able to sequence the VH products, the VH3-leader PCR products
were subjected to nested PCRs using the VH3-FR1 upstream primers in
combination with C� (patients 1 and 3) or C� (patient 2) downstream
primers. The obtained VH3-FR1 PCR products were purified and sequenced.
To give an impression of the lengths of the amplimers, the size of some
marker DNA bands are indicated.

Table 3. Ig Heavy Chain Gene Sequence Analyses of the Small Intestinal Follicular Lymphomas

Patient
no. Ig isotype VH family

Closest VH
germline gene

No. of
mutations (%)* JH gene

1 IgA 3 V3-11 40 (17.7%) 4b
2 IgM 3 V3-48 32 (14.2%) 5b
3 IgA 3 V3-7 21 (9.3%) 6b

*Counted starting from codon 23 where the FR1 primer ends.
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lymphomas showed significant homology to previously
reported CDR3 sequences.45 In two of these gastric
MALT lymphomas, as well as in the majority of salivary
gland MALT lymphomas,46 the CDR3 regions displayed
at least 75% sequence homology with rheumatoid fac-
tors. Amino acid sequence analysis of the CDR3 regions
of the GI-FLs presented here however did not reveal any
resemblance to reported CDR3 regions, suggesting that
the GI-FLs express unique CDR3 regions.

GI-FLs but Not Nodal FLs Express the Mucosa
Homing Integrin �4�7

Tissue sections of the intestinal and nodal FLs, MALT
lymphomas, B-CLL, as well as normal tonsil, lymph node,
and distal ileum (Peyer’s patches) were stained with
monoclonal antibodies specific for �4�7 and CXCR3,
respectively (Figure 5, Table 5). Among the lymphomas,
exclusively the GI-FLs and the low-grade MALT lympho-
mas expressed the mucosa-specific homing integrin
�4�7. By contrast, and in agreement with our previous
results,26 the vast majority of nodal FLs and the GCs of
lymph nodes were �4�7-negative. In the normal ileum,
the GCs displayed low expression of �4�7, whereas the
mantle zone B lymphocytes and lamina propria T lym-
phocytes were strongly positive (Figure 5, Table 5). How-
ever, unlike MALT lymphomas, both the intestinal and
nodal FLs expressed CD38 but lacked CXCR3 expres-
sion. Thus, the GI-FLs resemble normal GC B cells of
tonsil and Peyer’s patches (Figure 5, Table 5). In agree-
ment with Jones and colleagues,36 we found that two of
the three tested cases of B-CLL were strongly CXCR3-
positive (Table 5).

Discussion

In this study we present four cases of GI-FL localized in
the jejunum and the duodenum, the latter, according to
previous reports,4–6 is the most frequent localization of
this entity. In patient 1, the neoplasm had caused ob-
struction of the small intestine resulting in an ileus. In
patients 2, 3, and 4, the lesions were relatively small,
located in the duodenum and not evidently responsible
for the patients’ complaints. In accordance with other
reports,5–9 the lesions had a conspicuously nodular sur-
face. In patient 3, the appearance was even truly polyp-
ous and located near the ampulla of Vater. This localiza-
tion has also been reported in five of eight GI tract FLs of
a previous study and in four other cases.5,7–9 It is also
remarkable that 15 of the 22 duodenal FL patients re-
ported so far5–9 including our three duodenal FLs (2, 3,
and 4), are female. Yoshino and colleagues5 speculated
that this might somehow be related to female predomi-
nance of bile duct diseases.

Cytologically and histologically the neoplasms were in-
distinguishable from their nodal counterparts. This morpho-
logical resemblance was supported by the immunohisto-

Figure 4. The IgVH sequences of the patients compared to the most homol-
ogous germline IgVH sequences. The individual complementarity regions
(CDRs) are indicated with lines. Identity with the germline sequence is
shown by dashes. Replacement mutations are indicated with uppercase
letters and silent mutations are indicated with lowercase letters.

Table 4. Distribution of Mutations in the IgVH Genes of Three GI FLs

Patient
no.

Total no. of
mutations*

Observed mutations in the
CDR regions

Observed mutations in the
framework regions*

P value†‡ P value†§R S R/S R S R/S

1 40 13 5 2.6 11 11 1.0 0.05 �0.05
2 32 12 5 2.4 8 7 1.2 0.14 �0.05
3 21 5 3 1.7 6 7 0.9 �0.05 �0.05

*Counted starting from codon 23 where the FR1 primer ends.
†P value; chance that the observed R/S ratio in the Framework Regions (�1.5) had occurred by chance only, ie, in the absence of selective forces.
‡See Chang and Casali.42

§See Lossos et al.43
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chemical and molecular analyses. In addition to the pan
B-cell surface protein CD20, the tumor cells expressed
CD38, CD10, and BCL-6, markers typical of GC stage-
derived B-cell malignancies and are generally not ex-

pressed by low-grade MALT or mantle cell lymphoma (Ta-
ble 2).12–14 We established that the constitutive
overexpression of BCL-2 is because of a t(14;18) also typ-
ical of nodal FLs.15,16,47 This indicates that with respect to

Figure 5. Immunohistochemical detection of CD21-L, �4�7, and CXCR3 of GI-FL, nodal FL, MALT lymphoma. and normal ileum. In contrast to nodal FLs the
GI-FLs express �4�7. Neither nodal FLs nor GI-FLs express CXCR3. The T cells surrounding the malignant follicles are CXCR3-positive. Low-grade MALT
lymphoma expresses both �4�7 and CXCR3. In normal ileum, all mantle zone lymphocytes strongly express �4�7 and a significant fraction expresses CXCR3. The
GC B cells display low, but detectable �4�7 expression but no CXCR3 expression.
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the earliest genetic alterations, the pathogenesis of nodal
and GI-FL is similar.

The Ig gene analyses demonstrated that all three an-
alyzed GI-FLs carried heavily mutated IgVH regions prov-
ing that the tumor cells indeed had undergone GC stage-
specific alterations (Figure 4, Tables 3 and 4). The
mutation frequencies were significantly higher than those
found in normal (post) GC B cells,21 compatible with a
prolonged stay of the tumor cells in the GC environment.
Moreover, we observed discrete nucleotide differences
between molecular clones derived of each lymphoma
(data not shown). Although this so-called intraclonal V
gene diversity must be a reflection of the somatic hyper-
mutation process, it is not certain to what extent this
process continues during the tumor stage.20,48 Detailed
analysis of the observed mutation patterns indicated that,
at least at some time of development, counterselection
for potentially harmful replacement mutations must have
occurred in the FRs. These patterns, physiologically
found in normal antigen-selected B cells, suggest that
expression of an intact B-cell receptor (BCR) is also
essential for the tumor cells to survive (Table 4).

It is intriguing that in three of our four GI-FLs analyzed,
no evidence was obtained for distant or widespread dis-
ease and that these patients became disease-free after
local therapy only. In patient 4 chemotherapeutical treat-
ment was given, based on the demonstration of a t(14;18)
by PCR on bone marrow. The localized nature of these
neoplasms was most clearly illustrated in a patient de-
scribed by Misdraji and colleagues7 in whom, despite the
fact that the duodenal FL had a significant volume and
had invaded the pancreas, there were no signs of me-
tastasis. In our study, the localized nature may be be-
cause of the fact that in at least two of the four cases (ie,
patients 2 and 3) the lesions happened to be diagnosed
at a very early stage of disease. Still, this is in clear
contrast to nodal FLs that are in majority systemic at the
time of diagnosis, ie, Ann Arbor stage III or IV.12 Con-
versely, despite the systemic nature of the latter entity,
the GI tract is not a frequent localization of primary nodal
FLs. Thus supposedly, expansion of these neoplasms at
mucosal sites depends on highly specific phenotypic
qualities. In this respect, our observation that the GI-FLs

differ from their nodal counterparts in that they express
�4�7, a well-defined mucosal homing receptor that is
specifically expressed by normal mucosal lymphocytes
and by low-grade MALT lymphomas,26 is highly signifi-
cant (Figure 5, Table 5). Also the lack of CXCR3 expres-
sion is compatible with their origin, because this chemo-
kine receptor was not found to be expressed by normal
GC B cells of the GI tract either. MALT lymphomas,
supposed to be derived of post-GC B cells, by contrast
do express CXCR3 (Figure 5, Table 5).

Another explanation for their low metastasizing potential
is invoked by the Ig analyses. The fact that three of the four
analyzed GI-FLs express IgA is of note because this isotype
is seldom expressed by nodal FLs. In fact, this finding again
indicates that these lymphomas may originate from local,
antigen-responsive precursor cells, as IgA is the principal
Ig class of the mucosal immune system (Table 2). This
contention, obviously supported by the presence and dis-
tribution of somatic mutations in IgVH, may imply that the
BCRs expressed by these FLs still have binding capacity
for antigens originating from the gut lumen. The localized
nature of these GI-FLs may thus also be because of depen-
dence on growth-supporting signals elicited by these BCR
ligands potentially presented by follicular dendritic cells in
the tumor follicles. The group of primary GI-FLs may there-
fore be an attractive entity to study the concept of antigen-
driven lymphomagenesis in humans.
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Abstract
Follicular lymphoma (FL) is one of the most common B-cell non Hodgkin’s lymphomas. The ini�a�ng 
gene�c event found in ~90% of FL is the t(14;18), causing cons�tu�ve expression of the an�-
apopto�c BCL-2 protein. The exact secondary altera�ons leading to full FL development are s�ll 
poorly defined. In this review we address (i) the gene�c pathways associated with tumorigenesis 
and progression of FL (ii) the role of micro-environmental factors with emphasis on B cell receptor 
ligands and (iii) lymphoma models in mice and what they teach us about lymphomagenesis in 
man.
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Introduc�on
Follicular lymphoma (FL) is the most common low-grade B-cell non-Hodgkin’s lymphoma (B-NHL) 
mainly affec�ng adults with a peak incidence between the fi�h and sixth decade. The disease has a 
variable clinical course with a median survival of ~10 years 1. FL generally is systemic involving lymph 
nodes, spleen, Waldeyers’ ring, bone marrow and blood. Secondary involvement of ‘extranodal’ 
sites such as the gastrointes�nal tract, so� �ssue and skin may occur at advanced stages. FL is 
occasionally found primarily at extranodal sites such as the skin, ocular adnexa, gastrointes�nal 
tract and the female genital tract 2. In the WHO classifica�on, primary cutaneous FL is denoted as a 
FL variant, although this en�ty generally lacks the characteris�c t(14;18)(q32;q21) 1;3. Surprisingly, 
primary gastrointes�nal FL, which clearly stands out in having a characteris�c clinical behavior, 
harboring the t(14;18) involving IgH/BCL-2 and with specific immunophenotypic features, is not 
considered as a separate en�ty in this classifica�on 1;4-6.
The cytological and architectural features of FL are highly reminiscent of those of normal germinal 
centers (GC). The tumor cells resemble normal centroblasts and centrocytes, and proliferate in follicles 
in a network of non-malignant follicular dendri�c cells (FDC) and T cells. The neoplas�c follicles lack 
a typical mantle zone of small naïve B cells 1. The tumor cells express B cell markers such as CD19, 
CD20, CD22, the GC B cell markers BCL-6, CD38 and CD10 and membrane bound immunoglobulin 
(mIgM>mIgG>mIgA). Furthermore, FL cells express CD95 (Fas) and the co-s�mulatory molecules CD86 
and CD40, although usually weaker than in normal GC B cells 2. In contrast to normal centrocytes and 
centroblasts, ~90% of FL express the an�-apopto�c BCL-2 protein owing to the t(14;18) 7;8. Although 
this transloca�on, occurring in the bone marrow during Ig gene rearrangement, is considered as the 
essen�al first gene�c hit, the t(14;18) by itself is not sufficient for FL development. This is illustrated 
by the finding that bcl-2 transgenic mice, in which bcl-2 is controlled by Eμ, do not readily develop 
lymphoma 9-11. Moreover, in healthy human individuals, B cells containing a t(14;18) are normally 
present 12-14. Addi�onal secondary (gene�c) altera�ons are thus necessary for FL development.  
A small frac�on of FL (~5%) does not exhibit the classical t(14;18) but instead contains altera�ons 
affec�ng BCL-6 at 3q27, including t(3;14)(q27;q32). This leads to deregulated expression of the 
transcrip�onal repressor BCL-6, normally required for GC forma�on 15-19. These FL most o�en 
display an exclusive centroblas�c morphology, may be BCL-2- and are classified by the WHO as 
grade 3B 1.

Soma�c immunoglobulin gene altera�ons and lymphomagenesis
Immunoglobulin (Ig) V(D)J recombina�on and soma�c hypermuta�on (SHM) of IgV genes as 
well as class switch recombina�on (CSR) bear intrinsic risks for introduc�on of non-physiological 
genomic altera�ons. V(D)J recombina�on is exerted during early B-cell development in the bone 
marrow where the Ig variable regions of both heavy (IgVH) and light (IgVL) chain are formed by 
rearrangement of germline-encoded Ig gene segments. At the recombina�on signal sequences 
(RSS) of the respec�ve V, D and J gene segments, double stranded DNA breaks are introduced by 
the RAG enzymes a�er which the intervening DNA is excised. Next, the selected Ig gene segments 
are joined by the general DNA-repair machinery, specifically by non-homologous end-joining 20-22. 
There is now ample evidence that the V(D)J gene recombina�on machinery can be instrumental in 
the genera�on of chromosomal transloca�ons. The best examples are the canonical transloca�ons 
found in FL, t(14;18)(q32;q21) and in mantle zone B-cell lymphoma (MCL), t(11;14)(q13;q32) in 
which the respec�ve BCL-2 and BCL-1 loci are juxtaposed to the RSS regions of germline JH genes. By 
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consequence, these translocated genes become regulated by the powerful IgH Eμ enhancer leading 
to the cons�tu�ve expression of the an�-apopto�c BCL-2 and the cell cycle progression regulator 
cyclin-D1, respec�vely 7;8;23. Recently, direct proof of involvement of the V(D)J recombina�on 
machinery in this process was provided, as it was shown that the DNA of the major breakpoint 
region in BCL-2 o�en acquires an altered structure, making it suscep�ble for RAG-mediated 
cleavage 24.
The fact that most mature B-NHLs are of GC or post GC phenotype indicates that the GC, where 
vigorous prolifera�on is combined with extensive DNA modifica�on, is a hazardous place. SHM 
alters the affinity of the IgVH and IgVL chains for the an�gen (Ag). Mutated subclones with the 
highest affinity for Ag will retain survival signals elicited by Ag and finally predominate the GC 
reac�on. Subsequently, the Ag-selected B cells may undergo Ig class switch recombina�on 
(CSR). In this process, the switch (S) region sequence of IgM/IgD is recombined with one of the 
downstream S region sequences, 5’ of each constant region gene (Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε 
and Cα2). As a consequence, the rearranged VH-DH-JH region is expressed as either an IgG, IgA or 
IgE an�body (Ab). Finally, the Ag-selected (either or not class switched) B cells will differen�ate 
into either memory B cells or Ab-producing plasma cells 25-27. SHM and CSR essen�ally depend 
on the B-cell specific enzyme ac�va�on-induced cy�dine deaminase (AID). As both processes are 
associated with the occurrence of single- and double- stranded DNA breaks it is presumed that 
they predispose to chromosomal transloca�ons 28-33. Indeed, transloca�ons involving IgH S region 
sequences, likely due to erroneous CSR have been found, e.g. BCL-6 in FL and in diffuse large B cell 
lymphoma (DLBCL) 34;35, C-MYC in sporadic Burki	’s lymphoma (BL) and in DLBCL 36 and Cyclin-D1, 
Cyclin-D3, FGFR3-MMSET and C-MAF in mul�ple myeloma 37. Interes�ngly, a recent study on IgH S 
region breakpoints in t(3;14)(q27;q32) (BCL-6/IgH) demonstrated that in FL most IgH breakpoints 
involved Sγ whereas in DLBCL mostly Sμ regions are involved. This difference in molecular anatomy 
provokes dis�nct control of BCL-6 expression: In FL, the Sγ breakpoint implies that BCL-6 expression 
is driven by an Iγ promoter whose ac�vity requires CD40 and cytokine signaling. In DLBCL, the Sμ 
breakpoint leads to BCL-6 expression driven by the cons�tu�vely ac�ve intronic IgH enhancer 38. 
Transloca�ons due to aberrant SHM include BCL-6 in DLBCL and C-MYC in endemic BL, which are 
both posi�oned into rearranged and soma�cally mutated IgVH or IgVL regions 36. In addi�on, BCL-6 
transloca�ons to various other non-Ig genes such as RhoH/TTF and PIM-1 have also been found in 
DLBCL 39;40. These fusions of BCL-6 are compa�ble with the fact that in ~30% of normal GC B cells 
the 5’ por�on of BCL-6 is targeted by SHM and that RhoH/TTF and PIM-1 are among the genes 
that are aberrantly targeted by SHM in a propor�on of DLBCL 41-43. Table 1 provides an overview 
of the chromosomal transloca�ons found in B-NHL en��es and indicates the proposed underlying 
pathogene�c mechanisms. In addi�on to RhoH/TTF and PIM-1 also C-MYC and PAX-5 can be targets 
for aberrant SHM in DLBCL 41. Analyses of these aberrant muta�ons indicated that they indeed had 
all the features of SHM, i.e. clustering up to 1-2 kb downstream of the transcrip�on ini�a�on sites 
and the preferen�al targe�ng at the RGYW mo�fs. Apparently, in the course of DLBCL development, 
the �ght control of AID targe�ng can become defec�ve. In FL, SHM of the 5’ untranslated region of 
BCL-6 was found in ~40% of the cases 42;44 whereas aberrant SHM was not found in PIM-1, C-MYC 
and PAX-5 and found rarely in RhoH/TTF (ref 41 and our unpublished results). 
Generally, the oncogenic transloca�ons in the Ig loci of B-NHL occur in non-produc�vely rearranged 
Ig alleles thereby allowing Ig (BCR) expression in most B-NHL. Indeed, virtually all FLs express 
func�onal BCRs, containing soma�cally hypermutated IgVH and IgVL genes 45;46. In comparison to 
normal GC B cells, FLs contain significantly more muta�ons in the IgVH genes, which is compa�ble 
with prolonged expansion in a GC-like environment. The average number of muta�ons in IgVH of 
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IgM expressing- and isotype-switched- FLs are 23.0 (7.8%) and 32.0 (10.9%), respec�vely 47;48.
Several inves�gators believe that, given their strong resemblance to normal GCs, FLs have retained 
essen�al func�onal proper�es of their non-neoplas�c counter-parts as well, in par�cular the 
capacity to ac�vely hypermutate their IgV genes. This idea was supported by the observa�on of so-
called intraclonal IgV nucleo�de varia�on (ICV) among tumor subclones. Significant ICV is indeed 
found in the vast majority of FLs 47. However, based on analyses of sequen�al biopsies of a total of 
9 FLs, spanning significant periods, we ques�oned whether ICV is indeed the result of ongoing SHM 
47;49-51. In only 2 out of these 9 FLs, we observed evidence compa�ble with ongoing SHM, i.e. ICV 
at both �me points, accumula�on of the total number of IgVH muta�ons over �me and sustained 
AID expression (Figure 1) 47;52. One FL showed no ICV at either �me points whereas 6 FLs showed 

Table 1. Chromosomal transloca�ons of mature B-NHL 

Abbrevia�ons: MCL, Mantle cell lymphoma; FL, Follicular lymphoma; MZBCL, Marginal zone B-cell lymphoma; DLBCL, Diffuse 
large B-cell lymphoma; BL, Burki	’s lymphoma; MM, Mul�ple myeloma a t(3;14) and t(3;various) is merely found in FL grade 
3B with an exclusive centroblast-like morphology 17;18. b The frequency depends on the primary site of the MZBCL. t(11;18) is 
found in ~40% of pulmonary MZBCL and in ~25% of gastric MZBCL 143-145. c The frequency depends on the primary site of the 
MZBCL. t(14;18) is found in ~25% of ocular adnexa MZBCL, ~10% of cutaneous MZBCL and in ~10% of salivary gland MZBCL 
143. d t(3;14) (FOX-P1/IgH) transloca�ons have been iden�fied in MZBCL and in DLBCL, mostly with extranodal presenta�on. 
The frequency of t(3;14) is low and the distribu�on among the various primary lymphoma sites is momentarily not exactly 
clear 146-150. e t(14;18) is merely found in the GC B type of DLBCL 152.



180

13

Molecular pathways in follicular lymphoma

decreased ICV over �me, without clear accumula�on of the total number of IgVH muta�ons. (Figure 
1) 47;49-51. In three FLs, evidence was obtained for the selec�ve outgrowth of minor subclones, that 
had been present already at the earliest �mepoints 50;53;54. Importantly, AID mRNA expression levels 
did not correlate with the presence nor the level of ICV in FL nor in other B-NHL such as DLBCL and 
BL 52;55;56. Thus, as AID is essen�al for SHM, ICV alone cannot be taken as a measure for ongoing 
SHM.

The role of the B-cell an�gen receptor complex in follicular lymphoma 
development
During all phases of normal development, B cells are con�nuously selected based on signals 
transmi	ed by the BCR. Depending on the differen�a�on stage, BCR signaling has different outcomes. 
Immature B cells in the bone marrow will, upon strong BCR signals elicited by autoan�gen undergo 
either IgL chain edi�ng, func�onal inac�va�on through induc�on of anergy or be clonally deleted 

Figure 1. Serial biopsies of two follicular lymphomas, with and without ongoing IgVH soma�c hypermuta�on. 
Schema�c representa�on of IgVH consensus sequences including soma�c muta�ons, obtained from serial biopsies of FL24 
and FL83. The lollipop shaped symbols indicate nucleo�de differences as compared with the V3-23 germline IgVH gene of 
FL24 and FL83, respec�vely. Replacement- and silent- muta�ons are indicated as closed and open circles, respec�vely, with 
codon numbering according to V-Base indicated underneath. The underlined codons in FL24 represents dissimilar muta�ons 
between FL24’95 and FL24’99, in total 15 muta�ons were different between the two �me points of FL24. 2X, two muta�ons 
in the indicated codon. In FL24, the total number of IgVH muta�ons as well as the intraclonal varia�on (ICV) increased over 
�me, compa�ble with ongoing SHM. In contrast, in FL83 the total number of IgVH muta�ons did not increase over �me 
whereas the ICV even decreased over a 2 year period, which is compa�ble with clonal outgrowth and no ongoing SHM. In 
both biopsies of FL24, AID mRNA expression levels were comparable to those of normal GC B cells. In both biopsies of FL83 
AID mRNA expression was not measurable 52. At least 7 individual IgVH clones were sequenced of the two �me points of 
both FLs. The ICV is calculated as the mean number of addi�onal IgVH muta�ons of the individual molecular IgVH clones, as 
compared to the consensus IgVH sequence of a given FL.
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57;58. In the mature B cell compartment however, Ag binding generally elicits strong s�mulatory signals 
provoking extensive prolifera�on and differen�a�on 27. In the GC, the rapidly expanding B cells are 
cri�cally dependent on BCR signaling; cells that lose contact with Ag due to affinity-lowering IgV 
muta�ons, rapidly die by apoptosis 25-27. In addi�on, based on BCR abla�on experiments in mice, it 
has become clear that the mere expression of an intact BCR generates autonomous survival signals, 
also designated as tonic BCR signaling 59;60. Inducible interference of the signaling capacity of the 
BCR associated Igα, in transgenic mice, showed that the BCR maintenance signal is transmi	ed 
through the Igα/Igβ heterodimer 61. Moreover, small interfering RNA (siRNA) specific for Igα and Igβ 
were recently used to inhibit BCR expression on murine and human B cell lymphoma cell lines which 
was accompanied by reduced cell prolifera�on/survival as well as by reduced phosphoryla�on of 
Syk and its downstream targets 62.
The IgVH and IgVL are each composed of four framework regions (FR1 – FR4), essen�al for the overall 
Ig structure, and three complementarity determining regions (CDR1 – CDR3), the actual contact 
sites for Ag. The IgVH-CDR3, located at the VH-DH-JH junc�on, is the most hypervariable region and 
considered of major importance for the an�genic specificity of an Ig. Based on size differences 
of DH gene segments and due to the processes of nucleo�de dele�on as well as inser�on of non-
templated nucleo�des during V(D)J rearrangement, the CDR3 region displays a 15-85 bp length 
varia�on among B cells. In (post) GC B cells, amino acid replacement muta�ons are preferen�ally 
found in the CDRs, thereby altering the affinity for the Ag. The FRs contains more silent muta�ons 
than would be expected on the basis of chance alone. This low replacement/silent (R/S) ra�o in the 
FR is considered to be the result of selec�ve forces in the GC to preserve the global structure of the 
expressed Ig. Interes�ngly, in accordance with these func�onal restric�ons to the BCR, evolu�onary 
forces created CDRs and FRs with codon composi�ons with intrinsic biases for replacement and 
silent muta�ons, respec�vely 63.
By sta�s�cal calcula�ons, it was demonstrated that in ~90% of FLs significant counterselec�on for 
replacement muta�ons in the FRs of the IgVH genes is exerted. Thus, despite high soma�c muta�on 
loads, the overall structure of the IgVH and thus of the BCR is preserved in FL 47;63;64. For comparison, 
in ~40% of DLBCLs such counterselec�on for R muta�ons in FRs is not found. Accordingly, about 
half of DLBCL lack BCR protein expression, indica�ng that they are less dependent on BCR signals 
than FLs are 65.
As the BCRs are structurally intact in FLs they may s�ll bind Ag which is most likely present at the 
surface of non-neoplas�c FDCs in the malignant follicles. However, immunohistochemical staining 
using 4 recombinant FL-derived soluble Igs did not reveal reac�vity with any structures in the 
corresponding FL �ssues nor did these an�bodies bind auto-Ags such as IgG and nuclear-Ags 66. In a 
previous study by Dighiero et al.67, eight out of 31 FL-derived Igs reacted in vitro with nuclear-Ags, 
IgG, ac�n and tubulin. As deduced from IgVH/IgVL structures of FLs, no clues were found concerning 
binding of recurrent an�genic epitopes. The IgVH gene repertoire of FL is comparable to that of 
normal B cells and amino acid sequence analyses of FL IgVH-CDR3 did not reveal recurrent mo�fs 
46;47;66;68. Moreover, the mean IgVH-CDR3 amino acid sequence length of FL is comparable to that 
of normal naïve B cells 66;69. As long IgVH-CDR3 regions have been associated with auto- and poly- 
reac�ve an�bodies, this finding is not in support of autoreac�vity of FL BCRs 69. In contrast, B-cell 
chronic lymphocy�c leukemia (B-CLL) and gastric- and salivary gland- mucosa-associated lymphoid 
�ssue (MALT) lymphomas express clearly restricted, albeit different, IgVH/IgVL repertoires with 
recurrence of IgVH-CDR3 mo�fs and proven auto-an�gen specificity 66. In addi�on, B-CLL with 
unmutated IgVH genes express on average longer IgVH-CDR3 regions which is in accordance with 
their frequent auto- and poly- reac�vity 66. Thus, in general FLs seem to recognize unique epitopes. 
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In our opinion it is unlikely that FLs are s�ll engaged by their specific Ags during the tumor stage. In 
view of the systemic spread, it is difficult to envisage how sufficient amounts of non-self Ags could 
become widely distributed. One excep�on may be the primary gastrointes�nal (GI) FLs. These 
rare FLs harbor the t(14;18) involving IgH/BCL-2 as determined by PCR, evolve in the gut mucosa, 
express the mucosal homing integrin α4β7, typically express IgA and have a low tendency to spread 
systemically and by consequence have a good clinical prognosis 4-6;70. These features indicate that 
GI-FLs originate from local, an�gen-responsive precursor cells and their sessile nature suggests 
con�nued dependence on Ags, e.g. origina�ng from the gut lumen, also during the tumor stage 4. 
It has been reported that in 55 of 79 FLs analyzed (79%) replacement muta�ons in IgVH result in 
genera�on of amino acid mo�fs being poten�al N-glycosyla�on sites 71. This frequency is significantly 
higher than that of DLBCL (41%), mutated B-CLL (13%), mul�ple myeloma (8%) and normal (post) GC 
B cells (9%) 71. It has been proposed that crea�on of new N-glycosyla�on sites may provide growth 
advantage and are being selected for during FL development. Supra-physiological N-glycosyla�on 
may enhance Ag-independent BCR signaling (tonic signaling) or, alterna�vely enhance specific or 
non-specific interac�ons with autologous structures present in the micro-environment 71. In this 
respect it is of interest that a more rapid and sustained BCR mediated signaling has recently been 
demonstrated in FL B cells as compared to normal B cells 72.

Micro-environmental factors
Tumor B cells in FL proliferate in close contact with T cells, DCs, macrophages, FDCs and other stromal 
cells. These cells likely support FL prolifera�on by typical adhesion molecules and other s�mulatory 
surface molecules as well as by produc�on of growth factors/cytokines. Generally, FL cells express 
CD40, the cos�mulatory molecule CD86 and less o�en CD80. The ligands, CD28/CD152 (CTLA4) for 
CD80/CD86 and CD40L (CD154) for CD40, are expressed by intratumoral T cells 73;74. FDCs express 
ICAM1 and VCAM1, the counterstructures for LFA-1 (CD11a/CD18) and VLA-4 (CD49d/CD29) present 
on FL cells 75;76. Although FDCs may also present na�ve Ag to the FL cells, immunohistochemical staining 
using 4 FL-derived soluble Igs did not reveal binding to any structures or cells in the corresponding 
lymphoma �ssues 66. FDCs also provide s�mulatory molecules such as IL-15, 8D6 (CD320), BAFF and 
hepatocyte growth factor (HGF), which may all have a role in normal GC B-cell expansion and may exert 
a similar func�on in FL 77-82. Produc�on of TNF by B cells is cri�cally important for the genera�on of 
fully developed FDCs out of resident stromal cells upon p55-TNF-R signaling 83-85. Moreover, sustained 
interac�on of TNF and LTα1β2 is important for the maintenance of mature FDCs networks 86;87. It has 
been shown that sorted FL B cells produce TNF, LTα and LTβ 88. The produc�on of these molecules 
supposedly is crucial for the local genera�on of FDCs or FDC-like cells out of stroma at extranodal sites 
and the bone marrow.
Immunophenotypical characteriza�on studies revealed that in 14/35 (40%) of FL the FDC phenotype 
was comparable to that of FDCs in normal GCs, i.e. with expression of CD23, CD21, CD35, CXCL13 (BLC), 
low affinity nerve growth factor receptor (LNGFR) and CNA.42. In the other 21 FLs, the FDCs displayed 
a more stromal phenotype expressing CXCL13 but with either par�al 11/35 (31%) or complete 10/35 
(29%) absense of the established FDC an�gens CD23, CD21, CD35 and with variable expression of 
LNGFR and CNA.42 89. The FL with ‘full’ FDC phenotype contained numerous intra-follicular T cells, 
similar to reac�ve GCs, whereas in FLs with a ‘stromal’ FDC phenotype a paucity of intrafollicular 
T-cells was observed 89. Thus, FL with ‘stromal’ type FDC may be less reliant on T-cells. Moreover, serial 
biopsies showed progressive loss of ‘full’ GC FDC phenotype in approximately half of the cases over 
�me 89. Possibly, reduced TNF and/or LTα1β2 produc�on by tumor B cells may result in loss of ‘full’ GC 
FDC phenotype and increased trafficking of the tumor B cells within the lymph node and beyond 54.
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Secondary gene altera�ons in follicular lymphoma 
It is assumed that DNA remodeling processes that take place in the GC are instrumental in comple�ng 
transforma�on of t(14;18)-carrying B cells to FL. Numerous gene�c defects have been recorded 
but, since only a few secondary DNA altera�ons are known to occur in a substan�al frac�on of 
FL, scenarios for stepwise transforma�on are s�ll ill-defined. Höglund et al.90 iden�fied, by classical 
cytogene�cs on 336 t(14;18)+ FL 5 recurrent chromosomal altera�ons, each occurring in at least 20% 
of the FL: -1p32-36 (20%), -6q11-27 (30%), +7 (28%), +12 (23%) and +X (24%). The mean number 
of imbalances per FL was ~6 with most FLs having 2 imbalances. Similar analyses by Mohamed et 
al.91 on 52 t(14;18)+ FLs yielded compa�ble results: -1p32-36 (36%), -6q11-27(14%), +7 (27%), +12 
(8%) and +X (27%). When accoun�ng for altera�ons found in more than 5% of FLs, Höglund defined 
28 gene�c regions. Evalua�on of these 28 recurrent altera�ons in individual FLs designated +1q, 
+7, +8, +12 and +der(18) as early imbalances and 2p-, 10p-, -15, 17p- and 17q- as late imbalances. 
Applying the “principal-components” analysis method, the authors iden�fied +7, 6q- and +der(18) 
and likely +1q as the four major events occurring immediately a�er the t(14;18) (Figure 2) 90. 
Altogether, 4 karyotypic routes of FL development were proposed, of which the +7, 6q-, +(der)18 
and +1q karyotypic routes accounted for 34%, 20%, 10% and 8% of the FLs, respec�vely (Figure 2). 
In an univariate analysis of 165 FL pa�ents of which complete clinical informa�on was available, 6 
altera�ons (+X, 1p-, +1q, +12, 17p- and 17q-) were defined as significant nega�ve predictors of overall 
survival 90. Inferior outcome of the +X group was confirmed in another study on 124 FLs analyzed 
by compara�ve genomic hybridiza�on 92. Moreover, in this study –6q25-27 was iden�fied as the 
strongest predictor of dismal prognosis, confirming an earlier study which reported that pa�ents 
suffering from FLs with breaks at 6q23-26 had a significantly shorter survival �me 92;93. Finally, -6q 
and +12 had already been correlated with aggressive disease in an older study 94.
The altera�ons affec�ng chromosome 1, i.e. -1p32-36, +1p11-q44 and unbalanced transloca�ons of 
these regions [der(1)t(1;1)(p36;q11-23)] are among the most common secondary altera�ons in FL 
95. Many candidate tumor suppressor genes map to 1p36, including CDC2L1, TNFR2, ID3, PAX7, DAN, 
TP73, RUNX3 and SKI. However, of none of these genes a causal rela�onship with FL development 
has yet been shown 96. The unbalanced t(1;1)(p36;q11-23) is observed in ~3% of FL and leads in 
most cases to dele�on of MEL1, TP73 and SKI at 1p36 and replacement by the 1q21 genes MUC1, 
JTB, AFQ1 and, depending on the breakpoint, also of BCL-9 and IRTA1/2 95. Interes�ngly, MUC1 and 
BCL-9 have also been implicated in IgH transloca�ons in a DLBCL and in an acute lymphoblas�c 
leukemia, respec�vely 97;98. Moreover, the FCGR2B gene (FcγR-IIB) also at 1q21 has been found in 
IgL transloca�ons secondary to t(14;18), as well as in IgH transloca�ons, in a small number of FLs 
99;100. Dele�ons at 6q11-27 are frequently found in FL and are associated with an adverse prognosis 
92-94. In two studies on the 6q11-27 dele�ons, a region of minimal dele�on was iden�fied at 6q16.3, 
harboring the SIM1, RNAH, DJ and GRIK genes 101;102. 
Owing to accumula�on of gene�c damage, FL may progressively transform into a lymphoma with a 
higher number of centroblasts, a less clear or absent follicular architecture and disappearance of FDC 
networks, eventually being indis�nguishable from a DLBCL. Histological and clinical FL progression is 
associated with a variety of molecular altera�ons such as inac�va�on of CDKN2A (p16INK4A, ARF) and 
CDKN2B (p15INK4B) by chromosomal dele�on, muta�on and/or hypermethyla�on 103-105, C-MYC gene 
rearrangement 106 and muta�on of the 5’ untranslated regulatory region of BCL-6 107, of the translocated 
BCL-2 gene 108 and of TP53, respec�vely 109-111. Each of these gene�c events occur in a subset of transformed 
FL only. However, some of these events may affect similar regulatory pathways. For example, muta�on 
and subsequent overexpression of the transcrip�onal repressor BCL-6 as well as dele�on of ARF results 
in increased suppression of P53, which de facto has the same effect as TP53 muta�on 112. 
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Gene expression profiling in FL and FL evolu�on
Most gene expression studies on FLs were performed using RNA out of whole tumor �ssue samples, 
thereby analyzing in addi�on to the FL cells significant numbers of stromal cells, T cells and other 
immune cells. This strategy a priori complicates comparison of the expression data derived from 
FLs with those found in normal, sorted GC B cells. In one study, purified FL cells from 6 pa�ents with 
recurrent disease were compared with normal GC B cells using an array of 588 cDNAs 113. In these 
FLs, markedly enhanced expression levels were found for SMAD1 (TGFβ signaling protein 1), the 
MAP kinase MAP3K11 (MLK3), the cell cycle regulator CDKN1A (p21Cip1), heat shock proteins HSPB1 
and HSPF1 (Hsp27 and Hsp40), TNF and the transcrip�on factors ID2 and JUN (c-jun). Markedly 
decreased expression levels were encountered for the S100 protein family members MRP8 and 
MRP14, also known as migra�on inhibitory factor-related proteins 8 and 14 113.
Dave et al.114 analyzed global gene expression of whole FL �ssue samples of 191 pa�ents in rela�on 
to the clinical prognosis. The authors defined expression profiles, termed the immune-response-1 
and -2 signatures, associated with long and short survival, respec�vely. Immune-response 1 implies 
expression of T-cell specific genes CD7, CD8B1, LEF1, ITK and STAT4 and macrophage lineage 
genes ACTN1 and TNFSF13B (BAFF). The immune-response 2 signature includes genes expressed 
by macrophages and/or dendri�c cells, like TLR5, FCGR1A (FcγR-I), SEPT10, LGMN  and C3AR1 
(complement  3a receptor 1). Cell sor�ng experiments confirmed that the immune-response 
signatures of the FL �ssues mainly reflect expression levels of the various, non-neoplas�c CD19- 
cell popula�ons. 
Several groups compared expression profiles of low grade FL (histological grades 1-2) with those 
of corresponding biopsies of grade 3 FL or FL that had transformed into a lymphoma with DLBCL 
morphology. Based on 12 of such paired FL samples, Glas et al.115 extracted a set of 81 genes which 
showed op�mal accuracy in classifying low-grade and high-grade FL disease. Expression of these 

Figure 2. The gene�c pathways of follicular lymphoma in rela�on to the clinical course.
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81 genes was also used in 58 single FL biopsies to assess clinical FL behavior. Aggressive FL disease 
was associated with upregula�on of genes involved in cell cycle control such as CCNE2 (cyclin E2), 
CCNA2 (cyclin A2), CDK2 (cyclin-dependent kinase 2) and genes reflec�ng increased metabolism 
and DNA synthesis. Genes associated with indolent FL disease were CD3D (CD3δ), derived of T cells, 
and CXCL12 (SDF-1), expressed by stromal cells. Lossos et al.116 studied 12 FLs with transforma�on 
and iden�fied a set of 671 genes that exhibited at least a 3-fold varia�on in the biopsy pairs of three 
or more pa�ents. According to these inves�gators, at least two dis�nct profiles can be discerned 
in associa�on with FL progression: Five out of the 12 cases displayed enhanced expression of 
C-MYC and its target genes, while in 4 cases a decreased expression of C-MYC and its target genes 
was observed. De Vos et al.117 studied 4 FLs with documented progression. Interes�ngly, of their 
top list of 36 upregulated and 66 downregulated genes upon transforma�on, 7 genes were also 
iden�fied by Lossos et al.116. Among others, this involved increased expression of CDA and GAPD, 
two genes reflec�ng levels of metabolism, and decreased expression of the transcrip�on factor 
IRF8 and of PTPRC (CD45). De Vos et al.117 also noted down-regula�on of different T cell markers 
upon transforma�on such as CD7, FYB (Fyn binding protein) and SEMA4D (CD100). Elenitoba-
Johnson et al.118 studied 11 FLs that transformed into DLBCL. Sixty-seven genes were found to be 
upregulated and 46 genes were significantly downregulated in the DLBCL. Markedly upregulated 
genes included the growth factor/cytokine receptors MET (the hepatocyte growth factor receptor), 
FGFR3 (fibroblast growth factor receptor 3), LTBR (lymphotoxin β receptor) and PDGFRB (platelet-
derived growth factor receptor β). In addi�on, p38BMAPK was upregulated in the DLBCL. This was 
confirmed immunohistochemically as phosphorylated p38BMAPK was detected in the nuclei of 
DLBCL and not in the majority of FLs nor in normal GC B cells.
Overall, the top lists of genes found, implicated in progression by the different inves�gators show a 
low degree of concurrence. However, some findings from the different studies seem to be shared 
(Figure 2). Similar to Lossos et al.116 also Glas et al.115 observed that upon FL progression 4 C-MYC 
targets were upregulated, i.e. LDHA, MTHFD1 (both reflec�ng increased metabolism), NME1 
(NM23-H1) and the cell cycle regula�ng CKS2. Dave et al.114 divided FLs in two prognos�c groups, 
merely based on the expression of markers from the non-malignant cells present in whole �ssues. 
Interes�ngly, the good prognosis groups of Dave et al.114, Glas et al.115 as well as in the FLs before 
transforma�on of De Vos et al.117 were characterized by high expression of T cell-related genes CD7, 
CD8, CD3D, FYB and CD100 and of the FDC- and macrophage- derived BAFF (Figure 2). These good 
prognosis groups may coincide with FL displaying follicles containing the immunohistochemically 
defined ‘full’ GC phenotype FDCs, which is also associated with the presence of numerous intra-
follicular T cells 89. Of note, the good prognosis group of Dave et al.114 (immune response 1) was 
not merely a reflec�on of the total number of T cells. No correla�on was observed between pan-
T-cell markers and survival, indica�ng that a specialized subset of T cells may be associated with 
improved survival. The bad prognosis group of Dave et al.114 (immune response 2) was characterized 
by genes expressed by macrophages and/or dendri�c cells. Two recent immunohistochemical 
studies corroborated these prognos�c expression profiles. One study unveiled a correla�on 
between higher number of FOX-P3+ regulatory T cells and improved overall survival 119. Another 
study showed a correla�on between higher number of CD68+ macrophages and bad overall survival 
120. In both studies no correla�on was found between the number of CD4+ T cells and survival 
119;120. Interes�ngly, it was shown that the CD4+ CD25+ FOX-P3+ regulatory T cells also expressed high 
levels of CD7, which was one of the T cell markers iden�fied in the microarray studies 114;117;121. In 
addi�on, the number of FOX-P3+ regulatory T cells decreased drama�cally in 5 FLs that underwent 
transforma�on into DLBCLs 119. Regulatory T cells can either inhibit CD4+ CD25- T cells, including 
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GC T cells, which may support FL B cell prolifera�on/survival. Alterna�vely, they may also exert a 
direct inhibitory influence to FL B cells 119;119. Altogether, the data suggest that expression profiles 
of indolent FLs more closely resemble that of normal GCs. The gradual accumula�on of gene�c 
damage may yield tumor cell popula�ons with diminished dependence on cell cell interac�ons. 
This may affect the microenvironment (e.g. loss of ‘full’ GC FDC phenotype and FOX-P3+ regulatory 
T cells) which in turn favors outgrowth of autonomously prolifera�ng subclones. 

Mouse models of lymphomagenesis
Many mouse models have been developed that shed light on various oncogene�c and tumor 
suppressor pathways involved in lymphomagenesis. Although some of these models nicely mimic 
development of some human lymphoma en��es, a convincing FL model is s�ll not available. 
Transgenic mice in which bcl-2 was driven by the IgH enhancer (Eμ) primarily developed follicular 
hyperplasia but not lymphoma 10;11. A�er one year, approximately 15% of the mice eventually 
developed large B cell lymphomas but no FLs. About half of these lymphomas contained 
c-myc rearrangements, indica�ng that addi�onal gene�c altera�ons are necessary for cellular 
transforma�on 9. Most likely, in man such secondary altera�ons in t(14;18)+ B cells are acquired 
during the GC reac�on and relate to the Ig diversifica�on processes. B cells acquiring such DNA 
damage have a higher chance to escape from apoptosis due to the cons�tu�ve expression of BCL-2, 
normally being absent during the GC phase. Recently, an alterna�ve bcl-2 transgenic mouse model 
was presented in which bcl-2 was driven under control of the pan-hematopoei�c Vav-P promotor. 
In these mice mature isotype-switched lymphomas developed, ~45% of these lymphomas were 
cytologically reminiscent of FL but s�ll lacked the typical follicular architecture 122.
Double Eμ-bcl-2/myc transgenic mice generated lymphomas much faster than both single Eμ-bcl-2 
and single Eμ-myc transgenic mice. The lymphomas in double Eμ-bcl-2/myc transgenic mice consist 
most o�en of mIgM- lymphoblas�c cells in which c-myc ini�ates robust prolifera�on, most likely 
the pro-apopto�c proper�es of c-myc are inhibited by bcl-2 123. In the lymphomas of single Eμ-
myc mice, the c-myc induced p53-dependent apoptosis pathway appeared frequently disturbed 
by loss of func�on of p53 or Arf or by elevated Mdm2 levels 124. Thus, a prominent second hit 
in the Eμ-myc model is the counterac�on of the pro-apopto�c capaci�es of c-myc. This can be 
achieved either by inhibi�on of the Arf-Mdm2-p53 pro-apopto�c tumor suppressor pathway or 
by overexpression of the an�-apopto�c bcl-2 protein. Forced dele�on of Arf or p53, as expected, 
accelerated lymphomagenesis in the Eμ-myc mice 124;125. Similarly, the bmi-1 polycomb gene, which 
also strongly collaborates in c-myc induced lymphomagenesis, was shown to downregulate Arf 126. 
Eμ-myc mice that are deficient for the pro-apopto�c molecules Bim or Bax also showed accelerated 
genera�on of pre-B and mature B-cell lymphomas. In the lymphomas of most Bim deficient mice, 
the Arf-Mdm2-p53 pathway appeared unaffected, indica�ng that Bim deficiency is an effec�ve 
alterna�ve to loss of p53 func�on 127;128. 
Finally, pim-1 was iden�fied by random proviral tagging, as a strong collaborator of c-myc induced 
lymphomagenesis, which was confirmed in double Eμ-pim-1/myc transgenic mice 129;130. The 
mechanism by which pim-1 exerts its ac�on is as yet incompletely understood but a role in an�-
apoptosis and cell cycle progression has been claimed 131. Replacement of pim-1 by pim-2 had 
the same outcome in this model 132. Figure 3 provides an overview of the Eμ-myc mice models. 
The  importance of c-myc in lymphomagenesis was further demonstrated in mice double-deficient 
for p53 and DNA damage repair factors such as Ku80, XRCC4, DNA ligase IV or DNA-PKcs. The 
pro- and pre- B cell lymphomas that evolve in these mice generally harbor spontaneous IgH/myc 
transloca�ons 133.
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Figure 3. Inhibi�on of c-Myc induced apoptosis pathways accelerates lymphomagenesis in transgenic Eμ-myc mice.
Addi�onal molecular altera�ons introduced in Eμ-Myc mice are indicated in boxes; (Tg) transgenic or (-/-) knockout. 

Figure 4. The pathogenesis of follicular lymphoma.
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It is now clear that the type of lymphoma induced by deregulated c-myc expression depends on the 
exact genomic localiza�on of the rearranged c-myc. In the transgenic Eμ-myc models men�oned, 
most of the lymphomas phenotypically resemble (mIgM-) pre B cells with lymphoblas�c morphology. 
In models in which c-myc was driven from the human germline VH(D)JH-Cμ-Cδ locus in a “head 
to tail” orienta�on or from the Igλ locus in a “head to head” orienta�on, sIgM/IgD+ immature B 
or transi�onal B-cell type lymphomas developed 134;135. Yet another outcome is seen in mice in 
which c-myc was inserted “head to head” into the Igh locus just 5’ of Eμ, thereby mimicking both 
the human t(8;14)(q24;q32) of BL and the mouse T(12;15) of pristane induced plasmacytomas. 
A�er 21 months, much later than in all other c-myc mice models, 68% of these mice suffered 
from lymphomas, i.e. ~50% Burki	-like lymphoma (BL-L), ~30% DLBCL and ~20% plasmacytoma. 
The BL-L/DLBCL were IgM/IgD+ B220+ CD19+ CD5- and the plasmacytomas expressed CD138 
(syndecan-1). Some lymphomas expressed class-switched Ig and the BL-L/DLBCL expressed bcl-6, 
sugges�ve for GC experience. However, the IgVH genes of these tumors appeared to be unmutated. 
136;137. Similar to the other Eμ-myc induced lymphomas, in 12 of 26 BL-L the Arf-Mdm2-p53 pathway 
was deregulated 136. Of note, in human BL the ARF-MDM2-P53 pathway is frequently disturbed due 
to dele�ons of ARF, elevated MDM2 levels or P53 muta�ons 138-140.
 The transcrip�onal repressor BCL-6 is rearranged in ~40% of human DLBCLs and in ~5% of FLs 
(Table 1) 34;35. Transgenic mice were developed in which bcl-6 was posi�oned “head to head” into 
the Igh locus under the control of the IgH Iμ promotor, thereby mimicking the human t(3;14)
(q27;q32). The mice showed an increased number of GCs already before immuniza�on and, a�er 
6 months, ~40% of the mice harbored poly or oligoclonal B cell expansions. At 15-20 months, 50% 
developed mature IgM/IgD+CD43- B-cell lymphomas histologically reminiscent of human DLBCL 
and predominantly of splenic origin. Most lymphomas (82%) contained soma�cally mutated IgVH 
genes, compa�ble with GC passage. The vast majority of the DLBCL contained clonal complex non-
random cytogene�c abnormali�es, indica�ng that, a single oncogenic hit had not been sufficient for 
lymphomagenesis. Expression of c-myc was heterogeneous, indica�ng that c-myc is not a dominant 
second hit in this model 141. 

Summary
FL originate from B cells that acquired a t(14;18) during abnormal Ig gene rearrangement in the 
bone marrow. T(14;18)+ B cells evolve at low frequencies in healthy individuals, which has no 
consequences unless these cells happen to meet Ag and become involved in a T-cell dependent GC 
reac�on (Figure 4). Here, the t(14;18)+ B cells obtain growth advantage over normal B cells since 
cons�tu�ve BCL-2 expression (i) interferes with strict selec�on processes normally favoring only 
offspring with highest Ig affinity for the Ag and (ii) prevents apoptosis of those cells that acquired DNA 
damage, most likely as a byproduct SHM and CSR. Accumula�on of gene�c altera�ons ul�mately 
leads to forma�on of FL, a tumor that in earliest stages not only morphologically resembles normal 
GCs but s�ll depends on Ag for its survival while hypermuta�ng its IgV genes. FLs most likely arise 
randomly out of the pool of mature circula�ng t(14;18)+ B cells, do not posses auto- nor poly-
reac�vity like some other lymphomas do, but recognize non-recurrent foreign Ags. According to this 
scenario, Ag will sooner or later become limited and finally be lost, favoring the outgrowth of Ag-
independent tumor clones. Nevertheless, the long-term preserva�on of an intact Ig in virtually all 
FLs suggests a role for tonic BCR signaling in FL growth. During the ongoing transforma�on process, 
FLs become less dependent on, and competent in, maintaining the follicular micro-environment. 
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In par�cular, reduced TNF and/or LTα1β2 produc�on by the tumor cells may be instrumental in the 
gradual transi�on of a ‘full’ GC FDC phenotype to a ‘stromal’ FDC phenotype which, concurrent 
with paucity of intrafollicular T-cells, culminates in the disappearance of follicular networks. At the 
latest stages, the lymphomas, consis�ng of autonomous blastoid cells primarily compe�ng on basis 
of their prolifera�ve capacity, become morphologically indis�nguishable from DLBCL. A significant 
frac�on of the DNA altera�ons found at this stage converge on the p53 and C-MYC pathways.
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Immunoglobulin diversification in B cell malignancies: internal splicing of heavy
chain variable region as a by-product of somatic hypermutation
RJ Bende, WM Aarts, ST Pals and CJM van Noesel

In this study we describe alternative splicing of somatically
mutated immunoglobulin (Ig) variable heavy chain (VH) genes
in three distinct primary B cell non-Hodgkin’s lymphomas (B-
NHL). In two V4–34 expressing lymphomas, ie a post-germinal
center type B cell chronic lymphocytic leukemia (B-CLL) and a
follicular lymphoma (FL), internally spliced VH gene transcripts
were found in which a sequence stretch of 116 bp between the
framework region 1 (FR1) and complementarity determining
region 2 (CDR2) had been deleted. We provide evidence that
for this alternative IgVH mRNA processing a known cryptic 5�
splice donor site and a previously unidentified cryptic 3� splice
acceptor site were used. Site-directed mutagenesis showed
that the cryptic 3� splice acceptor site had been activated by
specific somatic point mutations. The B-CLL further harbored
a triplication of the rearranged JH3 gene segment including the
putative N region and part of the JH3-JH4 intron sequence. This
triplication probably took place via a repeated mechanism of
DNA double strand break followed by homologous recombi-
nation, a mechanism which was recently proposed also
involved in the somatic hypermutation process and is compat-
ible with the post-germinal center derivation of this B-CLL.
Finally, in a V4–34 expressing diffuse large B cell lymphoma,
we observed alternative IgVH mRNA processing using the same
cryptic 5� splice donor site and the normal splice acceptor site
of the CH1-C� exon. The significance of alternative IgVH pro-
cessing in B cell malignancies and as a potential mechanism
of somatic Ig diversification is discussed.
Leukemia (2002) 16, 636–644. DOI: 10.1038/sj/leu/2402405
Keywords: Ig gene; somatic hypermutation; alternative splicing; B
cell; lymphoma

Introduction

During early B cell development in the bone marrow, IgV
regions of both heavy (H) and light (L) chain genes are formed
by recombination of V, (D) and J gene segments. The potential
recombinatorial repertoire, that includes the ‘random’ pairing
of IgH and IgL chains, is significantly enlarged due to impre-
cise joining of the different gene segments. This junctional
diversity depends largely on the enzyme terminal deoxynucle-
otidyl transferase (TdT), that is responsible for the addition of
non-templated so called N-nucleotides to the V(D)J junc-
tions.1,2 In mature B cells, the IgV regions can be further diver-
sified, particularly in the course of T helper cell-dependent
antigen-specific responses in germinal centers (GC). Here, the
Ig loci may be altered by somatic hypermutation and IgH
chain class-switch recombination. It has recently been
reported that the somatic hypermutation process, that is
believed to occur in the GC environment exclusively,3–6 not
only involves single nucleotide exchanges but also, to a sig-
nificant extent, deletions and insertions of different size.7,8

Furthermore, as the RAG genes may be expressed during the
GC stage, it has been proposed that secondary Ig rearrange-
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ments may rescue GC B cells with unfavorable somatic
mutations, a process also designated as receptor revision.
Indeed, in both mice and humans recombination intermedi-
ates have been detected in GC B cells.9–11 Although most
examples of receptor revision involved IgVL genes, it has also
recently been demonstrated in human IgVH genes.12,13

It is currently believed that, due to the occurrence of these
complex genetic alterations, the GC reaction plays a role in
lymphomagenesis. This notion is supported by the fact that the
majority of non-precursor B-NHL entities express somatically
mutated V genes, compatible with a GC or post-GC deri-
vation.14 In follicular lymphoma (FL), the cytological and
architectural characteristics as well as the immunophenotype
are all highly compatible with a GC derivation.15,16 B-CLL was
initially considered to be derived from naive B cells.17,18 How-
ever, Fais et al19 recently reported that, within a large panel
of B-CLL, approximately 50% of the IgM+ B-CLL and 75% of
the non-IgM+ B-CLL cells exhibit somatic mutations in their
IgVH genes. Moreover, similar to normal (post) GC B cells20,21

and (post) GC-derived B cell malignancies,22,23 the BCL-6
gene was found to be somatically mutated in a fraction of
the IgVH mutated B-CLLs.24 These data also indicate that a
substantial proportion of B-CLL derive from GC-experienced
B cells. Furthermore, these findings suggest that within the cli-
nicopathological group of B-CLL, at least two separate entities
are included. In accordance, two recent studies indicated that
patients with somatically mutated B-CLL IgV genes have a sig-
nificantly better prognosis than those with unmutated IgV
genes.25,26

Here, we present IgVH gene analyses of three distinct GC-
derived B cell malignancies in which we observed alternative
processing of the rearranged and somatically mutated V4–34
IgVH gene segment. We provide evidence that the internal
IgVH mRNA splicing observed in a B-CLL and in a FL was not
due to a defect in the splicing machinery of the tumor cells
but caused by specific somatic nucleotide substitutions which
activated a previously unidentified cryptic 3� splice acceptor
site present in some germline IgVH gene segments.

Materials and methods

Patient material

One patient was a 76-year-old female who suffered from B-
CLL accompanied by severe auto-immune hemolytic anemia
(AIHA), for which she was splenectomized. Fresh frozen
spleen tissue was obtained from the Department of Pathology,
the Westeinde Hospital, The Hague, The Netherlands. The
second patient (FL13) was a 78-year-old male who suffered
from lymphadenopathy; a supraclavicular lymph node was
removed on which a follicular lymphoma was diagnosed.27

The third patient (DLBCL4) was a 77-year-old female who suf-
fered from diffuse large B cell lymphoma which was diag-
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nosed on a groin lymph node. The second and the third
patient were from our hospital.

DNA, RNA isolation and cDNA synthesis

DNA and RNA was isolated using the DNAZOL or the TRI-
ZOL reagent, respectively (Life Technologies, Breda, The
Netherlands) according to the manufacturer’s instructions.
cDNA was synthesized with Pd(N)6 random primers
(Pharmacia Biotech, Roosendaal, The Netherlands) or for
some experiments with an oligo-dT primer (Promega, Leiden,
The Netherlands) as described.27,28

PCR reactions

The complementary determining region 3 (CDR3) was ampli-
fied using a forward primer specific for the framework region
3 (FR3) in combination with one of the different downstream
primers specific for JH, C�, C�, C� or C�. For the VH family-
specific PCR, the reactions were performed with VH family-
specific leader primers combined with the appropriate reverse
primer, either JH, C�, C� or the B-CLL specific FR3 reverse
primer. The different PCRs were performed with 1 �l of cDNA
or 500 ng genomic DNA in a volume of 25 �l. Primer
sequences were as described;27,28 B-CLL FR3 5�-
CGGCGGTCACAGAGCCTCAA-3�

Cloning and sequencing

PCR products were cloned into pTOPO vectors and transfor-
med into TOP10 bacteria, according to the manufacturer’s
instructions (Invitrogen, Groningen, The Netherlands). The
colonies were sequenced on both strands. Sequencing was
performed with an ABI sequencer (Perkin Elmer Corporation,
Norwalk, CT, USA) using the big dye-terminator cycle-
sequencing kit. The sequences found were compared to pub-
lished germline sequences, using the Vbase database29,30 and
DNAplot31 on Internet (http://www.mrc-cpe.cam.ac.uk) to
identify mutations.

Expression vectors

The IgH(�3) expression vector was produced by modifying the
pRTM1 vector.32 The IgH expression vector consists of a
rearranged V(D)J gene flanked by ClaI and SpeI restriction
sites, which are used to introduce the IgVH gene of interest.
Downstream, the C�3 constant gene is located. The
expression of the recombinant IgH is regulated by normal
human IgH promotor and enhancer sequences. For selection
in mammalian cells the neomycin phosphotransferase gene is
present, which allows selection of stably transfected cells with
geneticin. The IgL(�) expression vector was produced starting
from the pSVG-V�3 vector.32 The IgL(�) expression vector
consists of a rearranged VJ gene flanked by ClaI and NotI
restriction sites. These restriction sites are used to introduce
the IgV� gene of interest. The � constant gene is located down-
stream. The expression of the recombinant Ig� is regulated by
normal human Ig� promotor and enhancer sequences.
Detailed description of the generation of these immunoglob-
ulin expression vectors is available on request.

The pRTM1 and the pSVG-V�3 vectors were kindly pro-
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vided by Dr Kipps (University of California, San Diego, CA,
USA). The IgH(�3) and IgL(�) expression vectors were kindly
provided by Drs J van Es and T Logtenberg (University Hospi-
tal, Utrecht, The Netherlands).

Generation of transfectants in SP2/0 cells

For transfection, 10 �g IgH(�3) and 10 �g IgL(�) were lin-
earized with PvuI and mixed with 10 × 106 SP2/0 myeloma
cells in Iscove’s modified Dulbecco’s medium (IMDM) con-
taining 10% FCS (Hyclone, Logan, UT, USA), 100 IU/ml peni-
cillin and 100 �g/ml streptomycin. The suspension was elec-
troporated in a 0.4 cm gap cuvette using a Biorad gene pulser
with capacity extender at 960 �F and 250 V. The cells were
selected and cultured in IMDM complete medium containing
400 �g/ml geneticin (Life Technologies).

Nucleotide reversion of the somatic mutation in
codon 64 of the B-CLL

Primers were designed that matched around codon 64, one
primer included one mismatch which reversed the somatic
mutation in codon 64 to the germline nucleotide. The V4–34
of the B-CLL was amplified in two separate parts: the 5� part
with the VH4 family-specific primer in combination with B-
CLL-R containing the mismatch that reversed the somatic
mutation; the 3� part was amplified with the B-CLL-F primer
combined with the JH primer. These PCRs were performed
according to the protocol used for the VH family-specific PCR
except that Pfu polymerase was used (Stratagene, La Jolla, CA,
USA). The two parts were purified, combined and used as
template in a VH4-specific PCR. Bacterial clones were gener-
ated and sequenced to confirm the reversion of the somatic
mutation in codon 64. Next, this B-CLL V4–34 fragment was
cloned into the IgH(�3) expression vector as described above.
Primer sequences were as follows: B-CLL-F 5�-GAGTCACCA-
TATCAGTGGAC-3� ; B-CLL-R 5�-GACTCTTGAGGGACGGG
TTG-3�. The underlined nucleotide is a mismatch which
reverts the somatic mutation in codon 64.

Results

Assessment of clonality, IgH chain isotype expression
and VH and VL gene family usage of the B-CLL

Clonality of the B-CLL was demonstrated immunohistochem-
ically and confirmed by Southern blot, using a JH probe (data
not shown)33 as well as by a CDR3-specific PCR. This PCR
makes use of clone-dependent length differences of the CDR3
regions in the VH chains. A CDR3-PCR of a polyclonal B cell
population yields products of variable size, visible as multiple
bands or a smear pattern on agarose gel, whereas a clonal B
cell population yields a single band. The CDR3 region of the
rearranged immunoglobulin IGH locus was amplified from
both genomic DNA and complementary DNA (cDNA), using
a combination of the FR3 and the JH primer. To determine
the constant IgH chain (CH) isotype of the B-CLL, cDNA was
also amplified using the FR3 primer in combination with dif-
ferent CH-specific primers (C�, C�, C� and C�). Unexpec-
tedly, with the FR3–JH primer combination, from both cDNA
and genomic DNA three clonal products of 112 bp, 184 bp
and 297 bp were amplified (Figure 1b). With FR3–CH primer
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Figure 1 CDR3 and VH4 family PCRs on the B-CLL. (a) Schematic representation of the IgH locus and the primers used for the VH-family
and CDR3-specific PCRs: L, leader sequence; VH , variable gene segment; D, diversity gene segment; JH, joining gene segment; CH, constant
gene segment; N, non-templated nucleotide additions. (b) Results of CDR3 PCR on cDNA and genomic DNA, using the FR3 upstream primer
and JH, C�, C�, C� and C� downstream primers. Indicated are the clonal products of 297 bp, 184 bp and 112 bp using the JH primer on
cDNA and genomic DNA (lanes 1 and 6). (c) Results of VH4 family PCR on cDNA and genomic DNA using the upstream VH4 leader primer
and JH, C� and C� downstream primers. Indicated are the four different PCR products of 516 bp, 588 bp, 701 bp and 1071 bp obtained on
genomic DNA with the JH primer.

combinations, a sharp band was only observed with the C�
and C� primers, which was in accordance with the immunohi-
stochemically demonstrated co-expression of IgM and IgD.
With both the C� and C� primers, a smear pattern was
obtained, most likely derived from polyclonal non-neoplastic
B cells and/or plasma cells. Formally, however, the presence
of a minor subpopulation of class-switched tumor cells cannot
be ruled out (Figure 1b). Subsequently, the IgV genes were
amplified with family-specific VH or V� leader primers in
combination with the JH, C� and C� or J� and C� downstream
primers, respectively. On genomic DNA, only JH or J� down-
stream primers were used in view of the presence of JH–CH
and J�–C� intronic sequences. The VH family-specific PCRs
revealed that the B-CLL expressed a VH4 family gene segment
(data not shown). The PCR on genomic DNA with the VH4
leader primer in combination with the JH primer yielded three
clear products of 516, 588 and 701 bp, respectively, and a
larger, albeit weaker product of 1071 bp (Figure 1c). The same
PCR on cDNA also resulted in at least three clear bands. With
the C� downstream primer, a 473 bp product and a weaker
357 bp product were visible, whereas with the C� primer only
one product was detectable (Figure 1c). The general length
difference between the IgVH family PCR products generated
from either genomic DNA or cDNA is explained by the 83
bp leader intron present in genomic DNA only.

By V� family-specific PCR and sequencing, it was determ-
ined that the B-CLL expresses a V�1 family gene segment (data
not shown).

The IGH-chain locus of the B-CLL

To clarify the structure of the IGH locus of the B-CLL, the
product obtained by the VH4-family specific PCR on genomic

DNA was cloned. By CDR3 PCR, we identified clones with
CDR3 products of 112, 184 and 297 bp, thus identical to the
products found in the CDR3 PCR on genomic DNA (Figure
1b). One of the plasmid clones contained an extra long 667
bp CDR3 product. A VH4 family-specific PCR on this parti-
cular bacterial clone yielded a 1071 bp product, comparable
to the largest product obtained in the VH4 family-specific PCR
on total genomic DNA (Figure 1c). Clones, representative of
the four different CDR3 lengths found, were sequenced. The
VH region of the B-CLL displayed highest homology with the
V4–34, D4 and JH3b germline gene segments, respectively
(Figure 2).29,34 In the VH gene segment, a total of 13 somatic
mutations were identified. The CDR1 and CDR2 carried five
somatic mutations with a replacement vs silent (R/S) mutation
ratio of 1.5. The FRs contained eight somatic mutations with
an R/S ratio of 0.3.

Interestingly, we found that the IGH locus of the B-CLL con-
tained a triplication of the JH3b gene segment. The second
JH3b (JH3b-II) gene segment was located 21 bp downstream
of JH3b-I, in the JH3–JH4 intron and the third JH3b gene seg-
ment (JH3b-III) was located 55 bp downstream of JH3b-II,
again in the JH3–JH4 intron. The somatic mutations in the
three successive JH3b gene segments, with parts of the JH3–
JH4 intronic sequence, were all unique except for one
mutation that was shared by the JH3b-I and JH3b-III gene
segment (Figure 2).

Since in each of the three JH3b copies the 5� splice donor
site was preserved, potentially VH4 transcripts can be pro-
duced coupling one, two or three JH3b copies to CH gene
segments. To investigate whether this was the case, bacterial
clones were produced from the VH4 RT-PCR products
obtained with the JH, C� and C� downstream primers,
respectively. Nested CDR3-PCR on these cloned VH4 RT-PCR
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Figure 2 Nucleotide sequence of the functionally rearranged VH locus of the B-CLL. (a) The upper line represents the germline VH, D and
JH sequences and the lower the sequence as found in the B-CLL. Only nucleotide differences are indicated. Indicated regions: FR, frame work
region; CDR, complementarity determining region; N, non-templated nucleotide additions; 5� splice site around codon 26; 3� splice site around
codon 64; C�, somatic mutation resulting in closer homology to the 3� splice consensus sequence; G�, the only mutation shared by JH3bI and
JH3bIII. This nucleotide sequence has been deposited at the GenBank database (accession No. AF417291). (b) Significant homology of the
different ‘N’ regions proximal to the second and third JH3b gene segment for the N region proximal to the first JH3b gene segment; �, nucleotide
identical to the N-region; x, nucleotide not identical to the N-region.

products, using the JH downstream primer, again yielded pro-
ducts with one, two or three JH3b copies, of 112, 184 and
297 bp, respectively. However, the clones derived from VH4
PCR products generated with the CH1-C� and CH1-C� down-
stream primers contained the short CDR3 length of 112 bp
only. Also, when a CH3-C� downstream primer was used,
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only amplimers with one JH3b segment were found (data not
shown), excluding the possibility that the two- and/or three-
JH3b containing transcripts had been spliced to the second or
third C� exon (CH2, CH3). It thus seems that the majority of
� and � transcripts contain a functional IgVH region with a
single JH3b segment. Moreover, it is noteworthy that from the
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Table 1 Summary of plasmid clones generated from RT-PCR

PCR CDR3 length No. of clones No. of clones
in CDR3 PCR sequenced with a deletion

in V4–34

VH4–JH 112 bp 4 3
VH4–JH 184 bp 3 0
VH4–JH 297 bp 2 2
VH4–C� 112 bp 8 3
VH4–C� 112 bp 3 0

putative RNA message containing all three JH3b gene seg-
ments, no protein product is to be expected due to a frameshift
directly upstream of the third JH3b gene segment.

A total of 20 cDNA-derived PCR clones of the different
lengths were sequenced. We did not detect intraclonal point
mutation differences between the cloned IgV sequences,
which is in accordance with a previous study on B-CLL.35

Also, the rearranged V�1 gene harbored somatic point
mutations (four in the CDRs and six in the FRs) compared to
the most homologous germline V�1 gene segment, DPK3/L11
(data not shown).

Alternative splicing of V4–34 gene transcripts

In addition to the described transcripts with differences in the
number of JH3b copies included, we found in eight of the 20
cDNA-derived PCR clones of the B-CLL a 116 bp deletion
(between codons 26 and 64) within the V4–34 gene segment
(Table 1, Figures 2 and 3a). Detailed analyses of the
sequences flanking this deletion indicated that the 5� site at
codon 26 (FR1) was strongly homologous with the mam-
malian 5� splice site consensus sequence (5� A/C A G ↓ GT

Figure 3 Comparison of the V4–34 expressed by the B-CLL (a) and
FL13 (b) with 5� and 3� consensus splice sites. FR1, frame work region
1; CDR2 complementarity determining region; � nucleotide matching
the consensus sequence; x, nucleotide not matching the consensus
sequence; * mutation that resulted in a closer homology with the con-
sensus splicing sequence; +, mutation not resulting in a closer hom-
ology with the splicing consensus sequence. The somatic mutations
in codon 64, which resulted in closer homologies to the 3� splice
acceptor site are marked by arrows. The underlined nucleotides are
necessary for RNA splicing. M = A or C, R = A or G, N = any nucleo-
tide and Y = T or C.

A/G A G T 3�) whereas the 3� site at codon 64 displayed hom-
ology for the 3� splice site consensus sequence (5� (Y)n N Y
AG ↓ G 3�).36 In these splice acceptor and donor sites the
underlined nucleotides are highly conserved whereas the dou-
bly underlined nucleotides are absolutely necessary for RNA
splicing. Interestingly, a nucleotide substitution in codon 64
(A → C) had caused a closer homology to the consensus 3�
splice acceptor site at a critical position. In addition, the mam-
malian branch-point consensus sequence, which maps 18–38
nucleotides upstream of the 3� splice site (5� T N C T R A C
3�), was present in the mutated V4–34 and here also a specific
somatic mutation had contributed to a closer homology
(Figure 3a).36 The clones with this deletion were all devoid of
the VH4 leader intron, proving the RNA derivation of the
cloned fragments. This, and the fact that we did not isolate
genomic DNA-derived clones with the V4–34 deletion, indi-
cates that this deletion was the result of alternative splicing.
It must be noted that the alternative V4–34 splicing is
accompanied by a shift of the reading frame and the putative
messenger RNA thus cannot be translated. In Figure 4, a sum-
mary is provided of the different transcripts found in the B-
CLL. With the information obtained, the smaller band of 357
bp in the VH4-family specific PCR with the C� primer (Figure
1c), is now explained as an alternatively spliced V4–34 gene.

Based on these findings we analyzed the IgVH transcripts of
three previously studied IgM+, V4–34-expressing FLs, Nos 13,
15 and 6727 and an IgM+, V4–34-expressing diffuse large B
cell lymphoma (DLBCL4). Figure 5 shows that in a VH4–C�
RT-PCR, a small product of approximately 350 bp was not
only present in the B-CLL but also in FL13. In contrast, in FLs
Nos.15, 67 and in DLBCL4 this particular product was not
detected. Instead, in DLBCL4 a 180 bp product was visible.
FL13 co-expressed � and � IgH chains, harboring nine
somatic mutations compared to the V4–34 germline in associ-
ation with an � IgL chain.27 Surprisingly, in this case a nucleo-
tide substitution in codon 64 (A → G) of V4–34 was found as
well that, although at a position different from that in the B-
CLL, also gave rise to a closer homology with the consensus
3� splice acceptor site (Figure 3b). Sequencing confirmed that
the 350 bp product had been generated by similar V4–34
splicing which again was accompanied by a frameshift. In the

Figure 4 Schematic overview of the VH transcripts identified in the
B-CLL. L, leader sequence; VH, variable gene segment; D, diversity
gene segment; JH, joining gene segment; i, intron; C�, constant �
sequence; C�, constant � sequence.
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Figure 5 VH4-family PCRs on V4–34-expressing B cell lym-
phomas. Results of VH4 family PCR on cDNA of four follicular lym-
phomas and one diffuse large B cell lymphoma, using the upstream
VH4 leader primer and C� downstream primer. Marked are the full-
length 470 bp VH4 PCR products, the internally spliced 350 bp V4–
34 products of the B-CLL and FL13 and a 180 bp VH-CH1-C� splice
product of DLBCL4.

mutated V4–34 sequences of FLs 15 and 67 no somatic
mutations in the ‘cryptic’ 3� splice acceptor site were found
(data not shown).

DLBCL4 expressed a V4–34 with 35 somatic mutations, as
assessed by sequencing of three plasmid clones. In the CDR1
and CDR2, nine somatic mutations were present with a
replacement vs silent (R/S) mutation ratio of 2.0. The FRs con-
tained 26 somatic mutations with an R/S ratio of 1.0. The
intraclonal variation, which is calculated as the mean number
of nucleotide differences for each molecular clone compared
to the consensus sequence was 6.3 nucleotides/clone, which
is rather high according to previous studies on DLBCLs and
FLs.27,37 The 180 bp product represented an alternatively pro-
cessed IgH transcript in which the cryptic 5� splice donor site
at codon 26 was directly spliced to the CH1-C� exon. In this
case, as in FL13, no somatic mutations were found in the
cryptic 5� splice donor site. This mode of splicing yields an
in-frame truncated heavy chain and has been described pre-
viously in two VH4-expressing Burkitt’s lymphoma cell
lines.38,39

Internal V4–34 splicing depends on a single
nucleotide substitution

To exclude that the alternative V4–34 RNA processing was
due to an aberrant splicing machinery of tumor B cells, we
transfected SP2/0 myeloma cells with the B-CLL IgH. The B-
CLL-derived V4–34 genes with either one JH3b (1J) or two
JH3b (2J) gene copies were introduced into the pIgH(�3)
expression vector. The insert was at the 3� end flanked by an
intron, including the normal Ig enhancer and by C�3
sequences, respectively. In a similar fashion, the patient’s V�
gene was introduced into the pIgL(�) expression vector. The
pIgH(�3)-1J and pIgH(�3)-2J were each co-transfected with
pIgL(�) in SP2/0 myeloma cells. The transfectants were selec-
ted with geniticin. On cDNA derived from these transfectants,
we performed VH4 family-specific PCRs with a C� down-
stream primer or, for a more accurate detection of the V4–34
splice variant, a B-CLL-specific downstream FR3 primer
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(Figure 6a). In the PCRs on the pIgH(�3)-2J transfectant with
the C� as downstream primer, three products were detectable,
of which the largest 530 bp product possessed two JH3b gene
segments directly coupled to the C�3 sequence (Figure 6b,
lane 1). This is thus different from the B-CLL, in which tran-
scripts with two JH3b gene segments were not found in conti-
guity with C� or C�. The lower 458 bp product was derived
from a normal V(D)J coupled to C�3, whereas the smallest
342 bp product represented the V4–34 splice variant with one
JH3b gene segment coupled to C�3. Theoretical transcripts
representing the V4–34 splice variant with two JH3b gene seg-
ments coupled to C�3, with a predicted length of 414 bp,
were not detected. In the PCR on the pIgH(�3)-1J transfectant,
we detected a dominant 458 bp product and a very weak
product of 342 bp, representing the unspliced and spliced VH

region coupled to C�3, respectively (Figure 6b, lane 2). With
the B-CLL-specific FR3 downstream primer, the V4–34 splice
variant was also detectable in the 2J and the 1J transfectants
(Figure 6c, lanes 1 and 2). Here, no difference is visible
between products with one JH3b or with two JH3b gene seg-
ments since in this PCR the downstream primer anneals 5� of
the JH region. It is remarkable that in the 2J transfectant, the
ratio of spliced:unspliced transcripts is significantly higher
than in the 1J transfectant. This suggests that the abnormal size
and structure of VHD-2J favors the use of the cryptic splice
sites in V4–34.

As we suspected that the A → C mutation in codon 64 was
pivotal by causing a closer homology to the consensus 3�
splice acceptor site (Figure 3a), we also transfected cells with
1J and 2J constructs in which this mutation had been reversed.
By RT-PCR, we indeed found that in neither the 1J nor the 2J
revertants were alternatively spliced V4–34 forms detectable
(Figure 6b and c, lanes 3 and 4). We therefore conclude that
the alternative processing of V4–34 RNA is not invoked by a
disturbed splicing machinery of the B-CLL but is V4–34-enco-
ded and critically depends on one single point mutation.

Comparison of germline VH family genes with the
consensus splice site sequences

Alignment analyses indicated that several of the germline VH

genes bear, in the regions mentioned above, homology with
the 5� and 3� splice consensus sequences. Although the extent
of homology is variable among the different VH genes it is
likely that, due to superimposed nucleotide substitutions,
internal VH mRNA splicing is not confined to a single VH spec-
ies. Of all VH family genes (codons 25–28), however, the
germline sequences of the VH4 family members display the
highest degree of homology with the consensus 5� splice site
sequence. Except for the VH4 family genes and the V1–18
germline gene, none of the other germline VH genes contain
the essential GT in codon 26 (Figure 7 and data not shown).
In addition, only V4–34 harbors the highly conserved guanine
at the third position of codon 27 (Figure 7). Comparison of
codons 56–65 of the VH family germline genes with the con-
sensus 3� splice site sequence indicated that, although only
the VH1 family members contain the essential YAG at codon
64, the overall homology was again most obvious for the VH4
family gene segments (Figure 7). Although the V1–18 gene, in
germline configuration, also potentially fulfills the require-
ments for the internal splicing we were unable to detect this
phenomenon in two V1–18 expressing B cell lymphomas
(data not shown).
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Figure 6 V4–34 splicing in Ig-transfected SP2/0 cells. (a) Schematic representation of the PCRs performed on cDNA of SP2/0 transfected
with B-CLL-derived V4–34. (b) Results of VH4–C� PCRs on cDNA of SP2/0 transfected with B-CLL-derived VHD-2J and VHD-1J with (lanes 1
and 2) or without the somatic mutation in codon 64 (lanes 3 and 4). The 530 bp product (lanes 1 and 3) represents VHD-2J coupled to C�.
The 458 bp product (lanes 1–4) and 342 bp product (lanes 1 and 2) represent unspliced and spliced VHD-1J, respectively. (c) Results of VH4–
FR3 PCRs on the same samples. The internal splice variants (visible in lanes 1 and 2) are not detected in the codon 64 revertants (lanes 3 and 4).

Figure 7 Alignment of some germline VH genes with the 5� and
3� consensus splice site sequences. The underlined nucleotides are
highly conserved and the boxed nucleotides are essential for RNA
splicing. For a complete alignment of all VH germ line genes see the
Vbase database on internet (http//www.mrc.cpe.cam.ac.uk.).29,30 M =
A or C, R = A or G, N = any nucleotide and Y = T or C.

Discussion

In this report, we describe three B-NHLs of different types in
which, apart from normal IgH gene transcripts, aberrant tran-
scripts were detected due to an extraordinary make-up of the
IGH chain locus and/or alternative processing of IgH mRNA.

The IGH locus of a B-CLL contained a triplication of the
JH3b gene segment, which included parts of the JH3-JH4
intron sequence. Directly upstream of the JH3b-II and the
JH3b-III segment, stretches of 5 bp and 13 bp respectively
were present, each of which contained 4 bp homologous to
putative N nucleotides directly upstream of the first JH3b seg-
ment (Figure 2b). This suggests that the JH3b triplication took
place in an already rearranged IGH locus. Moreover, this N-
region may have served as the target region in the triplication
process that most likely took place in replicating cells, poss-
ibly via a repeated mechanism of DNA double strand break
followed by homologous recombination. These alterations
may have occurred in dividing precursors in the bone marrow
after the initial IGH rearrangement had been completed. Alter-

natively, the finding that this B-CLL exhibited somatically
mutated IgV genes, indicates that the neoplastic cells were
derived from a (post) GC B cell, as has been described for
approximately 50% of IgM-expressing B-CLLs.19 As the
somatic hypermutation process involves DNA double strand
breaks possibly followed by repair via homologous recombi-
nation,40 the triplication could also have occurred during the
hypermutation process. An important argument that dupli-
cations occur during the GC reaction is the finding of both
unique as well as shared point mutations in duplicated
regions.7,8 In this B-CLL we found one mutation shared by
the JH3b-I and JH3b-III segments. Assuming that the JH3b-I
segment served as a template, it is difficult to envisage why
this mutation was not shared by the JH3b-II segment.

In three of the B cell lymphomas studied, we observed alter-
native processing of IgH mRNA using a previously described
cryptic splice donor site present in the FR1 of VH4 genes.38,39

In two of these cases, ie the somatically mutated B-CLL and
FL13, we observed an identical mode of internal splicing of
the V4–34 gene transcripts involving a so far unidentified
cryptic 3� splice acceptor site (Figures 3 and 4, Table 1). More-
over, by transfection studies in combination with the site-
directed mutagenesis, it was established that in the B-CLL this
cryptic splice acceptor site had been activated due to a spe-
cific nucleotide substitution in codon 64 (CTC AAG → CTC
CAG) (Figure 6). Strikingly, FL13 carried a nucleotide substi-
tution in codon 64 as well (CTC AAG → CTC AGG) although
at a different position (Figure 3). In both cases, however, a
CAG sequence was generated which apparently was sufficient
for the creation of a functional 3� splice acceptor site. This
cryptic 3� splice acceptor site in V4–34 consists of a 26 bp
stretch of which at least 18 bp are identical to consensus
branchpoint and 3� splice acceptor sequences (Figures 3 and
7). In DLBCL4, aberrant in-frame IgH transcripts were found
in which the cryptic 5� splice donor site had been directly
spliced to the CH1-C� exon. This mode of IgH mRNA
processing has been documented before in two Burkitt’s lym-
phoma cell lines and leads to production of truncated, so-
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called � heavy chain disease (�HCD) proteins, which are
secreted without associated IgL chain.38,39 In these cases,
alternative splicing rescued the cells harboring non-functional
VH genes with stop codons and/or frameshifts due to deletions
or insertions. As we found high intraclonal variation in the VH

gene of DLBCL4 it can be conceived that a fraction of the
tumor cells contain disabled VH genes due to nonsense
mutations and/or deletions/insertions and that those subclones
use alternative VH splicing to survive. We can, however, not
discriminate whether alternative splice forms are indeed pro-
duced by a subfraction of tumor cells or whether all tumor
cells produce both normally and aberrantly spliced � tran-
scripts. In �- and �-HCD, which is associated with a variety
of B cell malignancies, IgH splicing is even more extensive
and usually involves part or all of the VH region and the whole
CH1 domain. In most of these cases, the VH leader, with or
without a small part of the VH region, is directly spliced to the
hinge region.41

The V4–34 gene segment has been found in virtually all
cases of ‘cold’ agglutinin disease in which the autoantibodies
have specificity for the i/I antigen present on erythrocytes.42,43

It is presently unclear whether the mutated V4–34 IgM/D
expressed by our B-CLL has any causative role in the
accompanying severe auto-immune hemolytic anemia
(AIHA). In general, AIHA observed in B-CLL is considered to
be caused by polyclonal, ‘warm’ reactive IgG antibodies unre-
lated to antibodies expressed by the tumor cells.44,45

Of all germline VH gene segments, codons 25–28 of FR1 of
V4–34 have the highest homology to the consensus 5� splice
site sequence (Figure 7). This may imply that V4–34-express-
ing B cells are more likely to produce HCD-like proteins, as
we also detected in DLBCL4 on the transcriptional level. If
true, this may be of relevance for the reported, overrepresent-
ation of V4–34 usage in IgM+CD5+ B-CLL19 and in primary
central nervous large B cell lymphoma.46 However, an
initially reported bias of V4–34 in DLBCL47 could not be
reproduced in larger series.37

The internal IgVH splicing observed in this B-CLL and in
FL13, which to our knowledge has not been observed before,
may have significance as an additional mechanism of somatic
Ig diversification and underscores the flexibility of the system.
It can be reasoned that in a IgVH gene with an intrinsic inser-
tion or duplication, internal splicing may be a mechanism to
compensate for non-functional frameshifts or length aber-
rations. This is also suggested by the increased ratio of spliced:
unspliced IgVH in the 2J transfectant as compared to the 1J
transfectant (Figure 6c). On the other hand, alternative splic-
ing implies that a B cell can potentially co-express different
IgVH molecules encoded by one rearranged allele. Although
it is doubtful whether this has any significance for normal B
cell development, it is of note that �HCD transcripts have
been detected in bone marrow of normal humans.48 This,
combined with the finding that precursor B cells in HCD-
transgenic mice were found to differentiate into mature B
cells,49,50 may indicate that alternative IgVH splicing plays a
role in rescuing B cells with non-functional rearrangements
by allowing for additional gene recombination processes.
Conversely, if such alternatively spliced IgVH gene products
form aberrant protein complexes with ligand-independent sig-
naling properties, like some HCD proteins,49,50 they could be
instrumental in cellular transformation.
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variation in the J region of the human immunoglobulin heavy
chain gene locus. Eur J Immunol 1995; 25: 2578–2582.

35 Schettino EW, Cerutti A, Chiorazzi N, Casali P. Lack of intraclonal
diversification in Ig heavy and light chain V region genes
expressed by CD5+IgM+ chronic lymphocytic leukemia B cells: a
multiple time point analysis. J Immunol 1998; 160: 820–830.

36 Green MR. Biochemical mechanisms of constitutive and regulated
pre-mRNA splicing. Annu Rev Cell Biol 1991; 7: 559–599.

37 Lossos IS, Okada CY, Tibshirani R, Warnke R, Vose JM, Greiner
TC, Levy R. Molecular analysis of immunoglobulin genes in dif-
fuse large B-cell lymphomas. Blood 2000; 95: 1797–1803.

38 Mounir S, Guglielmi P, Preud’Homme J-L, Nau F, Cogné M. Alter-
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Discussion
1.1 The BCR in B cell lymphomas
The BCR of B-NHLs represents not only a unique clone-specific marker. But, by virtue of its 
configura�on, it unveils the history of the B cell that was originally ac�vated and selected to 
par�cipate in an immune response. An�genic specifici�es of B cell lymphomas may provide answers 
whether par�cular Ags and/or microbial invaders are associated with development of par�cular 
B-cell lymphoma subtypes. Structurally, BCR IgVH/IgVL repertoires of FL, DLBCL, BL and MM 
appeared to be highly variably and up �ll now we could not find any clues concerning the an�genic 
epitopes (Chapter 4). In contrast, B-CLL and gastric- and salivary gland- MZBCL express clearly 
restricted albeit different IgVH/IgVL repertoires. Groups of B-CLL express remarkably homologous 
Ig structures, manifested in terms of VH DH and JH gene usage, IgVH-CDR3 amino acid sequences 
and IgVL gene usage. Roughly 20% of all B-CLLs can thus be grouped into B-CLL IgVH-CDR3 amino 
acid sequence homology groups (Chapter 4) 1. The homologous Igs expressed by B-CLL implies 
that discrete an�genic epitopes or classes of structurally similar epitopes are favoring par�cular B 
cell clones in B-CLL genesis. Thus, B cells recognizing such epitopes may eventually have a higher 
probability to become a B-CLL. 
Despite the high loads of IgV muta�ons, the integrity of the Ig or BCR of indolent B-NHLs like FL, 
MZBCL and B-CLL is generally preserved. This is underscored by the facts that, (i)  transloca�ons 
into the Ig-loci are virtually always found in the non-produc�vely rearranged Ig loci and (ii) that 
IgV regions are generally protected from amino acid replacement (R) muta�ons in the Ig frame 
work regions (FR) (Chapters 4-10, 12 and 13). These indolent B-NHLs thus may s�ll dependent on 
expression of a func�onal BCR, poten�ally engaging Ag. It is known that the mere expression of 
a func�onal BCR generates autonomous ligand-independent survival signals, also designated as 
“basal” or “tonic” BCR signaling on which normal B cells cri�cally depend 2. Indeed, BCR abla�on 
experiments in mice have shown that BCR-nega�ve B cells rapidly die 3. Moreover, other experiments 
have shown that the tonic BCR signal is transmi�ed through the BCR-associated CD79a/CD79b (also 
called Igα/Igβ or mb1/B29) heterodimer 4;5. In aggressive DLBCL, the BCR structure seems less well 
preserved since in ~40% of DLBCL no significant counterselec�on for R muta�ons in FRs is found. 
Accordingly, about half of DLBCL lack BCR expression, indica�ng that they are less dependent on 
BCR signals than indolent B-NHLs are (Chapter 13). However, recently it became clear that part of 
ABC-DLBCLs depend on chronically ac�ve BCR signaling for their survival 6.

1.2 Transforma�on of indolent B-NHL into high grade B-NHL
During the disease course of an indolent B-NHL, tumor subclones with the highest prolifera�on 
rate obtain a growth advantage and will gradually dominate the tumor. This may result in the 
transforma�on of an indolent lymphoma into a lymphoma with a high prolifera�ve frac�on, 
associated with a poor prognosis. Using IgVH sequence analysis, we have shown that FL progression 
can be a non-linear process in which the progressed FL clone was already present as a minor 
subclone at earlier �mepoints. In other cases of FL progression this seemed linear, as the final FL 
clone was not present as a minor subclone at earlier �mepoints and resulted from clonal evolu�on 
of subclones that gradually accumulated addi�onal IgVH soma�c muta�ons (Chapter 8, 9 and 13). 
Numerous clues from sequences of IgH transloca�ons as well as mouse models have proven 
that the Ig diversifica�on mechanisms i.e. V(D)J recombina�on, SHM and CSR are instrumental 
in the genera�on of the Ig transloca�ons of B-NHL. In general, most of these Ig transloca�ons 
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are not sufficient to fully drive lymphomagenesis. An excep�on are BLs in which, without a need 
for addi�onal gene�c altera�ons, the C-MYC/IgH transloca�on is sufficient to establish cellular 
transforma�on. It has been assumed that (aberrant) SHM and CSR, as executed by AID in the GC, 
are instrumental in the process of ongoing transforma�on in transloca�on-carrying B cells. This 
was corroborated in a mouse model in which lymphomagenesis of B cells, which cons�tu�vely 
expressed Bcl-6, was cri�cally dependent on Aid 7. Our finding that memory B cells can undergo 
repe��ve GC entries is compa�ble with a scenario of accumula�on of addi�onal gene�c altera�ons 
in anecdo�c, transloca�on containing B cells during successive GC reac�ons, finally resul�ng in 
transforma�on (Chapter 3). 
As AID is essen�al for SHM and aberrant SHM, we have quan�ta�vely measured AID mRNA 
expression levels in different B-NHL en��es and in 7 FLs with clinical progression. Using sequen�al 
biopsies, we have found that intraclonal IgV nucleo�de varia�on (ICV) among tumor sub-clones 
in FL o�en seems not the result of ongoing SHM (Chapter 9, 11 and 13). Indeed, also AID mRNA 
expression did not correlate with the presence nor the level of ICV in FLs or other B-NHLs such as 
DLBCL and BL (Chapter 11 and 13). However, in 2 of the 7 FLs with histological progression, selec�ve 
outgrowth of an AID-expressing clone occurred, one of which with ongoing SHM. In an other FL 
with histological progression, ongoing SHM was found with sustained AID expression (Chapter 
11). We also found higher AID mRNA expression levels and SHM ac�vity in 4 out of 5 B-CLLs with 
histological progression to DLBCL 8. Altogether these data are sugges�ve but no proof for a role 
of AID in transforma�on of at least some FLs and B-CLLs. This no�on was supported by studies of 
Rossi et al.9 and Reiniger et al.10 in which aberrant SHM of PIM-1, RhoH/TTF, PAX-5 and/or C-MYC 
was observed during histological progression in 5 out of 9 FLs, 2 out of 9 B-CLLs and 7 out of 7 
B-CLLs, respec�vely. Muta�ons in BCL-6 during histological progression were reported to occur in 5 
of 7 FLs 11. Finally, a study on 17 transformed MZBCL clearly showed higher levels of aberrant SHM 
and AID protein in the DLBCL as compared to the ini�al low-grade MZBCL 12. All these studies were 
sugges�ve for a role of AID and aberrant SHM in progression of a propor�on of indolent B-NHLs. 
However, a recent study was conducted on a cohort of 32 FLs, 26 transformed FLs and 25 FLs 
with paired samples of which 19 showed histological progression. Here, no differences in the loads 
of aberrant SHM were observed between the 32 FLs and the 26 transformed FLs. Moreover, the 
stable FLs harbored similar levels of aberrant SHM as the FLs with histological progression 13. Thus, 
this study was not in support for of a role of (aberrant) SHM in FL transforma�on. Similarly, in 
a recent large scale study on 149 FL pa�ents, equal AID protein expression levels were scored, 
immunohistochemically, in limited and advanced stages of FL. Moreover, the clinical course of FL 
appeared to be independent of AID expression level scores, which were in general highly variable 
14. This is in accordance with our study on AID mRNA levels in FLs which were also highly variable 
and which showed no correla�on with the presence nor the level of ICV (Chapter 11).
FL progression has been associated with a variety of molecular altera�ons such as inac�va�on of 
CDKN2A (p16INK4A, ARF) and CDKN2B (p15INK4B) at 9p21 by chromosomal dele�on, muta�on and/or 
hypermethyla�on 15-17, C-MYC gene rearrangement 18, C-REL and BCL-11A amplifica�ons at 2p15-
16 19 and muta�on of TP53 at 17p13.1 20-22. Each of these gene�c events occurs in a small subset 
of transformed FL only. In a recent large scale study on 185 FLs, TP53 muta�ons were found in 12 
FLs (6%). TP53 muta�on was associated with older age and shorter overall survival 23. In DLBCL, 
TP53 muta�ons were found in 102 of 477 cases (21%) and also correlated with shorter overall 
survival. In par�cular, the muta�ons in the DNA binding domains of P53 were strongly associated 
with poor survival 24. Some of the molecular events may affect the same regulatory pathways. For 
example, muta�on and subsequent overexpression of the transcrip�onal repressor BCL-6 as well 
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as dele�on of CDKN2A result in suppression of P53, which de facto has the same effect as TP53 
muta�on 25. The idea that different molecular events may affect the same pathways was recently 
supported by a microarray study on 20 pairs of FL and corresponding DLBCL 26. It was found that 
progression of FL occurs essen�ally by two dominant pathways, one characterized by increased 
expression of prolifera�on-associated genes (10 cases) and the other not (10 cases). Interes�ngly, 
TP53 muta�on (4 cases), C-REL amplifica�on (2 cases) and CDKN2A loss (1 case) occurred exclusively 
during progression via the ‘prolifera�on’ pathway, indica�ng that indeed different molecular events 
operate in similar pathways. Of note, FLs transformed exclusively into GC-type DLBCL 26. 
Recently, array-based compara�ve genomic hybridiza�on (array CGH) has been applied on a large 
cohort of 106 FLs with complete clinical informa�on. Altogether, 46% of the cases could be linked 
to one of the four karyotypic routes of FL development (6q-(+6p), +1q, +der18 and +7) as defined 
by Höglund et al.27 (see Figure 2 Chapter 13), while the rest could not be correlated to these routes 
28. Seventy-one regions of altera�on were iden�fied to be recurrent in 10% or more FLs, of which 
21 regions were shown to correlate with shorter survival. Some of these regions, occurring in at 
least 15% of FLs, e.g. -1p36.22-p36.33 (25%) and -6q21-q24.3 (17%) are a refinement of the regions 
that were previously shown to be prognos�c factors for dismal prognosis (Chapter 13) 28. Using 
single nucleo�de polymorphism (SNP) arrays, the 1p36 region was also found to be altered by 
copy-neutral loss of hetrozygosity (LOH) in 16 of 182 FL (9%) and to correlate with inferior survival 
29. The most frequent copy-neutral LOH was on 6p which was found in 25 of 182 FL (14%) and 
which correlated with the 1p36 altera�ons 29. Regions iden�fied with array CGH, which correlated 
with FL transforma�on were; -1p36.22-p36.33 (25%), +6p21.1-p25.3 (10%), -6q21-q24.3 (17%), 
+7q32.3-q33 (11%) and +12q13.13-13.2 (21%) 28. Molecules located at the 1p36 region that could be 
involved include the cell cycle protein CDC2L1, the transcrip�on factor PRDM16 and the apopto�c 
factor DFFB (Chapter 13). Loss of the 6q21-q24.3 region includes the genes TNFAIP3 (A20) and 
PERP 28;30. There is evidence that PERP induces P53-mediated apoptosis, and its dele�on may thus 
lead to enhanced net tumor growth 28. TNFAIP3 (TNF-induced protein 3) is a potent inhibitor of NF-
κB signaling brought about by both TNFR and TLR signaling. Other studies also iden�fied TNFAIP3 
(A20) as a target for dele�on in MZBCL (par�cularly of the ocular adnexa), DLBCL, Hodgkin’s 
lymphoma and primary medias�nal B cell lymphoma 31-34. Moreover, sequence analysis showed 
that in addi�on to dele�on, the other TNFAIP3 allele was o�en inac�vated by muta�ons leading to 
loss of func�on in these lymphomas (Chapter 6) 33-35. In FL no muta�ons were as yet iden�fied in 
TNFAIP3 and PERP 30. 
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Summary
B lymphocytes or B cells are generated throughout life from hematopoie�c stem cells. The ul�mate 
func�on of the B cell lineage is to produce soluble an�bodies (Abs) or immunoglobulins (Igs). 
The primary Ab repertoire is generated by DNA rearrangements of Ig gene segments. B cells that 
specifically bind to par�cular an�genic structures are ac�vated and can undergo a germinal center 
(GC) reac�on to produce high affinity (class switched) Abs. High affinity Abs are essen�al to combat 
or neutralize poten�ally harmful microbial invaders and toxins. To generate these high affinity Abs 
in the GC, the produc�vely rearranged Ig variable region is subjected to soma�c hypermuta�on 
(SHM) and class switch recombina�on (CSR). Soma�c muta�on involves the introduc�on of mostly 
point muta�ons in the variable regions of the Ig gene. Class switch recombina�on involves a 
DNA recombina�on event more downstream in the Ig locus leading to a change in the Ig isotype 
produced. The DNA remodeling processes occurring in the bone marrow and in the GC reac�on 
bear intrinsic risks for gene�c derailment and development of malignant B cell lymphomas.

In this thesis, three themes have been addressed: (i) the GC reac�on in general, including the 
molecular processes of SHM and CSR (ii) the an�genic specificity and immunological micro-
environment of mature B cell lymphomas and (iii) the configura�on of the Ig genes of low grade B 
cell lymphomas, in order to recapitulate the clonal history and evolu�on of the malignant B cells.

In chapter 2, we show that plasma cells and follicular dendri�c cells (FDCs), within the dark zone 
of GCs, produce hepatocyte growth factor (HGF) ac�vator. Ac�ve HGF induces adhesion of HGF-
receptor(MET)-posi�ve GC B cells to FDCs and also puta�vely plays a role in prolifera�on and/or 
survival of GC B cells. 
In chapter 3, we provide evidence that memory B cells can undergo repe��ve GC reac�ons upon 
subsequent an�genic challenges (or during the course of one challenge). This finding implies that 
recurrent SHM shapes the Ig repertoire of memory B cells and infers that transforming gene�c hits 
in non-Ig genes during lymphomagenesis do not have to arise in a single GC passage, but can be 
collected during successive recall responses. 
In chapter 4, we show that subgroups of B-cell chronic lymphocy�c leukemias (B-CLL) and gastric- 
and salivary gland- marginal zone B cell lymphomas (MZBCL) express restricted BCR (IgVH/IgVL) 
repertoires with recurrence of IgVH-CDR3 amino acid sequence mo�fs. About 40% of salivary gland- 
and ~10% of gastric MZBCLs express dis�nct V1-69/JH4- and V3-7/JH3- encoded BCRs with strong 
IgVH-CDR3 homology to rheumatoid factors (RF). By recombinant expression of these MZBCL BCRs 
as soluble IgM Abs, high affinity reac�vity to IgG in vitro was proven. 
In chapter 5 and 6, we have analyzed the IgVH repertoire, the immunological microenvironment 
and the gene�cs of cutaneous- and ocular adnexal- MZBCLs. None of our cases harbored one of the 
MZBCL-specific transloca�ons. In the ocular adnexal group no muta�ons in CARD11 were observed 
and two cases had mutated A20 (TNFAIP3), leading to premature stop codons. None of the MZBCLs 
of the two en��es expressed the characteris�c MZBCL RFs. The majority of cutaneous- and ocular 
adnexal- MZBCL expressed IgG and IgM, respec�vely and each subtype proliferated in dis�nc�ve 
inflammatory backgrounds as compared to other MZBCL types. 
In chapter 8 and 9, we show that in FL progression, clones that predominate late stage disease 
may already be present as minor subclones at earlier �me points. However, in some cases this 
development seemed linear as the final clone resulted from clonal evolu�on of subclones that 
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gradually accumulated IgVH soma�c muta�ons. In these cases, AID appeared to be expressed 
(chapter 11 and 13). 
In chapter 10, we have analyzed an interes�ng case of follicular lymphoma of which both IgM- 
and IgG- expressing tumor cells were present. By laser-aided microdissec�on, samples from the 
malignant follicles were isolated and analyzed. Several tumor sublones were detectable in mul�ple 
follicles, indica�ve for interfollicular trafficking of tumor clones. All malignant follicles contained 
both IgM- and IgG- expressing tumor cells harboring, in general, non-iden�cal muta�on pa�erns, 
which is not in support of ongoing Ig class switching. Accordingly, no switch circle recombina�on 
products were found. 
In chapter 11, we quan�ta�vely measured AID expression levels of a panel of B-cell lymphomas 
and normal B-cell subsets. AID was found to be expressed exclusively in B-cell lymphomas with a 
GC phenotype. AID expression did in general not correlate with intraclonal IgVH muta�on varia�on 
(ICV), indica�ng that ICV is not necessarily a reflec�on of ongoing SHM, and may be a remnant of 
previous SHM ac�vity.
In chapter 12, we describe the characteris�cs of a rare and dis�nc�ve en�ty of primary follicular 
lymphoma of the gastrointes�nal tract (GI-FL). GI-FLs resemble nodal FLs with respect to morphology, 
immunophenotype, the t(14;18) and mutated IgVH genes. Three out of four GI-FLs expressed IgA, 
an Ig class typical of the mucosal immune system and seldom found in nodal FL. In contrast to 
nodal FLs, the GI-FLs expressed the mucosa-homing α4β7 integrin which is also expressed by 
normal intes�nal B and T lymphocytes and by MZBCLs. However, the chemokine receptor CXCR3, 
expressed on most MZBCLs, was not detected on the GI-FLs nor on nodal FLs. The combined data 
suggest that primary GI-FL originates from local an�gen-responsive B cells.
In chapter 14, we describe the phenomenon of alterna�ve Ig splicing, which we observed especially 
in V4-34 expressing B-cell lymphomas of different histological subtype. We provide evidence that 
the alterna�ve V4-34 splicing was elicited by soma�c muta�ons in the rearranged V4-34 IgVH 
genes.

Nederlandse Samenva�ng 

Algemene immunologie (voor niet ingewijden)
Gewervelde dieren bezi�en een complex immuunsysteem (afweersysteem) voor de bestrijding 
van ziekteverwekkers, zoals gi	ige stoffen, virussen, bacteriën, schimmels en parasieten. Het 
immuunsysteem bestaat uit twee takken: het aangeboren immuunsysteem en het adap�eve 
immuunsysteem. Wi�e bloedcellen zijn de centrale spelers in alle afweerreac�es, maar ook alle 
andere weefselcellen zijn uitgerust met een eigen systeem om (1) hun eigen infec�e, (2) schadelijke 
micro organismen en (3) andere geïnfecteerde of aangedane weefselcellen in hun omgeving te 
kunnen detecteren. Belangrijke uitvoerders van het aangeboren immuunsysteem zijn de fagocytaire 
wi�e bloedcellen, zoals de monocyten, macrofagen en granulocyten. Deze cellen zijn in staat om 
direct een bacterie op te eten en te vernie�gen (fagocyteren). Lymfocyten staan centraal in het 
adap�eve immuunsysteem en herkennen specifiek individuele ziekteverwekkers (ook wel an�genen 
genoemd). De T-cellen en de B-cellen zijn de twee belangrijkste categorieën van lymfocyten. Elke 
lymfocyt is op het celoppervlak (membraan) uitgerust met een unieke, willekeurig gegenereerde, 
an�geen receptor, respec�evelijk T-cel-receptor (TCR) of B-cel-receptor (BCR) genaamd. Deze 
an�geen receptoren zijn in staat om één specifieke ziekteverwekker (b.v. virus, bacterie, schimmel 
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of parasiet) te herkennen. Dus een an�geen receptor kan zich specifiek aan een bepaald an�geen 
vastbinden. Als er een infec�e optreedt binden de an�geen-specifieke lymfocyten zich aan het 
betreffende an�geen en daarna worden de betreffende lymfocyten ges�muleerd om zich te gaan 
delen (vermenigvuldigen) en te differen�ëren tot cellen die het an�geen kunnen aanvallen (effector 
cellen). Bovendien ontstaan er geheugen lymfocyt cellen. Bij een infec�e met hetzelfde an�geen 
kunnen de geheugen lymfocyten sneller reageren en zo zorgen ze voor een sterkere afweerreac�e. 
Dit kenmerk van het adap�eve immuunsysteem wordt ook wel immunologisch geheugen genoemd. 
Op dit principe berusten ook vaccina�es, die voor bepaalde ziekten gegeven worden zoals: di	erie, 
kinkhoest, tetanus, bof, mazelen en hersenvliesontsteking.
T-cellen kunnen worden onderverdeeld in cellen die het CD4 molecuul- en cellen die het CD8 
molecuul- op hun membraan tot expressie brengen. De CD4 T-cellen hebben helper en regula�eve 
func�es in een afweerreac�e. De CD8 T-cellen hebben een cytotoxische func�e wat inhoud dat 
geïnfecteerde cellen specifiek dood gemaakt kunnen worden. T-cellen herkennen an�genen die 
gedegradeerd zijn tot eiwi
ragmenten. Die gedegradeerde eiwi
ragmenten, van het an�geen, 
worden gepresenteerd (aangeboden) op het membraan van an�geen presenterende cellen. T-cellen 
kunnen met hun T-cel an�geen receptor (TCR) deze gepresenteerde eiwi
ragmenten herkennen 
en daardoor worden ze dan geac�veerd. B-cellen herkennen onbewerkte totale an�genen met 
hun B-cel an�geen receptor (BCR). Na de herkenning van een an�geen door B-cellen, met hun 
BCR, worden ze ges�muleerd en kunnen ze vervolgens differen�ëren tot cellen die an�stoffen 
gaan uitscheiden (ook wel immunoglobulinen (Ig) genaamd). In feite is een an�stof een oplosbare 
vorm van een membraan gebonden B-cel receptor (BCR). De an�stof moleculen kunnen specifiek 
aan de an�genen binden. Op die manier krijgen de an�genen (ziekteverwekkers) als het ware 
een herkenningsvlag waardoor ze herkenbaar zijn voor andere cellen van het immuunsysteem. 
De an�stoffen zijn van cruciaal belang voor het onschadelijk maken van ziekteverwekkers. De 
uiteindelijke opruiming van de ziekteverwekkers wordt uitgevoerd door een grote diversiteit aan 
mechanismen. Als er aan bacteriën an�stoffen binden kunnen die vervolgens gedood worden 
door (1) de ac�va�e van complement eiwi�en, die gaatjes in de bacteriën maken, of (2) door 
granulocyten die de bacteriën opeten en vernie�gen (fagocyteren). 

De func�e van B cellen en de ontwikkeling van B cel lymfomen (voor niet ingewijden)
Uit het bovenstaande overzicht blijkt dat de belangrijkste func�e van B-cellen bestaat uit de produc�e 
van an�stoffen. An�stoffen spelen een belangrijke rol bij de afweer tegen ziekteverwekkers. An�stoffen 
bestaan uit twee zware- en lichte- eiwit ketens, die elk weer uit een variabel- en een constant- deel 
bestaan. Het variabele deel van de an�stof is het deel dat aan een an�geen (ziekteverwekker) kan 
binden (zie Figuur 2C, Chapter 1). Omdat er heel veel verschillende ziekteverwekkers bestaan, die 
elk een unieke moleculaire vorm hebben, zijn er ook heel veel an�stoffen die elk een uniek variabel 
domein bezi�en. Het unieke variabele domein wordt ook wel an�gene bindingsplaats genoemd. Het 
variabele deel van een an�stof wordt op chromosoom niveau (DNA) gegenereerd door herschikkingen 
van variabele an�stof gen segmenten, voor zowel de zware als de lichte keten (zie Figuur 2A, Chapter 
1). Als dit proces succesvol doorlopen is ontstaan er rijpe B-cellen die elk een specifieke an�stof als 
B-cel an�geen receptor (BCR), op hun celoppervlak (membraan) bezi�en. Een B-cel die met zijn BCR 
aan een bepaalde ziekteverwekker bindt wordt geac�veerd. Na deze an�geen-specifieke ac�va�e 
gaan de B-cellen zich vermenigvuldigen, waarna een deel van de B-cellen oplosbare an�stoffen zullen 
gaan uitgescheiden, die komen dus als losse an�stof moleculen in het bloed terecht. 
De an�stoffen die in eerste instan�e uitgescheiden worden bezi�en nog een rela�ef lage 
bindingskracht. Een deel van de, door an�geen, geac�veerde B-cellen kunnen een kiemcentrum-
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reac�e doorlopen. Het doel van een kiemcentrum-reac�e is dat de B-cellen an�stoffen kunnen 
gaan produceren die een veel hogere bindingskracht (affiniteit) bezi�en voor de ziekteverwekker. 
An�stoffen met een hoge affiniteit zijn essen�eel voor het bestrijden van ziekteverwekkers 
omdat ze veel sterker aan een ziekteverwekker kunnen vastbinden. Voor het genereren van deze 
hoge affiniteits-an�stoffen worden de variabele delen van de an�stof op DNA niveau veranderd 
(gemuteerd). Dit proces wordt ook wel soma�sche hypermuta�e genoemd (SHM). In het 
kiemcentrum worden de B-cellen, die an�stoffen produceren met de hoogste affiniteit, geselecteerd 
om door te differen�ëren tot B-cellen die deze hoge affiniteits-an�stoffen dan meteen gaan 
uitscheiden. Dit proces wordt ook wel affiniteits-matura�e genoemd. Tevens worden er geheugen 
B-cellen gegenereerd die razend snel kunnen reageren en meteen de hoge affiniteits-an�stoffen 
kunnen produceren als de ziekteverwekker nogmaals infecteert. 
Naast het proces van affiniteits-matura�e kan er in de kiemcentrum-reac�e klasse switch 
recombina�e (KSR) optreden. Hierdoor kunnen de B-cellen een an�stof gaan produceren van een 
andere klasse. Ook het proces van KSR gaat gepaard met DNA veranderingen in de B-cel, waarbij er 
een stuk DNA uit het chromosoom verwijderd wordt.
De DNA veranderingen die er in de an�stof genen plaatsvindt �jdens de rijping van B-cellen en 
�jdens de kiemcentrum-reac�e zijn gevaarlijke processen omdat er een risico bestaat dat er 
chromosomale transloca�es bij optreden Hierbij kunnen dan twee verschillende chromosomen 
onjuist aan elkaar gekoppeld worden. Door een onjuiste verbinding tussen twee verschillende 
chromosomen kan het voorkomen dat er bepaalde genen niet goed geregeld tot expressie gaan 
komen. Zo kan er bijvoorbeeld een gen geac�veerd worden die er voor zorgt dat de B-cel steeds 
gaat delen of een gen die er normaal voor zorgt dat een cel niet meer dood kan gaan. B-cellen met 
een dergelijke transloca�e kunnen dan ongeremd blijven groeien. Uiteindelijk kan dit dan leiden 
tot de ontwikkeling van een kwaadaardig B-cel lymfoom.

Resultaten van ons eigen onderzoek (voor niet ingewijden)
In ons eigen onderzoek hebben we aangetoond dat B-cellen meerdere malen een kiemcentrum-
reac�e kunnen ondergaan en dus herhaaldelijk blootstaan aan de DNA veranderingen die daar 
optreden. Dat zou dus betekenen dat er in de loop der �jd een steeds hogere kans bestaat om een 
chromosomale transloca�e of andere DNA schade op te lopen, na de successieve kiemcentrum-
reac�es. Dus de kans op de ontwikkeling van een B-cel lymfoom neemt dus ook toe door de �jd. 
Dat zou de reden kunnen zijn dat B-cel lymfomen vooral bij ouderen voorkomen (Chapter 3). 
Een andere onderzoekslijn toonde aan dat B-cel lymfomen die in chronisch ontstoken speekselklieren 
of in de maag kunnen optreden frequent iden�eke auto-reac�eve an�stoffen produceerden 
(reuma factoren). Hierdoor kunnen de kwaadaardige B-cellen chronisch ges�muleerd worden 
door immuuncomplexen (een soort aggregaten van bijvoorbeeld bacteriën en an�stoffen). Deze 
chronische s�mula�e zou van essen�eel belang kunnen zijn voor de overleving en groei van de 
lymfoom B-cellen (Chapter 4). Andere B-cel lymfomen die in chronisch ontstoken longen, huid, 
of ogen kunnen ontstaan bleken dit soort iden�eke auto-reac�eve an�stoffen niet te produceren 
(Chapter 4, 5, 6 en 7).
In de chapters 8-13 hebben we met name een bepaald soort B-cel lymfomen bestudeerd, genaamd 
follikulaire lymfomen (FL). Als je door een microscoop naar dit type lymfomen kijkt dan blijkt het 
dat de kwaadaardige B-cellen vaak groeien in follikels die nog erg op gewone kiemcentra lijken. Van 
deze lymfomen hebben we de DNA muta�e patronen van de variabele an�stof genen onderzocht. 
Tevens hebben we bestudeerd of het enzym wat verantwoordelijk is voor deze muta�es, in deze 
lymfomen aanwezig was. We hebben gevonden dat er tussen de verschillende individuele lymfoom 
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B-cellen in één lymfoom vaak veel verschil zit tussen de muta�e patronen. Ondanks dat er veel 
verschillende muta�e patronen waren in de individuele lymfoom B-cellen bleek dat het enzym wat 
verantwoordelijk is voor deze muta�es vaak niet aanwezig was. Dus kennelijk hadden die individuele 
lymfoom B-cellen al eerder die verschillende muta�e patronen gekregen en was het enzym niet 
meer aanwezig toen het lymfoom uit een pa�ent weggehaald werd. We observeerden ook dat 
als er lymfoom B-cellen op verschillende �jds�ppen uit een pa�ent gehaald werden, dat dan de 
muta�e patronen steeds homogener werden. Vaak zagen we ook dat een bepaald muta�e patroon, 
dat in een vroeg stadium maar in een klein deel van de lymfoom B-cellen aanwezig was, in een 
later stadium in de meeste lymfoom B-cellen aanwezig was. Hieruit concluderen we dat bepaalde 
lymfoom B-cellen (met een bepaald muta�e patroon) in de loop der �jd een groeivoordeel gehad 
hadden en dus verder konden uitgroeien. Waarschijnlijk hebben die uitgegroeide lymfoom B-cellen 
extra chromosomale (DNA) schade opgelopen, waarbij bepaalde genen die een groei voordeel 
opleveren geac�veerd zijn geraakt. 

Korte samenva�ngen van de individuele hoofdstukken
In chapter 2 tonen we aan dat plasma cellen en folliculair dendri�sche cellen, in de donkere zone 
van kiemcentra, hepatocyt groei factor (HGF) ac�vator produceren. Ac�ef HGF induceert de adhesie 
van HGF-receptor posi�eve kiemcentrum B cellen aan folliculair dendri�sche cellen en het zou ook 
een mogelijke rol kunnen spelen bij de prolifera�e en/of overleving van de HGF-receptor posi�eve 
kiemcentrum B-cellen.
In chapter 3, leveren we het bewijs dat geheugen B-cellen, in tegenstelling tot wat aangenomen werd, 
meerdere malen een kiemcentrum-reac�e kunnen ondergaan na successieve an�gene blootstellingen 
en dus herhaaldelijk blootstaan aan de DNA veranderingen die daar optreden. Deze bevinding impliceert 
dat gene�sche schade in non-Ig genen �jdens het ontstaan van lymfomen niet hoe	 op te treden in 
een enkele kiemcentrum-reac�e, maar dat gene�sche schade kan worden verzameld gedurende de 
opeenvolgende kiemcentrum-reac�es. Dat zou de reden kunnen zijn dat B cel lymfomen vooral bij 
ouderen voorkomen.
In chapter 4 laten we zien dat subgroepen van B-cel chronische lymfa�sche leukemie (B-CLL) en 
maag- en speekselklier- marginale zone B-cel lymfomen (MZBCL) een beperkt BCR (IgVH/IgVL) 
repertoire tot expressie brengen met homologe IgVH-CDR3 aminozuur volgorde mo�even. Ongeveer 
40% van speekselklier- en ~10% van de maag- MZBCL’s brengen bepaalde door V1-69/JH4- en V3-7/
JH3- gecodeerde BCR’s tot expressie met een sterke IgVH-CDR3 homologie voor canonieke reuma 
factoren. Door deze MZBCL BCR’s als oplosbare IgM an�stoffen tot expressie te brengen bleek dat 
deze an�stoffen inderdaad een hoge affiniteit te bezi�en voor humaan IgG. 
In chapter 5 en 6, hebben we de BCR’s, de immunologische micro-omgeving en de gene�ca van 
huid- en oculaire adnexal- MZBCL’s bestudeerd. Geen van onze gevallen bezaten één van de 
MZBCL-specifieke transloca�es. In de oculair adnexale MZBCL groep vonden we geen muta�es in 
CARD11, twee gevallen hadden echter een gemuteerd A20 (TNFAIP3) wat leidde tot vroeg�jdige 
stop codons in het gen. We konden in beide MZBCL en�teiten geen karakteris�eke reuma factoren 
aantonen De meerderheid van de cutane en de oculaire adnexale MZBCL’s brachten IgG en IgM, 
respec�evelijk tot expressie en elke en�teit groeide elk in een onderscheidbare immunologische 
ontstekingsachtergrond die weer onderscheidbaar was van die van de andere MZBCL typen. 
In chapter 8 en 9, hebben we IgVH genen van follikulaire lymfomen (FL) bestudeerd. We laten zien 
dat er in de progressie van FL, sub-klonen die overheersend zijn in een vergevorderd stadium van 
de ziekte vaak al aanwezig waren als kleine sub-kloon popula�es op eerdere �jds�ppen. Echter, in 
sommige gevallen leek deze ontwikkeling lineair waarbij de uiteindelijke kloon was voortgekomen 
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uit sub-klonen die IgVH soma�sche muta�es opgehoopt hadden. In deze gevallen, bleek het AID 
enzym (dat essen�eel is voor soma�sche hypermuta�es) tot expressie te komen (Chapter 10 en 
14). 
In chapter 10, hebben we een interessant follikulair lymfoom onderzocht, waarin zowel IgM- als 
IgG- producerende tumor cellen aanwezig waren. Door laser-aided microdissec�e hebben we kleine 
monsters uit de kwaadaardige follikels geïsoleerd en geanalyseerd. Verschillende tumor sub-klonen 
waren detecteerbaar in meerdere follikels, wat een indica�e is voor inter-follikulaire migra�e van 
de lymfoom B-cellen. Alle follikels beva�e zowel IgM- en IgG- producerende lymfoom B-cellen. Over 
het algemeen waren er niet iden�eke IgVH muta�e patronen in de IgM- en de IgG lymfoom B-cellen, 
waarschijnlijk treedt er dus geen doorgaande klasse switching op. Ondersteunend daarvoor was 
het ontbreken van klasse switch cirkel recombina�e producten. 
In chapter 11, hebben we kwan�ta�ef de expressie van AID gemeten in een serie B-cel lymfomen 
en normale B-cel subsets. AID bleek uitsluitend tot expressie te komen in B-cel lymfomen met 
een kiemcentrum fenotype. De AID expressie bleek over het algemeen niet gecorreleerd te zijn 
aan de intra-klonale IgVH muta�e varia�e (ICV). Dit gee	 aan dat ICV niet noodzakelijkerwijs een 
weerspiegeling is van een ac�ef soma�sch hypermuta�e apparaat. ICV is dus vaak slechts een 
overblijfsel van een eerdere hypermuta�e ac�viteit.
In chapter 12 beschrijven we de kenmerken van een zeldzame en�teit, het primaire follikulaire 
lymfoom van het maagdarmkanaal (GI-FL). GI-FL’s lijken op nodale FL’s met betrekking tot morfologie, 
immuno-fenotype, de t (14; 18) en gemuteerde IgVH genen. Drie van de vier GI-FL’s brachten IgA 
tot expressie, een Ig-klasse die typisch is voor het mucosale immuunsysteem en zelden gevonden 
wordt in nodale FL’s. In tegenstelling tot nodale FL’s, brachten de GI-FL’s het α4β7 integrine tot 
expressie, wat nodig is om de slijmvliezen in te komen. Het integrine α4β7 komt ook tot expressie 
op normale darm B- en T- lymfocyten en op MZBCL’s. Echter, de chemokine-receptor ‘CXCR3’, die 
tot expressie komt op de meeste MZBCL’s kwam niet tot expressie op de GI-FL’s noch op nodale FL’s. 
De gecombineerde gegevens suggereren dat de primaire GI-FL’s a�oms�g zijn van lokale an�geen 
responsieve B-cellen.
In chapter 14 beschrijven we het verschijnsel van alterna�eve immunoglobuline splicing die we 
waargenomen hebben in B-cel lymfomen met verschillende histologische subtypen, die het V4-34 
Ig gensegment herrangschikt hadden. We konden aantonen dat de alterna�eve splicing in V4-34 
veroorzaakt werd door soma�sche muta�es in de herschikte V4-34 IgVH genen.
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Terugblik en dankwoord

Vij	ien jaar geleden werd ik door Carel van Noesel gevraagd om aan zijn project te komen werken. 
Carel en ik kenden elkaar van een eerdere periode waarin we beide werkzaam waren bij het Centraal 
Laboratorium van de Bloedtransfusie dienst (CLB), nu Sanquin geheten. In die periode, die zo 
ongeveer in 1987 begon en medio 1993 eindigde, was Carel eerst student en daarna promovendus 
op een project waarin het B-cel receptor complex gekarakteriseerd werd. Ik was daar werkzaam 
als research analist. Eerst op een project waarbij humane monoclonale an�stoffen gegenereerd 
werden door B-cellen te immortaliseren met het Epstein-Barr virus en later op een project waarin 
de cytotoxische T-cel respons tegen HIV geïnfecteerde cellen bestudeerd werd. Carel wilde in dit 
nieuwe project onderzoeken wat voor an�genen (bv. pathogenen zoals bacteriën of virussen) B-cel 
lymfomen zouden herkennen met hun B-cel receptor. Die an�genen zouden van belang kunnen zijn 
voor een chronische s�mula�e van de lymfoom B-cellen waardoor deze cellen “oneindig” blijven 
delen. Tevens zouden we dan misschien kunnen achterhalen of een infec�e met een bepaald 
pathogeen een risico oplevert voor het ontstaan van B-cel lymfomen. Het project sprak mij erg aan 
en ik heb toen de stap gemaakt van het Ins�tuut Dierhouderij en Diergezondheid in Lelystad naar 
de Pathologie van het AMC.
Toen ik begon was Bert Tigges net een �jdje de chef-analist en hij introduceerde me aan de 
medewerkers. Mijn bureau was op het ‘tweede’ lab waar ook Peter van Amstel, Rob Keehnen, en 
Esther Schilder-Tol gehuisvest waren. Op het ‘eerste’ lab zaten onder andere Mirjam Polak, Nike 
Claessen, Marjon Clement, Lia Smit en Cli	on Meije. Alex Musler en Folkert Morsink waren ook 
aanwezig maar zij rouleerden tussen diagnos�ek en research. Van wat ik me herinner zaten op 
het ‘derde’ lab Cynthia Lehé, Anwar Chand, Anja Roos en Anita Buffing en op het ‘laatste’ lab (nu 
een deel van de afdeling Anatomie) zat Frank van den Berg met allerlei zelfgemaakte en unieke 
apparatuur. Verder waren ook aanwezig op de research Jan Aten, Onno de Boer en René van den 
Wijngaard. Het project van Carel viel binnen het immuno-haemato-pathologisch onderzoeksveld 
en daarom werd ik opgenomen in de groep van Steven Pals. Die groep bestond verder uit Gerrit 
Koopman, Robbert van der Voort, Lia Smit, Taher Taher, Vera Wielinga en Rob Keehnen. Ik wil deze 
eerste groep bedanken voor alle steun en opmerkingen bij de verschillende werkbesprekingen 
en journal clubs, die toen nog gewoon ‘gezellig’ bij Steven in zijn kamer gehouden werden. Ook 
Bert, Frank, Nike en Esther ST gaven mij nu�ge �ps en hebben me wegwijs gemaakt op het lab. 
Frank: bedankt dat ik met jouw Mac computer op internet mocht blasten, wat toen der �jd nog 
bijzonder was. In die �jd werd het PCR gebeuren bes�erd door Lia en Marjon en deze twee dames 
hebben me, met goed gevolg, ingewerkt. Na een aantal maanden werd Mijntje Aarts, de assistent 
in opleiding (AIO), op het project aangenomen. Met haar komst begon een lange samenwerking 
van 5 jaar die afgesloten werd met haar promo�e in september 2000. Mijntje: bedankt voor de 
vele discussies en alle congressen die we samen bezocht hebben. Het hoogtepunt voor mij was om 
voor de eerste keer naar een echt B-cel congres in Taos (New Mexico) te gaan, wat erg leerzaam 
en s�mulerend was. Na de promo�e van Mijntje heb ik, met goedkeuring van Carel, de stoute 
schoenen aangetrokken en besloten om mij ook in een promo�e avontuur te storten. Daarbij nam 
ik Mijntje’s bureau over en kwam tegenover Patrick Derksen te zi�en die aangenomen was op een 
project van Steven. Naast Patrick waren inmiddels ook Marcel Spaargaren, Esther Beuling en Ronald 
van der Neut de groep van Steven komen versterken. Even later gevolgd door Thera Wormhoudt 
die op een project met Ronald ging werken. Begin 1999 kwam Laura Smit als student rondsluipen 
op de afdeling waar ze in eerste instan�e iets met baarmoederhals kanker deed. Zij was zo onder 
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de indruk van ons onderzoek dat het Carel gelukt is om haar als vervolg stage bij mij in het B-cel 
veld te loodsen. Door haar inzet en enthousiasme is haar vervolgens aangeboden om een promo�e 
onderzoek te gaan doen bij Carel. 
Om moleculaire diagnos�ek van epitheliale- en weke delen- tumoren op te starten werd Mireille de 
Wit aangenomen. Later werd zij daarbij bijgestaan door Alex en Folkert die ook nog deels research 
deden in de gastrointes�nale tumor groep van Johan Offerhaus. Alex en Folkert: bedankt voor alle 
hulp en mooie coupes en Alex ook voor je deskundigheid op het gebied van laser microdissec�e. 
Het werk nam toe en Jitske Weegenaar kwam over uit de dermatologische groep van Pran Das. 
Met de verhuizing van Johan en Folkert naar de Pathologie in Utrecht verhuisde Mirjam ook naar 
de moleculair diagnos�sche groep, waar ze inmiddels alweer ongeveer 4 jaar werkzaam is. Het 
haemato-moleculair diagnos�sch duo wordt al sinds jaar en dag gevormd door Esther ST en Monique 
Oud, kortweg ‘EsMo’. EsMo: bedankt voor alle hulp en adviezen omtrent immunoglobuline PCRs en 
wat al niet meer. 
In de tussen �jd was de immuno-haemato-pathologische onderzoeksgroep geleidelijk veranderd 
van samenstelling door de promo�es van Vera, Robbert, Taher en Patrick, de verhuizing van Lia 
naar het secretariaat en nieuwe medewerkers zoals Helen Meijer, Elles Boon, Esther Tjin en David 
de Gorter. Het bureau tegenover mij, dat Patrick na zijn promo�e in 2003 verlaten had, werd 
overgenomen door David. In die opstelling hebben we ruim 4 jaar tegenover elkaar gezeten. De 
gedrevenheid van David voor het onderzoek naar signaleringsroutes is bewonderingswaardig. Ik wil 
hem bedanken voor alle discussies, gezelligheid en natuurlijk onze schaatsrondjes op de Jaap Eden 
baan. Esther T: het was leuk om met jou samen te werken, wat geresulteerd hee	 in Hoofdstuk 2. 
Gedenkwaardig waren de vrijdag middag afslui�ngen in het ‘oudste’ oude gasthuis met een aantal 
‘groep 2’ medewerkers waarbij vaak Ronald, Patrick, Mitja van der Pu�en en later ook David bij 
aanwezig waren. Met Patrick, Marcel, Esther T, David en Laura hebben we in juni 2002 in Groningen 
een succesvol kiemcentrum congres gehad. Het is zo indrukwekkend geweest dat het eigenlijk het 
enige congres is waar Marcel over praat en dan met name vanwege het voorval in de kelder van 
een kroeg. Op de dansvloer viel toen mijn, niet zo stevig op mijn hoofd zi�ende, reserve bril door 
enthousiaste dansbewegingen op de grond. Gelukkig kon Laura mijn bril net wegkapen voor een 
schoen die anders dreigend mijn bril zou hebben verple�erd. Een andere doorgaande hilarische 
succes story is de toupet van Dr. Bob die hij bij het laatste congres diner kwijtgeraakt was waardoor 
wij hem niet zo èèn, twee, drie herkenden als de typische Amerikaanse congresgenoot waarmee 
we die avond daarvoor nog flink hadden doorgehaald.
Vanaf 2003 diende zich geleidelijk weer een nieuwe groep medewerkers aan, achtereenvolgens: 
Rogier Reimers, Richard Groen, Jurrit Zeilstra, Febe van Maldegem, Marije Overdijk, Sander Joosten, 
Annemieke Kuil en als laatste Kinga Kocemba die al eerder begonnen was als student. Allemaal 
bedankt voor de gezelligheid en de inhoudelijke discussies op de kamer en �jdens onze lunch 
pauzes. Bovendien begon met deze groep de onvergetelijke bezoekjes aan de Epstein Bar(r) op de 
donderdag na het werk. Medio 2006 kwam Tamas Csikos de groep versterken die een bijzondere kijk 
op de maatschappij hee	, een onuitpu�elijke kennis bezit en bovendien originele experimentele 
muizen modellen weet te bedenken. Thera kwam na de promo�e van Wendy de Leng en door de al 
eerder genoemde verhuizing van Johan naar Utrecht ons groepje versterken.
Met uitzondering van Marcel, Thera, Sander, Annemieke en Kinga hebben inmiddels alle groep 2 en 3 
medewerkers het immuno-haemato-pathologisch onderzoeksnest verlaten. In de tussen�jd hebben 
zich weer nieuwe medewerkers aangediend. Zo vanaf 2007 kwamen Robbert Hoogeboom, Anneke 
Kramer, Karene Mathouk, Leonie Gruneberg, Mar�ne van Keimpema en als laatste in 2009 Mar�n de 
Rooij en Patricia Celie de groep versterken. Jullie ook bedankt voor de discussies en de inbreng.
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De goede sfeer op het lab is en was natuurlijk ook te danken aan de medewerkers van de andere 
onderzoeksgroepen: De nier groep met: Wilco Pulskens, Ingrid Stroo, Geurt Stokman, Sandrien 
Florquin, Joris Roelofs, Mark Dessing, Jaklien Leemans, Jan Aten, Loes Bu�er, Gwen Teske, Elena 
Rampanelli en waar als laatste Lionel La�enist, Jeroen Bakken en Jesper Kers bij gekomen zijn. 
Natuurlijk ook Nike, de logis�eke spil van het lab die er, naast het ‘nier’ werk, voor zorgt dat alle 
bestellingen gedaan worden. Peter van Amstel: voor alle jaren dat jij het logis�eke werk gedaan 
hebt. Jan Aten: voor alle discussies en je sta�s�sche kennis. Jan Weening: voor steun en interesse 
in ons onderzoek en het leiden van de afdeling tot 2007. De cardio vasculaire groep: Jelger van 
der Meer, Xiaofei Li, Chris van der Loos, Allard van der Wal, Peter Teeling, Hanneke Ploegmakers 
en Onno. Onno: voor je bereidwilligheid om al�jd met van alles en nog wat (o.a. microscoop) te 
helpen. Anand Iyer: die eerst bij de dermato- en nu bij de neuro- groep werkt samen met Emannuele 
Zurolo en Eleonora Aronica. De borst oncologie groep met: Mark van de Vijver, Gerrit Hooijer, Hans 
Halfwerk, Frederike Dijk en Dilara Savci. Ook de electronen microscoop man en mijn ‘neef’ Marius 
van den Bergh-Weerman wil ik natuurlijk bedanken voor zijn kennis en gezelligheid. 
Onmisbaar voor een goed draaiende afdeling zijn ook de mensen van de ondersteuning en 
het secretariaat: Peter van Rooij, Wilfried Meun, Wim van Est, Remco van der Meulen, Ronald 
Verkruisen, Marion Zeeman, Juana Huges en de helaas vertrokken Lia de Groot. Voor Peter v R is 
het nooit te veel om even iets te regelen, waardoor we ons werk aangenamer kunnen uitvoeren. 
Wilfried bedankt voor alle jaren posters lay-outen, coupe foto’s maken en samenstellen en natuurlijk 
ook voor dit boekje, waar in de afronding ook Wim van Est bij betrokken was. Ook Jos Mulder wil 
ik graag bedanken voor zijn immuno-kleurings adviezen en voor zijn bereidheid, samen met de 
andere medewerkers van het diagnos�ek lab, om als het effe kan even een klein ‘kleuring-kje’ voor 
me mee te nemen. Berend Hooibrink, we kennen elkaar al vanaf mijn CLB periode in 1987, wil ik 
graag bedanken voor het sorten van B-cellen, alle adviezen op het gebied van flow cytometrie en 
natuurlijk voor de gezelligheid.
Voor mijn eigen proefschri	 ben ik met name dank verschuldigd aan de medewerkers van onze 
eigen groep: Carel, Mijntje, Laura, Febe, Thera, Robbert en ook aan Marcel en Steven. Marcel en 
Steven: voor alle kri�sche vragen en discussies door de jaren heen. Laura: samenwerken met jou 
was een feest en je oprechte verbaasdheid over bepaalde B-cel details en je rela�veringsvermogen 
heb ik zeer gewaardeerd. Alle congressen waaronder twee ‘Keystones’ waren zeer de moeite waard. 
Ook de aanwezigheid van Ferenc Scheeren (van de Celbiologie) en Jeroen Guikema (uit Groningen) 
waren leerzaam en gezellig en de avondjes in ‘The Goat’ onvergetelijk. Febe: ook bedankt voor 
de vele discussies en voor alle congressen en ‘Keystones’. Jij bent een echte onderzoeker die het 
naadje van de kous wilt weten tot op het laatste amino zuur. De snelheid waarmee je nieuwe 
kennis in je opneemt en hoe je dat dan kunt toepassen in woord en geschri	 zijn benijdenswaardig. 
Veel succes bij je werkzaamheden in Cambridge. Thera: jij kunt vaak data sneller genereren dan 
dat ik kan analyseren en beva�en. Je doorze�ngsvermogen om expressie constructen te maken, 
ondanks dat er al�jd weer een paar clones zijn die het niet doen, is ook indrukwekkend. Het is leuk 
om met jou te discussiëren over hoe en wat er gedaan moet worden om een goede publica�e voor 
elkaar te boksen. Dit hee	 ondermeer geleid tot drie hoofdstukken in dit boekje. Ik vind het fijn dat 
we onze samenwerking kunnen voortze�en. Als laatste is Robbert onze club komen versterken die 
ik wil ik bedanken voor de pre�ge samenwerking, onze inhoudelijke discussies, je gestaagheid en 
onverstoorbaarheid waarmee je werkt en dat je me in toom kunt houden als ik soms te opgewonden 
word van bepaalde onderzoeksresultaten. Ook zijn er door de jaren heen een aantal studenten 
van belang geweest voor mijn onderzoek zoals: Robert Riedl, Mar�jn Triesscheijn en Richard Guijt. 
Natuurlijk wil ik Carel ook graag bedanken. Carel: bedankt dat je me de ruimte gegeven hebt om 
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een promo�e onderzoek te doen. Daarbij heb ik mij kunnen bekwamen in het zelfstandig doen 
van onderzoek, het schrijven van ar�kelen en wat daar allemaal wel niet bij komt kijken. Jouw 
originele kijk op, en interpreta�e van onderzoeksresultaten zorgde ervoor dat we tot belangrijke 
en interessante inzichten zijn gekomen. Het schrijven van publica�es is niet al�jd eenvoudig en 
jouw talent om ingewikkelde zaken compact, logisch en leesbaar op te schrijven waren daarbij 
onmisbaar. Leuk zijn de vele discussies die we daar dan bij hadden, waardoor er uiteindelijk een 
duidelijke tekst geproduceerd werd. Ik ben blij dat we kunnen blijven samenwerken en ik hoop en 
vertrouw erop dat we nog tot veel interessante inzichten zullen komen. 
Tenslo�e wil ik ook graag mijn familie en vrienden bedanken. Pa en Ma: dat jullie er al�jd voor mij 
zijn en mij gesteund hebben in alle keuzes die ik heb gemaakt. Daniël, Jacqueline, Kevin, Grietje, 
Jaap, Cor, Marion, Nico, Cilia, Michel, Jolanda, Rie, en natuurlijk ook Angela: dank voor jullie 
doorgaande interesse, steun en de momenten van ontspanning.
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