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General discussion 

AID and lymphoma initiation
In the Western world lymphomas account for 6% of all cancers and have an incidence of 
around 20 per 100.000 1. Usually, the number of T cells exceed that of the B cells in the 
human body, nevertheless >95% of the lymphomas are of B-cell origin 2;3. In the past years, it 
has become clear that the formation and revision of the BCR that is essential for the humoral 
immune response also endangers the genomic integrity of the developing B cell. During early 
B-cell development in the bone marrow, VDJ-rearrangement results in double-stranded DNA 
breaks that can be resolved aberrantly, giving rise to translocations involving the Ig gene 
and BCL2 or cyclin D1 3-6. Most of the B-NHL have a GC- or post-GC phenotype, indicating 
that also the genetic alterations that occur during the GC reaction in combination with the 
rigorous proliferation play a role in lymphomagenesis. Indeed, DSB have also been shown to 
occur during SHM and CSR 7;8. Furthermore, sequence analysis showed that the breakpoints 
of many translocations that are characteristic for B-NHL, are found within rearranged and 
hypermutated IgVH genes or switch regions 2;4;5;9. 
It is hypothesized that AID, via the introduction of aberrantly targeted SHM (ASHM) in 
proto-oncogenes, plays a role in the formation of DSB and thus chromosomal translocations. 
Indeed, in part of the DLBCL, ASHM has been described in BCL6, C-MYC, PAX5, PIM1, 
RHO-1 10 and the region in which these mutations occur overlap with the major breakpoint 
regions of the translocations in which these genes can also be involved. Furthermore, AID 
transgenic mice developed T-cell lymphomas (but not B cell lymphomas) with extensively 
mutated C-MYC and PIM1 11. In vitro experiments showed that AID can target a number of 
non-Ig genes in E.coli, yeast, fibroblasts and B-cell lines 12-14. In gastric epithelial cells also 
the proto-oncogene TP53 may be target of ASHM 15. In fact, the group of Schatz showed 
that in mice GC B cells, AID triggers mutations in a great variety of genes16. Furthermore, 
in IL-6 transgenic mice that are prone to develop plasmacytomas, AID is required for the 
occurrence of IgVH/C-MYC translocations 17. Other mice experiments showed that IL-4 and 
LPS-stimulated B-cells developed IgVH/C-MYC translocations only in the presence of AID 
18. Finally, IμHABCL6 transgenic mice carry AID-dependent ASHM in PIM1 and IL4- plus 
LPS-induced IgVH/C-MYC translocations. Interestingly, these mice develop significantly less 
GC -derived lymphomas in the absence of AID 19. 
Taken together, at least in mice, AID is essential for the introduction of ASHM in proto-
oncogenes, which may alter their functional and/or expression, and also may cause 
chromosomal translocations that plays a role in lymphoma initiation. 
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Somatic hypermutation in B-cell non Hodgkin’s lymphomas
Consistent with their GC or post-GC phenotype and gene expression pattern, the majority 
of B-NHL carries SHM in their IgVH genes (Table 1). It has been suggested that some of the 
B-NHL, like FL, DLBCL, BL and MALT lymphomas have retained their capacity to actively 
hypermutate their IgVH genes 2;20;21. This is mainly based on the presence of intraclonal IgVH 
nucleotide variation (ICV) among tumor subclones. In chapter two we show that, in contrast 
to the pre-GC- lymphomas (MCL and B-ALL), and post-GC lymphomas (B-CLL and MM), 
AID is highly expressed in part of the GC lymphomas, like FL, BL and DLBCL. Importantly, 
immunohistochemistry showed a clear correlation between the mRNA expression and protein 
expression in these lymphomas (unpublished data). Western blot analysis and micro-array 
analysis performed by other groups confirmed AID expression in part of the FL and DLBCL 
22-24. We (and others) did not find significant AID expression in MALT lymphomas and MCL. 
Other studies did report AID expression in MALT lymphomas however, these expression 
levels were clearly lower than in DLBCL and could not be confirmed at the protein level 
25. Non-quantitative RT-PCR showed AID expression in MCL irrespective of their IgVH 
mutational status 26. However, Guikema et al. showed that none of their described MCL 
reached AID expression levels comparable to that of purified GC-B cells 27. Together, these 
data indicate that significant AID expression is confined to a subset of B-NHL with a GC-
phenotype. 
In chapter six, we describe IgVH sequence analysis of serial biopsies of FL and show that in 
only 2 out of 9 investigated FL there is an accumulation of SHM, an increase in ICV and 
significant AID expression. Since the great majority of the FL show ICV, these findings show 
us that in contrast to the general believe, the SHM machinery is active in only a subset of FL, 
and that the presence of ICV is not necessarily a reflection of ongoing SHM 28;29

Figure 1: Intraclonal variation is not necessarily a reflection of ongoing SHM. Schematic representation of 
lymphoma cells where continuous AID expression induces ongoing SHM resulting in IgVH variation between tumor 
subclones (A). However, the presence of ICV may also be a sign of SHM activity in the past. In B, AID expression 
during/shortly after malignant transformation has resulted in ICV. This ICV can still be detected, even when AID 
expression has stopped and therefore SHM is no longer ongoing. Adapted from R.J. Bende.
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In chapter two, three and six we describe that there is no correlation between AID expression, 
total number of consensus mutations and intraclonal variation. These data were supported 
by nearly all investigating groups 22;23;25. Whereas we did find ASHM in C-MYC, PIM1 or 
BCL6 in AID-expressing DLBCL (n=4 unpublished data), these genes were unmutated in 
those FL with proven SHM activity. Pasqualucci et al. describe that 74% of the ASHM+ 
DLBCL express AID, although there was no direct correlation between AID protein amount 
and total number of mutations 30. The lack of correlation between AID expression and (A)
SHM in lymphomas, as also described by Lossos et al, represents the heterogeneity between 
different lymphomas 23. In fact, based on the activity of the SHM machinery three lymphoma 
subgroups can be distinguished. 

Table 1: Somatic hypermutation activity in B-NHL. ASHM concerns the percentage of lymphomas that shows 
mutations in one of the following genes: PAX5, TTF/Rho, PIM1 or C-MYC. The variability of ASHM in DLBCL 
is due to differences between different studies. The variability of ASHM in HL is due to differences between HL 
subtypes with 80% ASHM of lymphocyte predominant HL and 55% ASHM of classic HL. ASHM; aberrant somatic 
hypermutation, BL; Burkitt’s lymphoma, B-CLL; chronic lymhocytic leukemia, DLBCL; diffuse large B cell 
lymphoma, FL; follicular lymphoma, HCL; hairy cell leukemia, HL; Hodgkin’s lymphoma, LPL; lymphoplasmacytic 
lymphoma, MZBCL; marginal zone B cell lymphoma, MBCL; mediastinal large B-cell lymphoma, MCL; mantle cell 
lymphoma, MM; multiple myeloma, nd; not determined PEL; primary effusion lymphoma. References:3;6;10;30;30;32-44

The first subgroup has been mentioned already and consists of lymphomas with ongoing 
SHM activity like BL, and a subset of FL and DLBCL. These lymphomas express AID, show 
ICV that increases in time and acquire new IgVH SHM in time. However, most of the FL and 
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DLBCL belong to the second subgroup. These lymphomas express mutated IgVH genes with 
ICV, but do not express AID. Continuous activity of the SHM machinery may endanger the 
expression of a functional BCR, which may favor the outgrowth of AID negative subclones. 
Another interesting hypothesis is based on the fact that PAX5 is a key regulator for AID 
expression 31. Since targeting of the region involved in initiation of translesion is described in 
one DLBCL 32 ASHM may thus limit its own activity. A third subset of lymphomas expresses 
AID but do not have ICV. The presence of IgVH mutations shows that the mutation machinery 
has at least been active before. AID may have become inactive due to a variety of reasons 
like mutations, subcellular localization or missing/mutated co-factors. Or alternatively, 
similar to the RS B-CLL, as described in chapter three, the SHM machinery may target non-
Ig genes while leaving the IgVH genes intact. UNG and several members of the mismatch 
repair machinery have now been described to be targeted by low levels of SHM in normal B 
cells. Since the targeting of the SHM machinery may be determined by the action of error-
prone and high-fidelity repair 16, gene expression levels and mutation analysis of these genes 
in lymphomas may provide more insight into their role in aberrant somatic hypermutation 
during lymphomagenesis.

AID in B-CLL
Approximately 50% of B-CLL express mutated IgVH genes indicative for passage through a 
germinal centre reaction 45. Microarray analysis showed that both the IgVH-mutated and IgVH-
unmutated B-CLL have a gene expression profile comparable to that of memory B-cells46. 
In chapter two and three we describe that, in accordance with this phenotype, peripheral 
blood B-CLL cells and B-CLL lymph node samples do not express detectable levels of AID. 
Our data seem to contradict other reports that describe AID expression in mostly unmutated 
B-CLL 24;47-50. However, these studies were performed using non-quantitative RT-PCR 
methods on B-CLL samples of unknown purity, whereas western blot analysis 22, quantitative 
PCR analysis 23 and limiting dilution assays 51 showed AID expression that was confined 
to at most a minority (0,01-0,2%) of the tumor clone. We describe in chapter three that 
in vitro stimulation can induce AID expression in B-CLL cells. Others have described that 
appropriate in vitro stimulation can induce IgVH mutations in B-CLL cells, indicating that 
they have retained their capacity to undergo SHM 52. IgVH mutation analysis showed a low 
but significant intraclonal variation in 25% of the mutated B-CLL 49;52. Nevertheless, since 
AID is not expressed in the (mutated) B-CLL subset, the observed ICV seems a reflection 
of a previous active SHM machinery. Furthermore, IgVH mutation analysis of both mutated 
and unmutated B-CLL cells in time showed a decrease of ICV and no accumulation of 
mutations53-55. This suggests that while B-CLL cells have retained the capacity to undergo 
SHM, their IgVH genes are not targeted by the SHM machinery.
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AID in the progression of low grade lymphomas to high grade lymphomas
As mentioned above, AID is required for the occurrence of pristine-induced IgVH/C-MYC 
translocations in BALB/cAn mice 17,56. These translocations are not sufficient to cause 
lymphomas indicating that additional genetic hits are necessary. Interestingly, in the absence 
of AID, the number of translocation positive cells was greatly diminished after the pristine-
induced occurrence of tumors. Apparently, AID promotes outgrowth of translocation positive 
cells 56. This has led the authors to hypothesize that AID plays a role in tumor progression. 
However, although we agree that these experiments show that AID is necessary to complete 
malignant transformation of the translocation positive cells, we think this reflects tumor 
initiation rather than tumor progression. Unfortunately, to our knowledge this is the only 
paper that even mentions the role of AID in tumor progression. As of today, no appropriate 
mouse models are described to investigate the role of AID in lymphoma progression. 
In vivo data that correlate AID expression with poor clinical outcome suggest, perhaps only 
indirectly, that AID is indeed instrumental in lymphoma progression. Activated B-cell like 
DLBCL that express higher levels of AID show a poorer overall survival than the germinal 
centre B-cell like DLBCL 23;44;57. Also primary cutaneous large B-cell lymphomas (PCLBCL) 
with an intermediate prognosis express higher levels of AID than primary cutaneous follicle 
centre lymphomas (PCFCL) with an indolent behavior 44. This observation is consistent 
with the fact that PCLBCL and PCFCL have gene expression profiles similar to those of 
germinal centre B-cell like DLBCL and activated B-cell like DLBCL respectively 58. Also, 
the occurrence of ASHM seems to be a frequent feature of the more aggressive lymphomas. 
AIDS-associated-FL, -BL and -PEL with their aggressive behavior carry more ASHM than 
FL and BL of the immunocompetent hosts 30. In addition, DLBCL of the central nervous 
system with their poor prognosis show a 2 to 5-fold increase of ASHM in comparison to the 
extracerebral DLBCL 32. Altogether, it seems that ASHM is a frequent feature of the more 
aggressive lymphomas.  
In chapter two, three and four we investigated whether the SHM machinery played a role 
in tumor progression of B-LBL, FL and B-CLL. In chapter two, we describe an increase 
in AID expression in 3 of the 7 investigated FL after histological transformation. These 
findings were in accordance with the findings of the group of Lossos et al. who showed an 
increase in AID expression in 3 of the 12 investigated FL and stable AID expression in 2 FL 
in time 23. Histological transformation is associated with the acquisition of new mutations in 
the translocated BCL2 gene 59 or the 5’coding region of BCL6 60. Furthermore, ASHM was 
observed in 5 of 9 investigated DLBCL, whereas these mutations were not present in the 
preceding FL 61. Unfortunately, AID expression was not measured in these lymphomas, but 
it seems that clonal selection results in outgrowth of subclones in which the SHM machinery 
had been active.
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In B-CLL, we could not quantify AID expression in any of the mutated or unmutated 
cases. However, 4 of the 5 B-CLL that were about to undergo histological transformation 
to a DLBCL, did express measurable levels of AID. Furthermore, we show that 4 out of 5 
investigated RS B-CLL showed ICV in the IgVH and/or BCL6 gene, which indicates activity 
of the SHM machinery. Reiniger et al. reported an increase in AID expression after Richter 
transformation and prolymphocytic transformation 43. Several reports have described an 
increase in the frequency of ASHM upon Richter’s transformation 43;61. It has been described 
that Richter transformation is accompanied by an increase of chromosomal imbalances and 
microsatellite instability 62;63. Schatz et al. showed that it is not the mistargeting of AID that 
underlies ASHM, but rather the breakdown of protective high fidelity repair. The role of AID 
in tumor progression may be twofold. Genetic instability may occur via ASHM of proto-
oncogenes that result in chromosomal translocations, and/or AID may introduce mutations 
in members of the DNA repair pathways which may add to the genetic instability observed 
in high grade lymphomas.

The microenvironment in FL and B-CLL
For their proliferation, survival, (re-)circulation through lymphoid tissues and their antibody 
response, B-cells are dependent on appropriate stimuli from their microenvironment. 
Extensive evidence indicates that the microenvironment also plays a crucial role in the onset 
and growth of a variety of B-cell malignancies. As reviewed in chapter six, FL express a 
structurally intact BCR, even though the somatic hypermutation load is high and in some 
cases ongoing, which suggests that they may still bind antigen28;64;65. FL cells immediately 
undergo apoptosis when cultured in vitro. Furthermore, in vivo they still grow in a dense 
network of non-malignant T cells, macrophages, FDCs and other accessory stromal cells 66. 
Furthermore, microenvironmental factors can have prognostic values. An increased number 
of macrophages has been associated with poor progression free survival 67.  An increased 
number of regulatory T cells (Treg) has been correlated with improved overall survival68. 
Interestingly, upon morphological transformation of the FL into a higher grade FL or even 
DLBCL, the microenvironment alters as well. Whereas FDCs in FL show a phenotype 
similar to normal GC FDCs, upon transformation the expression of CD21, CD22 and CD35 
is lost and the FDCs express a more stromal phenotype69. Loss of differentiated FDCs was 
associated with a decreased number of intrafollicular CD3+ T cells 69. However, whether this 
is merely a reflection of the more autonomous growth pattern of the high grade lymphoma or 
whether this indeed is instrumental in tumor transformation is currently unclear. 
In B-CLL increased numbers of CD4+ and CD8+ T cells have been reported. A subset of the 
CD4+ T cells also contained perforin (PF), which could indicate cytolytic potential. It has 
been suggested that these T cells may play a role in an anti-tumor response. On the other 
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hand, CD4+ PF+ T cells also produce IL4, which has been described to protect B-CLL cells 
against apoptosis. In addition to IL4, activated CD4+ T cells can secrete IL2, TNFα, GM-
CSF and IL6, which also support the B-CLL cells. Interestingly, CD4+ T cells from B-CLL 
patients with more progressive disease were more prone to produce cytokines than B-CLL 
patients with indolent disease 70. Furthermore, part of the B-CLL express B-lymphocyte 
activating factor (BAFF) that can stimulate B-CLL cells in an autocrine fashion, and also 
T cell proliferation and survival 70. In addition, CD40/CD40L interaction by B-CLL/CD4+ 
T cell respectively, induces secretion of CCL22, which induces the migratory potential of 
CCR4-expressing CD4+ T cells towards the B-CLL cells 71. Furthermore, as described in 
chapter seven, the CD40/CD40L interaction induces an increase in survivin, BCL-xL and 
A1 and a decrease in the pro-apoptotic Noxa, which altogether accounts for an anti-apoptotic 
gene expression profile.   
Multi-agent treatment of B-CLL can result in a profound peripheral lymphocyte depletion 
whereas the lymphocytes in the bone marrow and lymph nodes are less effectively targeted. 
Persistence of CLL cells in these lymphoid organs is associated with an increased risk of 
relapse. However, despite this well known fact, the majority of experiments concerning 
the stimulatory B-CLL/T cell interactions and B-CLL/DC interactions were performed on 
peripheral blood cells. In chapter seven significant gene expression differences between 
peripheral blood B-CLL cells and lymph node B-CLL cells are described, which shows 
that future research concerning the biology of B-CLL should focus on this highly specific 
microenvironment. In addition, little is known about microenvironmental alterations during 
Richter’s transformation. As we describe in chapter three, structural BCR analysis suggests 
that B-CLL undergoing Richter’s transformation may recognize recurrent antigenic epitopes. 
Furthermore, despite low but active somatic hypermutation machinery during Richter’s 
transformation the structural integrity of the BCR remains intact, which may suggests that 
antigen is still recognized after transformation. However, we also show that the DLBCL 
cells become less responsive to CD40 stimuli. Further analysis of the microenvironmental 
alterations during Richter’s transformation would provide more insight into the influence of 
the microenvironment in transformation and may, in time, provide for additional therapeutic 
targets.  
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