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Chapterr 1 

Genera ll  introductio n 

B-celll development 

BB lymphocytes are the cellular representatives of the humoral branch of the adaptive 

immunee system. In terminally differentiated form, i.e. plasma cells, they produce 

immunoglobulins,, or antibodies. Antibodies can specifically bind extracellular pathogens leading 

too their neutralization, sequestration and/or destruction. During their development, B cells 

expresss immunoglobulins as B-cell antigen receptors (BCR) on their surface. Upon ligand 

(antigen)) binding, signaling takes place via this BCR, leading to proliferation and maturation. 

Thee expression and quality of the BCR is essential for the survival and maturation of B cells at 

alll  stages of B-cell development. Early B-cell development in the bone marrow is thought to be 

antigen-independent,, whereas the later stages of B-cell development, which take place in the 

peripherall  lymphoid organs, are antigen-dependent and, in addition, require T-cell help. 

BB cells arise in the bone marrow from (committed) lymphoid progenitors. One of the first 

stepss in B-cell differentiation is the rearrangement of the variable (V), diversity (D) and joining 

(J)) gene segments at the heavy chain Ig gene locus \ in man located on chromosome 14. After 

successfull  rearrangement, a u. heavy (H) chain can be expressed at the cell surface in 

combinationn with the surrogate light chain, forming the so-called pre-BCR. Expression of this 

receptorr is crucial for the pre-B cells. If the pre-BCR can not be formed, due to either aberrant 

heavyy chain gene rearrangement or incompatibility of a functional heavy chain to pair with the 

surrogatee light chain, the pre-B cell will undergo apoptosis2J. It is unclear whether the pre-BCR 

needss to bind a ligand to exert its function or whether cell surface expression in itself is sufficient 

forr generating signals for survival4. The observation that pre-B cells can mature into surface Ig-

positivee immature B cells in vitro without addition of cytokines or other cells, suggests that an 

externall  ligand is not required5. Signaling via the pre-BCR promotes rearrangement at the light 

chainn V and J gene segments only 6. Rearrangement starts at the IgK locus, in man found on 

chromosomee 2; failure to produce a functional kappa light chain leads to rearrangement at the 

kk locus, in man located on chromosome 22 7,s. If one light chain gene allele is rearranged 

properly,, and if the resulting light chain gene product can successfully pair with the heavy chain, 

aa complete BCR of IgM heavy chain isotype becomes expressed at the surface of the B cell. The 

IgM-expressingg immature B cells leave the bone marrow and migrate via the blood to the 
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peripherall  lymphoid organs, where they become IgM/IgD-expressing naive B cells. Here the 

antigen-dependentt part of B-cell maturation and differentiation takes place. 

B-celll maturation in the peripheral lymphoid organs 

BB cells may encounter (native) antigen in the T cell zones of the peripheral lymphoid 

organs.. Antigen binding by the BCR, in combination with accessory signals provided by T cells, 

activatess the B cells that may directly differentiate into plasma cells. These cells secrete low-

affinityy antibodies in the so-called antibody-forming foci, thus ensuring a quick early antibody 

response.. Other activated B cells migrate into primary B-cell follicles to form a germinal center 

(GC)9,, in which affinity maturation of the BCRs takes place l o n. The B cells that colonize a 

follicl ee lose IgD expression and become centroblasts. These centroblasts proliferate rapidly and 

thuss push the residing IgM+IgD+ naive B cells aside, resulting in the formation of the follicular 

mantlee zone. During the proliferation phase of the centroblasts, their BCRs are further diversified 

byy somatic mutations in the Ig variable regions u, resulting in BCRs with altered affinities for 

antigen.. After clonal expansion and somatic hypermutation, B cells are selected on basis of the 

affinityy of their BCRs °, while competing for antigen, bound on the surface of follicular dendritic 

cellss (FDCs) '4. B cells with high affinity BCRs will be able to obtain survival signals. B cells 

withh low affinity receptors die by apoptosis 13. Later in the germinal center reaction, B-cells may 

switchh their heavy chain isotype, from IgM to IgG, IgA or IgE '3-l5, which determines the effector 

functionss mediated by the soluble antibody. Selected B cells finally leave the germinal center as 

eitherr a memory cell or a plasma cell. In a fully developed germinall  center the processes of clonal 

expansionn combined with somatic mutation on the one hand, and selection by FDCs on the other 

hand,, are thought to occur at different sites. In the so-called dark zone of the germinal center 

denselyy packed centroblasts are found, many of which are in cell cycle. By contrast, antigen 

selectionn takes place in the light zone, which contains centrocytes in close contact with a network 

off  FDCs1011. 
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GeneralGeneral introduction 

Diversificatio nn of immunoglobuli n gene s 

Ass pointed out above, the Ig proteins consist of heavy and light chains, which are both 

encodedd by combinations of different gene segments: Variable (V), diversity (D) and joining (J) 

heavyy chain gene segments are combined to encode a heavy chain 16~18, whereas the light chain 

genee is composed of variable and joining gene segments, either from the K or the X locus ,9"22. 

Thee potential repertoire is significantly enlarged due to both imprecise joining and the fact that 

untemplatedd nucleotides are built in at the junction regions by the terminal deoxynucleotidyl 

transferasee (TdT) enzyme ". Functionally, framework regions 1 to 4 (FRs) and complementarity 

determiningg regions 1 to 3 (CDRs) can be distinguished in the Ig protein. The FRs are important 

forr the overall structure of the antibody and are relatively conserved, both in evolution as well 

ass during the process of somatic hypermutation. By contrast, the CDRs form of the antigen-

bindingg sites and are hypervariable. The CDR1 and 2 are encoded within the V gene segments 

off  the heavy and light chain, whereas the CDR3 is located at the junctions of the V, D and J gene 

segmentss of the heavy chain, and of the V and J segments of the light chain. Consequently, the 

CDR33 regions are the most hypervariable parts of the Ig heavy and light chain genes. Due to the 

differentt lengths of the D genes 17 and the variable number of untemplated nucleotide additions 

foundd at the V-D and D-J junctions, the CDR3 region of the heavy chain gene is highly variable 

inn length24. By contrast, length variation of the CDR3 region of the light chain gene is limited, 

becausee no D genes are present and the TdT enzyme expression is generally downregulated at 

thee time light chain rearrangements occur25. 

Additionall  somatic diversification of the Ig genes takes place during antigen-specific B-

celll  differentiation in the germinal centers. Here, as pointed out, somatic mutations are generated 

inn the V regions of heavy and light chain genes 26. Interestingly, the somatic mutation process 

doess not only generate nucleotide substitutions, but also comprises deletions and insertions in 

thee IgV genes 27,2S. Although somatic mutation is a more or less random process that occurs in 

thee whole V gene, in both FRs and CDRs, mutational hotspots have been identified 29*30. 

Importantlyy however, a counterselection for replacement mutations is found in the FRs of 

antigen-selectedd antibodies, whereas in the CDRs generally higher replacement versus silent 

mutationn ratios (R/S) are found. This illustrates that, whereas the FRs need to remain conserved 

too retain a functional Ig receptor3l, alterations of the structure of the CDRss can lead to a higher 

affinityy for antigen. Interestingly, the germline codons present in Ig genes have different 

compositionss in the CDRs compared to the FRs: Random nucleotide substitutions in codons of 
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CDRss have a higher intrinsic chance to result in an amino acid substitution than in FRs 32. 

Apparently,, evolution has favored the development of CDRs that are intrinsically more 

susceptiblee to be altered. 

Remarkably,, it was recently shown that not only IgV genes are the target of the somatic 

mutationn machinery. The bcl-6 gene of germinal center B cells was described to contain 

mutations;; the distribution and nature of the mutations resembled those found in Ig genes 33,34. 

Hypermutationn of non-Ig genes is speculated to attribute to the genesis and/or progression of 

germinall  center and post-germinal center derived B-cell neoplasms 35. 

B-cel ll  neoplasi a 

Thee non-Hodgkin's lymphomas represent the malignant counterparts of normal 

lymphocytes,, "frozen" at a specific stage of maturation. Classification of B-cell malignancies is 

basedd on the knowledge of normal B-cell development, which is characterized by stepwise 

alterationss in the configuration of the BCR, accompanied by changes in the expression of other 

membranee molecules and in morphology36. 

Thee initial step in lymphomagenesis is thought to be the acquisition of genetic aberrations 

thatt lead to an increased life span or that promote proliferation37*38. Based on their function, the 

geness involved can be grouped in different categories. The first category consists of regulators 

off  the cell cycle, such as PRAD-1. This gene encodes the cyclin Dl protein, which is activated 

byy the t( 11; 14) translocation found in the majority of mantle cell lymphomas36*39. Second, genes 

encodingg transcription factors, such as c-myc or bcl-6, can be involved in lymphomagenesis. Bcl-

66 is located on chromosome 3q27 and is frequently rearranged in diffuse large B-cell lymphomas 
40-41.. The third group comprises genes controlling apoptosis. For example, follicular lymphomas 

(FLs)) are characterized by the presence of a t( 14; 18)(q32;q21) translocation42*43, which is thought 

too be due to erroneous recombination of the Ig heavy chain genes. This translocation juxtaposes 

thee bcl-2 gene to the JH region of the Ig heavy chain, leading to overexpression of the anti-

apoptoticc BCL-2 protein44,4S. Lymphomas of the mucosa-associated lymphoid tissue (MALT) 

aree frequently associated with t(ll;18)(q21;121)46,47. This translocation disrupts the apoptosis 

inhibitorr gene API2 on chromosome 11 q21 and the ML T gene on chromosome 18q21, resulting 

inn a novel fusion gene, which may lead to increased inhibition of apoptosis 48. The fourth 
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categoryy includes genes involved in signal transduction, such as ALK, which normally encodes 

aa tyrosine kinase receptor49. In anaplastic large-cell lymphomas a t(2;5) translocation fuses ALK 

too the NPM nucleolar phosphoprotein, resulting in constitutive activation of the ALK kinase 

domainn 49 50. 

Multiplee steps are required in the genesis of lymphomas. For example, the t(14;18) 

translocationn alone does not lead to lymphomagenesis in bcl-2 transgenic miceS1. Also, normal 

BB cells of healthy individuals can be found with the t(14;18) 52i4, indicating that additional 

transformationall  steps are necessary for lymphomagenesis. Indeed, additional genetic aberrations 

havee been described for follicular lymphomas55'56 and also for MALT lymphomas M. Both subtle 

mutationall  changes, or more complex changes that involve whole chromosomes can be found. 

Forr example, in MALT lymphomas trisomy 3 is frequently found4M7. Interestingly, the majority 

off  B-NHL do not grow spontaneously in vitro, which suggests that, apart from genetic 

aberrations,, environmental stimuli are necessary. Especially, stimulation of the BCR by antigen 

iss thought to play a role in the pathogenesis of several B-cell malignancies. 

Evidencee for a role for antigen in the pathogenesis of B-cell lymphomas 

Similarr to the indispensable role of antigen in normal B-cell development, several authors 

havee hypothesized that antigen recognition is also necessary for the growth of B-cell lymphomas. 

Inn particular for follicular lymphomas and lymphomas of mucosa-associated lymphoid tissue 

(MALT) ,, circumstantial evidence has been provided for this concept. 

Similarr to normal B cells in germinal centers, follicular lymphoma cells grow within 

networkss of non-neoplastic follicular dendritic cells 3657i8, strongly suggesting that they need 

contactt with these antigen-presenting cells for their growth. Similarly, MALT lymphomas are 

renownedd for their capacity to colonize germinal centers and infiltrate the normal epithelial tissue 

too form lympho-epithelial lesions 36*59. It is not excluded that the tumor cells may be antigen-

stimulatedd at these sites. 

Almostt all B-cell lymphomas retain their membrane Ig (mlg) receptor, even after years 

off  disease 36i8. Of note, the BCR is a single-allele gene and is therefore easily inactivated by 

cripplingg mutations that may occur during the many cell divisions of lymphomas. Many B-cell 

malignanciess show intraclonal variation in their IgV genes 60-7Z, suggesting that somatic 
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hypermutationn is continued in these lymphomas. This implies that mutations may occur that give 

riserise to non-functional frameshifts or stop codons, or that affect the overall structure of the Ig. Of 

note,, in vitro crosslinking of BCRs of B-cell malignancies has shown that the BCRs are still able 

too exert a function upon contact with a ligand. Paradoxically, both stimulation as well as 

inhibitionn of lymphoma growth 73"75 or apoptosis 76~78 were observed. Most likely, growth 

inhibitionn or apoptosis results from engagement of the BCR in an improper signaling context. 

Thee importance of the BCR was demonstrated by treatment of a FL patient with a monoclonal 

anti-idiotypee antibody: Outgrowth of an idiotype-negative variant was induced, whereas BCR-

expressionn was retained n. In another FL patient no escape from anti-idiotype therapy took place, 

despitee assumed ongoing somatic mutation. This suggested that there was a selective force to 

retainn the Ig idiotype for this lymphoma so. In addition, a murine B-cell lymphoma, NYC, was 

describedd of which the Ig receptor bound a retroviral antigen produced by the tumor cells 81. 

Basedd on the fact that no Ig-negative variants of this tumor could be cultured, a role for antigen 

recognitionn was suggested in the growth of this B-cell lymphoma. 

Inn Ig variable heavy and light chain genes (VH and VL) of many B-cell malignancies a 

counterselectionn for replacement mutations is found in the FRs of the BCR, whereas generally 

higherr ratios of replacement versus silent mutations (R/S) are found in thee CDRs 6770-82-90. The 

factt that these mutational patterns are observed, even though ongoing somatic hypermutation 

mayy take place during malignant growth, is suggestive of strong selection processes mediated 

byy the BCR. Indeed, analysis of the intraclonal point mutation differences in follicular 

lymphomass revealed genealogical relations between the subclones that were compatible with 

clonall  evolution * I93
J possibly guided by BCR affinity for a ligand. 

Somee lymphomas are associated with autoimmune diseases or chronic infections, which 

suggestss that continuous exposure to autoantigens or external antigens is important in the 

pathogenesiss of these lymphomas. MALT lymphomas develop at sites of chronic inflammation, 

eitherr caused by an autoimmune disease or by an infection. For example, patients with Sjogren's 

syndromee and myoepithelial sialadenitis are more prone than healthy individuals to develop 

MALTT lymphomas of the salivary glands 94-M. Similarly, MALT lymphomas of the thyroid gland 

aree associated with Hashimoto's thyroiditis %. Alternatively, some B-cell neoplasms are 

associatedd with autoimmune phenomena. For example, in 4% of patients with B-cell chronic 

lymphocyticc leukemia (B-CLL), autoimmune hemolytic anemia is found 97. Gastric MALT 

lymphomass are often preceded by chronic gastritis resulting from Helicobacter pylori infection 

'8.. This suggests that these lymphomas are derived from a H. pylori responsive B-cell population. 

Thiss hypothesis was supported by the finding that treatment of MALT lymphoma patients with 
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antibioticss to eradicate H. pylori often results in regression of the lymphoma " . In addition, anti-

Helicobacterr pylori polyclonal antibodies and anti-human heat shock protein 60 monoclonal 

antibodyy stained reticular networks in reactive and/or colonized germinal centers of gastric 

MALTT lymphomas, which suggested that these antigens were presented by the FDCs l0°, and 

mayy be important in sustaining MALT lymphoma growth. Analogous to the association of 

gastricc MALT lymphomas with H. pylori infection, an association of primary cutaneous 

immunocytomass with Borrelia Burgdorferi infection has been described 101. Furthermore, 

curativee antibiotic treatment has also been documented for these lymphomas ,02. 

Aimm of this thesis 

Ass stated above, many investigators assume that the pathogenesis of some B-cell non-

Hodgkin'ss lymphomas (B-NHLs) is antigen-driven. However, as yet, only circumstantial 

evidencee in favor of this concept is available. Therefore, to explore a possible role for antigen 

inn B-NHL pathogenesis, we performed detailed V gene analyses of several B-NHLs. In addition, 

MALTT lymphoma-derived Igs were recombinantly produced and applied as reagents to search 

forr potential BCR ligands of these neoplasms. 

Inn chapter 2, we performed detailed VH gene studies of a large panel of FLs of different 

heavyy chain isotypes to gain insight into the processes of somatic hypermutation and clonal BCR 

evolution.. In chapter 3, these topics were addressed in more detail. Moreover, by detailed in situ 

analyses,, using laser microdissection in combination with sensitive RT-PCR protocols, we 

addressedd the questions of clonal distribution and isotype switching in an extraordinary case of 

ann IgM/IgG-expressing FL. In chapter 4, we performed structural and functional analyses on the 

BCRss of low-grade MALT lymphomas. In addition, to obtain information about the potential 

BCRR ligands of these tumors, immunohistochemical stainings were carried out with recombinant 

lymphoma-derivedd antibodies on the corresponding tissues. In chapter 5, we describe the 

analysess of VH genes of primary cutaneous B-cell lymphomas (PCBCL). The nomenclature of 

PCBCLL suggests relationships with nodal B-NHL counterparts and/or stages of normal B-cell 

developmentt 103, although virtually no data were available on the structure of their BCRs. 

Moreover,, the prognosis of PCBCL is generally better than that of nodal B-NHL of comparable 

histologicc subtype 103105. In chapter 6, we describe a unique case of a B-cell chronic lymphocytic 
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leukemiaa (B-CLL) accompanied by autoimmune hemolytic anemia. In this B-CLL, an aberrant 

rearrangementt at the IgVH locus was found. Moreover, we observed an unusual mode of Ig 

diversificationn as a byproduct of the somatic hypermutation process. Chapter 7 discusses the 

resultss of the previous chapters with emphasis on the concept of antigen-driven 

lymphomagenesis. . 
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Chapte rr  2 

Variablee heavy chain gene analysis of follicular lymphomas: correlation between 
heavyy chain isotype expression and somatic mutation load 
Wilhelmin aa M, Aarts , Richar d J. Bende, Eric J. Steenbergen , Phili p M. Kljin . Engelbert C M. Ooms. 
Stevenn T, Pals, and Carel J, M. van Noesel 

Thee expansio n of follicula r lymphoma s 
(FLs)) resembles,  bot h morphologicall y 
andd functionally , norma l germina l cente r 
B-cel ll  growth . The tumo r cell s proliferat e 
inn network s of follicula r dendriti c cell s 
andd are believe d to be capabl e of somati c 
hypermutatio nn and Isotyp e switching . To 
investigat ee the relatio n betwee n somati c 
mutatio nn and heavy chai n isotyp e expres -
sion ,, we analyze d the variabl e heavy (VH) 
chainn genes of 30 FL sample s of differen t 
isotypes .. The VH genes of the FLs were 
heavil yy  mutate d (29.3 mutation s on aver-

Introduction n 

age).. In addition , isotype-switche d lym -
phoma ss containe d mora somati c muta -
tion ss than immunoglobuli n M-positiv e 
lymphoma ss (33.8 mutation s per VH gene 
versu ss 23.0, respectively) . In all but one 
off  the FLs, the ratio s of replacemen t 
versu ss silen t mutation s in the framewor k 
region ss were low , independen t of the 
absolut ee numbe r of somati c mutation s 
andd the level of intraclona l variation . 
Analysi ss  of relaps e sample s of 4 FLs 
showe dd no obviou s increas e in somati c 
mutatio nn load in mos t FLs and a decreas e 

inn intraclona l variatio n In time . In 3 of 4 
cases ,, we obtaine d evidenc e for selectio n 
off  certai n subclones , rathe r than clona l 
evolution .. Our finding s questio n if intra -
clona ll  variatio n is alway s a reflectio n of 
ongoin gg somati c hypermutation . This may 
havee implication s for the concep t of 
antigen-drive nn lymp h omagenesis . (Blood . 
2000:95:2922-2929) ) 

cc 2000 by The America n Societ y of Hematolog y 

Follicularr lymphoma (FL) is one of the most common B-cell 
non-Hodgkinn lymphomas in adults in Europe and the United 
States.11 FLs have a relatively indolent behavior, with a reported 
mediann survival of 8 to 10 years after diagnosis.̂ At the molecular 
level,, FLs are characterized by the t(14;18)(q32;q21) translocation, 
whichh can be demonstrated in approximately 80% to 90% of 
FLs,566 Due to this translocation, the BCL-2 protein becomes 
constirutivelyy expressed, which protects the cells against the 
inductionn of apoptosis and is thus believed to be of pathogenetic 
relevance.7-88 On the other hand, the t(14;18) translocation alone is 
nott sufficient for full transformation, as has been demonstrated in 
bcl-2bcl-2 transgenic mice.'Moreover, the t{  14; 18) translocation is also 
foundd in normal B cells of healthy individuals.10'12 Additional 
geneticc aberrations must therefore be present and have in fact 
beenn described.15'14 

FLss are histologically well differentiated Their nodular growth 
patternn clearly resembles the architecture of germinal centers in 
secondaryy lymphoid organs.'5 The neoplastic follicles contain 
centroblasticc and centrocytic tumor cells as well as nonneoplastic T 
cells,, follicular dendritic cells, and few, if any, macrophages,1617 

Analysess of the variable heavy (Vfi) and light (VL) chain genes of 
thee B-cell antigen receptor (BCR) of FLs have further supported 
theirr derivation from germinal center B cells: The immunoglobulin 
(Ig)) V genes of FLs are somatically mutated,'8-" and the mutation 
patternss observed are reminiscent of those of normal, antigen-
selected,, memory B cells. In addition, intraclonal diversity in the 
mutatedd IgV genes of individual FLs is well documented20"" and is 

generallyy considered to be a reflection of ongoing somatic hyper-
mutationn Finally, heavy (H) chain isotype switching has been 
describedd for 2 cases of FL,24-25 an event that is thought to take 
placee normally in the centrocyte stage of the germinal center.2* 

Thuss far, studies have indicated that the IgV genes of FLs 
containn high somatic mutation loads: Bahler et al reported an 
averagee frequency of mutation of 8,6% (amounting to approxi-
matelyy 25 mutations) in Vlt4-ex press ing FLs." This is in accor-
dancee with a study by Stamatopoulos et al in which an average 
mutationn frequency of 9.3% (approximately 27 mutations) was 
observed.. Also, the K light chains used by these lymphomas were 
mutated,, although to a lesser extent: 4.7% mutation was found on 
averagee (amounting to approximately 13 mutations per VL gene).1^ 

Inn this study, we investigated the relation between the amount 
andd patterns of somatic mutations and the expressed H chain 
isotypess by analyzing the BCRsof 12 IgM*(IgD') , 16 IgG^.and 1 
IgA'' FL samples. One of these lymphomas contained both IgM+ 

andd IgG * tumor cells. Moreover, we investigated the changes over 
timee in the Vu genes of 4 patients who suffered a relapse. 

Materialss and methods 

Patien tt  materia l 

Freshh tissue material of FLs was obtained from surgically removed lymph 

nodess at the departments of pathology of the Academic Medical Center, 
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Amsterdam;; the Wesleinde Hospital, The Hague; and Leiden University 
Medicall  Center. Leiden, the Netherlands. The age of the patients ranged 
fromm 31 to 84 years (average. 63) 

II  mmunohi stoche m istry 

Thee surface immunoglobulin isotype was determined immunohistochemi-
cally.. Cryostat sections were stained as described -7 using monoclonal 
antibodiess specific for human immunoglobulin heavy and light chain ISO-
typess (Dako, Giostrup, Denmark, except for anti-[gM, -kappa, and -lambda, 
whichh were obtained from Becton Dickinson, Ërembodegem-Aalst, Bel-
gium).. For FLs obtained from the Wesreinde Hospital and Leiden Univer-
sityy Medical Center, isotype expression was assessed by immunofluores-
cence.. Briefly, acetone-fixed tissue sections were incubated at 37°C with the 
primaryy antibody (anti-igM, -IgG, -IgA, -IgD, -kappa, or -lambda; Dako), 
washedd 3 times in phosphate-buffered saline, and incubated for 30 minutes 
withh swine-amirabbit labeled with fluorescein isothiocyanate (Dako). 

RNAA Isolatio n and cDNA synthesi s 

Totall  cellular RNA was isolated from frozen tissue sections using the Trizol 
reagentt (Life Technologies, Breda, the Netherlands). For complementary 
DNAA (cDNA) synthesis, 10 p.g of RNA was incubated with J nmol of 
pd(N)66 primer (Pharmacia Biotech, Roosendaal, the Netherlands) for 10 
minutess at t5"C. After cooling on ice, the reaction mixture was added to a 
finalfinal volume of 50  It contained 400 units of Moloney murine leukemia 
viruss reverse transcriptase (RT) (Life Technologies), 8 mM of dithiothreitol, 
II  mMofeachdNTP, 1 x first strand buffer (50 mM of Tris-HCI. pH 8.3; 75 
mMM of K.CI; 3 mM of MgCli). and 60 units of RNAse inhibitor (Boehringer 
Mannheim,, AI mere, the Netherlands). The reaction was performed for 
11 hour at 37°C. Subsequently, the enzyme was inactivated during 10 
minutess at 95°C, 

Polymeras ee chai n reaction s 

Thee complementarity-determining region 3 (CDR3) was amplified using a 
forwardd primer with specificity for framework, region 3 (FR3) in combina-
tionn with reverse primers specific for J H (Jnseq), Cu, Cf Cf (C^2), Ca, or C&, 
ass described.17 Either 1 uL of the cDNA reaction mixture was used, or (for a 
nestedd polymerase chain reaction [PCR]) 1 uL of PCR product from a V H 

family-specificc PCR was used. The PCR mixture contained 1 x Taq buffer 
(200 mM of Tris-HCI. 50 mM of KC1, pH 8,4), 0.2 mM of each dNTP, 1.5 
mMM of MgCI;. 2 units of Taq polymerase (Life Technologies), and 0.5 wM 
off  each primer. First. 10 cycles of amplification were performed in the 
thermall  cycler (PTC-100, MJ Research Ine, Watertown. MA), ie, succes-
sivelyy 30 seconds at 95°C, 20 seconds at 57°C. and 20 seconds at 72°C. The 
nextt 40 cycles of amplification consisted of 30 seconds at 95°C, 20 seconds 
att 55°C, and 20 seconds at 72"C. The reaction was completed for 6 minutes 
all  72°C. PCR products were analyzed on a 3% Metaphor agarose gel (FMC 
Byproducts,, Rockland, ME). For the VH family-specific PCR, reactions 
weree performed with one of the VH family-specific leader primers 
combinedd with the appropriate reverse primer, either J H. CU. Cy, or Ca.1" 
Thee PCR reaction mixture was the same as for the CDR3-specific PCR 
exceptt that I unit of Taq polymerase and 0.25 uM of each primer was used. 
Thirtyy cycles of 30 seconds at 95°C, 30 seconds at 55°C, and 30 seconds at 
72°CC were performed. The reaction was terminated for 6 minutes al 72°C. 
Thee PCR products were analyzed on a 1% standard agarose gel (Sigma, St. 
Louis.. MO). 

Clonin gg and sequencin g of PCR product s 

PCRR products were cloned into pGEM-T vectors (Promega, Leiden, the 
Netherlands)) and transformed into DHlOb bacteria (Life Technologies). 
Subsequently,, from 4 or more colonies both strands of the inserts were 
sequencedd to obtain the sequence of the dominant clone, the consensus 
sequence.. Sequencing was performed with anABl 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 
cloness of CD79a and CD79b were sequenced. These clones were generated 
accordingg 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 
0.44 mutation/VH clone (data not shown). 

Assignmen tt  of mutation s 

Thee sequences found were compared with published germline sequences 
usingg the Vbase database ; s and DNAplol2*  on the Internet (http:/.www. 
mrc-cpe.cam.ac.uk/imt-doc)) to identify mutations. The last nucleotide 
positionn of the V gene was excluded from the mutational analysis in view of 
possiblee nucleotide deletions at the joining sites. 

Statistica ll  analysi s 

Too calculate whether the excess or scarcity of replacement (R) mutations in 
thee FRs had occurred by chance, we used the binomial distribution model as 
proposedd by Chang and Casali. 50 If the B cell was selected for antibody 
expression,, there is a counterselection for R mutations in the FRs. The ratios 
off  R versus silent (S) mutations (R/S) found in the CDRs are often higher 
thann 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 
weree higher in nonproductive and, therefore, not anti gen-selected rearrange-
mentss than in productive, anti gen-selected rearrangements. 3I Also, addi-
tionall  R mutations in the CDRs can be unfavorable in already selected 
immunoglobulinn with high affinity.^ To calculate the significance of the 
differencess in the amounts of somatic mutation in IgM* and isotype-
switchedd FLs, the Mann-Whitney 2-sample test was used. In this analysis, 
everyy tumor sample was included as a separate entity. 

Results s 

Clonalit yy  assessmen t and isotyp e expressio n 

Off  the selected panel of FLs, clonality and isotype expression were 
establishedd immunohistochemically. To confirm this at the molecu-
larr level, the CDR3 region was amplified with a FR3 primer in 
combinationn with primers specific for the JH gene or the 5' regions 
off  Cu, Oy (C-y2), Ca, or C8.27 With this PCR we can assess 
clonalityy and isorype expression with a sensitivity of about 25% 
clonall  cells in a polyclonal background In 30 of 5° FLs, we 
observedd a sharp band on agarose gel with both the JH primer and 1 
orr 2 of the primers specific for the constant regions as downstream 
primers.. In another 13 cases, we could establish clonality only with 
aa Cu, Cy, Cot, or CS downstream primer and not with the J(i primer. 
Inn summary, in 43 FLs (72.9%) we could confirm clonality with a 
CDR3-spedd fie PCR. This percentage is similar to what has been 
reportedd by others for PCR clonality assays of FLs.33 3S Of these 
cases,, we chose 30 FLs for our analyses of the V^ gene sequences 
(Tablee 1). In this selection, isotype-switched FLs were relatively 
overrepresented.. In 3 cases, immunohistochemical determination 
off  the expressed H chain was not clear (nos, 6,25, and 56), whereas 
byy RT-PCR clonal bands with the C72-specific primer were 
obtainedd (not shown). In summary, 12 FLs expressed IgM, of 
whichh at least 10 coexpressed IgD at the RNA level; 13 FLs 
expressedd IgG; and 1 FL expressed IgA (Table 1). Interestingly, in 1 
off  these lymphomas, no. 8-'83, both IgM- and IgG-expressing 
rumorr cells were found by immunofluorescence (not shown). In 
accordance,, CDR3-specific RT-PCR yielded sharp bands in the 
laness corresponding to the JH, Cu, CS, and C-y downstream primers 
(Figuree 1). Sequencing of the VH-Cu and the VH-C"y PCR products 
showedd that both rumor cell populations contained the same VDJ 
rearrangementt (Table 1). A relapse sample of this patient contained 
onlyy the IgG-expressing tumor cell population, assessed immuno-
histochemicallyy and by CDR3-specific PCR {Figure I). 
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VHVH gene analysis of FLs of different isotypes 

Tablee 1. Immunoglobulin heavy chain gene analysis of follicular lymphomas 

Patient t 

No. . 

1 1 

3 - 9 3 3 

3- '95 5 

13 3 

15 5 

16 6 

17 7 

18 8 

32 2 

57 7 

58 8 

67 7 

8 - 8 3 3 

8 - 8 3 3 

8 - 9 2 2 

2 2 

4 4 

5 5 

6 - 9 4 4 

6- '98 8 

25 5 

35 5 

5 0 0 

52 2 

56 6 

59 9 

6 6 - 9 6 6 

66- '97 7 

66- '98 8 

6 8 8 

4 9 9 

HH Chain isotype 

(protein)--

lgM§ § 

IgM.. IgD 

gU U 

IgM.. IgD 

IgM M 

IgM.. IgD 

IgM M 

IgM.. IgD 

lgM§ § 

IgM M 

IgM M 

IgM M 

IgM M 

IgG G 

IgG G 

IgG G 

IgG G 

IgG G 

IgG G 

Unclear r 

Unclear r 

IgG G 

IgG G 

IgG G 

IgM.. weak IgG 

IgG G 

IgG G 

IgG G 

IgG G 

IgG G 

IgA A 

HH Cha in Isotype 

(RNA) --

U§ § 

P.. 8 

P.. 8 

U-S S 

V V 

u .. 8 

p .S S 

M.. 5 

P.. 8 

P.. 8 

P.. 6 

P.. 8 

P.. 8 

y y 

y y 

y y 

y y 

y y 

y y 

y y 

y y 

y y 

y y 

y y 

y y 

7 7 

y y 

y y 

y y 

y y 

" " 

V H H 

Fam,ry y 

V „ 3 3 

V H 3 3 

V M 3 3 

V H 4 4 

V H 4 4 

V „ 3 3 

V „ 3 3 

V . 3 3 

VH7 7 

V „ 3 3 

V . 4 4 

V*4 4 

V H 3 3 

V H 3 3 

V H 3 3 

V M 3 3 

V«3 3 

V „ 3 3 

V „ 3 3 

V „ 3 3 

V«3 3 

V M 1 1 

V H 4 4 

V H 3 3 

V „ 3 3 

VM5 5 

V M 4 4 

V H 4 4 

V H 4 4 

V „ 3 3 

V - l l 

Closest t 

Germlinee Gene 

V3-23 3 

V3-7 (V„3 -11 ) ) 

V3 -7 (V„3 -11 ) ) 

V4-34(DP-63) ) 

V4-344 (DP 63) 

V3-11 1 

V3-23 3 

V3-300 (DP-49) 

V7-4.11 (VI-4 1b) 

V3-7 7 

V4-34 4 

V4-399 (DP-79) 

V3-23 3 

V3-23 3 

V3-23 3 

V3-300 (DP-49) 

V3-23 3 

V3-300 (COS8) 

V3-23 3 

V3-23 3 

V3-30 0 

V1-69(DP-10) ) 

V4-611 (3d279d) 

V3-7 7 

V3-23 3 

V5-511 (COS24) 

V4-399 (DP-79) 

V4-399 (DP-79) 

V4-399 (DP-79) 

V3-300 (DP-49) 

V1-18 8 

No.. of 

Mutations s 

(%) ) 
12(4 .1) ) 

266 (8.8) 

211 (7 1) 

9 ( 3 ) ) 

8 ( 2 . 7 ) ) 

49 (16 .7 ) ) 

1 6 ( 55 4) 

2 6 ( 88 8) 

2 66 (8.8) 

25 (8 .5 ) ) 

266 (8 8) 

255 (8 4) 

30(10 .2 ) ) 

35 (111 9) 

35 (111 9) 

3 7 ( 1 22 6) 

4 9 ( 1 66 7) 

200 (6.8) 

4 4 ( 1 5 ) ) 

5 0 ( 1 7 ) ) 

200 (6 8) 

344 (11.6) 

51 (17 .2 ) ) 

42(14 .3 ) ) 

266 (8 8) 

111 (3.7) 

38(12 .8 ) ) 

39(13 .1 ) ) 

40 (13 .5 ) ) 

8 ( 2 . 7 ) ) 

2 99 (9 9) 

D G e n e e 

D 2 - 8 ( D 1 ) ) 

na a 

n a a 

na a 

na a 

na a 

na a 

n i l l 

na a 

D3-222 (D21-9) 

D2-22 (D4-b) 

0 5 - 2 4 4 

D2 2 15/D2 2 

D2-15/D2 2 

D2 2 

D6 6 

15/D2 2 

na a 

na a 

na a 

na a 

na a 

na a 

n a a 

n a a 

n a a 

n a a 

19 9 

na a 

na a 

n a a 

n a a 

n a a 

J -- Gene 

J -4b b 

JH6b b 

Jx6b b 

J „ 6 b b 

J H 2 2 

J-Sb b 

J „ 3 b b 

J n 6c c 

J H 3b b 

. M b b 

J»4b b 

J n 4 b b 

J „ 3 b b 

J „ 3 b b 

J „ 3 b b 

JH1 1 

Jn3a a 

J»4b b 

Jn4b b 

Jn4b b 

J H 4b b 

J „ 6 b b 

J H 5a a 

J „Sa a 

J H 6 C C 

J „ 6 b b 

J»4b b 

J-,4b b 

J H 4b b 

J „ 5 b b 

J H 4b b 

intraclonall Vanat iont 

(noo of clones 

sequenced) ) 

i n ! ! 

0.44 (5) 

0.33 (6) 

33 2 (5) 

00 3 (5) 

nd d 

0.33 (3)1 

nd d 

nd d 

0.22 (9) 

2.00 (5) 

nd d 

5 00 (7) 

4 .00 (5) 

1.3(6) ) 

0.77 (3) 

14.66 ( 5 ) " 

nd d 

2.88 (4) 

1.8(6) ) 

0.44 (5) 

1.8(8) ) 

nd d 

33 2 ( 6 ) 

nd d 

33 8 (4 ) 

3 .0 (6 ) ) 

0.77 (6) 

00 5 (6) 

nd d 

6.33 (6) 

ndd indicates not determined; na. the D gene could not definitely be assigned to a germline D gene. 
"Heavyy chain isotype expression as determined immunohistochemically or by PCR. 
jThee intraclonal vanation is indicated as the number of mutations observed per clone, compared with the consensus sequence 
§lgDD expression was not assessed 
:: One clone was excluded from the analysis, because it earned a deletion of 31 base pairs 
"Onee done carried 47 mutations compared with the consensus clone. 

originatedd from the tumor population, we performed a nested 
CDR3-specificc PCR on the VH products obtained. In all cases, the 
nestedd CÜR3 products and the original CDR3 products had 
identicall  sizes. Next, the VH products were cloned and sequenced. 
Thee number of somatic mutations was determined by comparing 
thee VH sequences to the germline genes with the highest homology 
(Tablee I). Fifteen FLs used genes from the VH3 family (60%). V„ 4 
andd V'H 1 family genes were found in 6 FLs (24%) and 2 FLs (8%). 
respectively.. VH5 and VM7 genes were each found once (4%). The 
J,i4bb gene was found in 9 FLs. J|,6 genes were found in 6 FLs. and 
JM33 and JM5 genes were each used by 4 FLs The JMI and JM2 genes 
weree each found once. A stretch of 7 consecutive nucleotide 
matchess was taken as an indication that a cenain D gene was used. 
Accordingg to this method, only 6 D genes could be assigned 
(Tablee 2). 

Numberr of somat i c mu ta t i ons 

Mostt FLs, including the IgM-expressing FLs. were heavily mu-
tatedd (Table 1). Still, in this selection of FLs we observed a 
statisticallyy significant difference in the number of somatic muta-
tionss in IgM-expressing versus isotype-switched FL samples 
(P(P < .016; Figure 2). On average, FL samples of IgM isotype 
containedd 23.0 somatic mutations (7.8%). ranging from 8 to 49 
somaticc mutations. The FL samples of IgG isotype contained an 

VHH D, and J H gene usage 

Thee complete VH genes were amplified with family-specific V,, 
leaderr primers in combination with a JH primer or constant II chain 
isotype-specificc primers. To ascertain that these VM products 

8-'833 8-'92 
MM J u Y a ö J u Y a 6 

Figuree 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 pnmer was used n combnaBon with 
diee J-seq. Cu, C-<2. Co. and C8 downstream pnmors. as indicated above the lanes 
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Tablee 2. C 0 R 3 nuc leo t i de s e q u e n c e s a l i g n e d w i t h the mos t h o m o l o g o u s D ge 

D l l 

TOTT GCG AAA 

TGTT GCG AGA 

TGTT GCG AGA 

TGTT GCG A 

TGTT GCG AGA 

TGTT ACG AGA 

TT TGT ACT GGT GGT G I T TGT TAT 

AA - - C - - -

GGAA GAA TGT AGT GGT GCT CGC TGC TA C TT C 

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

TCC GTG GTT AT T C C 

- AA A -

TT GGA TA T AGA CGG GGG ACC 

T- TT A- T A- T -- -

ACC AGC AGT GGC TGG TAC 

- T T 

AA TGT CTA CAA TCA 

egg egg g g g a a g g 

GCTT TTT C-A 

ACC TTT GAC 

ACC TTC TTT 

ATT AAC CAC 

TCCC TTT GA 

'Partt of the V and the J genes are shown. 

t AA stretch of 7 matched nucleotides was taken as an indication that a particular D gene was used. 

averagee of 34.1 somatic mutations (11.6%), with a range from 8 to 
511 somatic mutations. The IgA-expressing FL harbored 29 somatic 
mutationss (9.9%; Table 1). These differences in mutation load are 
alsoo obvious from calculations on individual molecular clones of 
thesee lymphomas: When for each clone the amount of somatic 
mutationss compared with the germlinc gene was calculated and 
whenn these amounts were averaged between the clones, the 
differencee in somatic mutation loads amounted to 34.6 mutations 
perr VU gene for isotype-switched FLs and 23.6 mutations for IgM ' 
FLss (data not shown). In these clonal analyses, however, Taq errors 
arcc included (£ 0.4 mutations per clone). 

In t rac lonall var iat ion 

Too assess the degree of intraclonal variation, independent clones of 
211 FLs were sequenced (Table 1). In 15 of these FLs, intraclonal 
variationn above the Taq error frequency was observed, ranging 
fromm 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 
clonee (data not shown), which argues strongly for somatic hypermu-
tationn rather than Taq error. No obvious difference in the level of 
intraclonall  variation in IgM- and IgG-exprcssing FLs was ob-
served.. In 6 FLs (nos. 3-'93, 3-'95, 15, 25, 17, and 57) the 
intraclonall  variation did not exceed the Taq error rate of 0.14%. 
whichh amounts to 0.4 mutations per clone. 

Mutationn patterns 

Too assess whether the FLs—with variable levels of mutation and 
intraclonall  diversity—showed signs of selection for a potentially 
functionall  BCR. the distribution of R and S mutations in FRs and 
CDRss was analyzed. For this purpose, the dominant or "consen-
sus""  Vu sequences of individual FLs were analyzed. The ratio of 
R/SS mutations was highly variable in the CDR1 and CDR2 
(averagee 3.9), whereas in the FRs the R/S ratio was consistently 
lowerr than 2.0 (average 0.97), with 1 exception (FL no. 59; Table 3 
andd Figure 3). When the distribution of R and S mutations was 
analyzedd according to the binomial distribution model by Chang 
andd Casali,3" the number of R mutations in the FRs of most FL 
sampless was significantly lower than would be expected if the 
mutationss 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 
clearlyy indicate that in FLs the overall structure of the BCR is 
maintainedd irrespective of the total number of somatic mutations 
andd the degree of intraclonal variation (Table 3 and Figure 3). Only 
inn 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 
whichh occurred in the FR1. The absolute number of R mutations in 
thee FRs, however, did not differ much from some other FLs 
Furthermore,, because expression of surface IgG was found immu-
nohistochemicallyy (Table 1), the high amount of R mutations in the 
FRss apparently did not interfere with BCR expression. 

Isotyp ee switc h variant s and relaps e o f follicula r 

l y m p h o m aa no. 8 

Inn FL no. 8-'83. both IgM- and IgG-expressing tumor cells were 
found,, which harbored the same VDJ rearrangement. Compared 
withh the germline gene V3-23, the IgM-related sequence con-
tainedd 30 somatic mutations, whereas the IgG-related sequence 
containedd 35 somatic mutations (Tabic 1, Figure 4). The patient 
wass treated with chemotherapy and achieved complete remission. 
AA local relapse 5 years later was irradiated, and 9 years after the 
firstfirst presentation a systemic relapse developed (no. 8-'92), which 
wass again treated chemotherapeutically. This relapse consisted of 
IgG-expressingg tumor cells only. Compared with the germline 
gene,, also 35 somatic mutations were found, of which 30 somatic 
mutationss were shared with the IgM- and IgG-related sequence of 

Figuree 2. The number of s o m a t i c 

IgGAgA).. The lines represent the 

isotype-switchedd FLs. respectively. 

IgG/ lgA A 

u la t lonss v e r s u s t h e H cha in i so t ype ( IgM or 

eragee amount of mutat ions of I g M ' FLs and 
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VHVH gene analysis of FLs of different isotypes 

Tablee 3. Analysis of VM gone 

Total l 

No.. Mutations 

mutationss in follicular lymphomas 

Observedd Mutations in the 
Frameworkk Region 

RR S R/S Value e 

3-93 3 

3-'95 5 

8-'83p p 
8-83-, , 

<.01 1 
<< 05 
<001 1 
0.095 5 

<< 001 
<.001 1 
<.01 1 
<.01 1 

<.001 1 
<.001 1 
<< 01 

001 1 

limee points were 38. 39, and 40 mutations, respectively, whereas 
thee intraclonal variation gradually decreased from 3 mutations per 
clonee to 0.5 mutations per clone. Curiously, although the absolute 
amountt of somatic mutations increased, the location of the 
mutationss was not the same in samples of these 3 lime points 
(Figuree 4). Compared with the germline gene. 37 somatic muta-
tionss were shared between the 3 time points. In the presentation 
biopsy.. I additional R mutation was found at codon 23. This 
mutationn 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 FI. 
no.. 66-'98. except for the 37 shared mutations, a new R mutation 
wass found at codon 5. The mutation found at codon 23 was shared 
withh the first time point, whereas the mutation at codon 64 was 
sharedd with the second time point (Figure 4). Also, at the clonal 
levell  only a slight increase was found in the number of somatic 
mutations;; The average number of somatic mutations of the clones 
comparedd with the germline gene V4-39 was 39.7 in the samples of 
thee first 2 time points and 40.5 in 66-'98 (data not shown). 

Discussion n 

66-96 6 

66-97 7 

66-98 8 

63 3 

49 9 29 9 

5 5 
<< 05 

<< 05 

.055 5 
<.001 1 

PP indicates probability that the number of R mutations observed in the FRs was 
obtainedd by chance. 

PP values in boldface type indicate significance (P < .05) 
'Seee Chang and Casali.30 

thee first time point, and 5 were different (Figure 4). In all VM gene 
sequencess of lymphoma no. 8. a deletion of codon 3 was observed 
(nott shown), which is most likely due to somatic mutation."07 

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

Patientt 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 
lowerr than in the presentation biopsy. 21 and 26 mutations, 
respectively.. Compared with the germline gene V3-7. 19 mutations 
weree found that were shared between the 2 lime points (Table 1 and 
Figuree 4). No significant intraclonal variation was found at either 
timee point. Patient no. 6 presented with a stage IV. low-grade FL. 
Noo treatment was given ("watchful waiting"). After 4 years, a 
secondd lymph node was resected because of clinical progression 
Thee total number of somatic mutations compared with the germline 
genee V3-23 was 44 in the presentation biopsy, compared with 50 
somaticc mutations in the second sample (Table 1 and Figure 4). In 
thee samples of both time points, intraclonal variation above the Taq 
errorr was found, but in time the intraclonal variation had decreased 
fromm 2.8 to 1.8 mutations per clone Patient no 66 developed 2 
relapses.. I and 2 years after the presentation of the FL in 1996. 
respectively.. Chemotherapcutic treatment started in 1997 after 
clinicall  progression, upon which only partial remission was 
achieved.. The somatic mutation loads in the samples of these 3 

Inn this study, the VH genes of 30 FL samples of different isotypes 
weree analyzed. In agreement with Bahler et a l ." the VH family gene 
usagee of the FLs studied was not obviously different from VM gene 
usagee reported for normal B ' Compared with normal 
posifollicularr B cells derived from tonsil, spleen, or lymph node, 
thee VH genes of FLs contained significantly more mutations, which 
iss 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 
Vuu gene. Similar frequencies have been reported previously by 
others.181''' In 15 of the 21 FLs studied at the clonal level, 
intraclonall  variation above the Taq error frequency was found, 
varyingg from 0.5 to 14.8 mutations per cloned V„  gene (Table 1). 

Thee patterns of somatic mutations in most of the FLs studied are 
suggestivee of selection for preservation of the BCR. In 26 of 31 FL 

22 4 " 

 " 

oo  . B o o « o 0  8 OO 

totall no of mutations 
Figuree 3. The R/S values of the CDRs and the FRs plotted against the total 
numberr of mutations of individual cases of FLs. R/S values that amounted to 
infinitee in the CDRs are not shown The figure shows that R/S values in FRs are 
consistentlyy tow irrespective of the total number of somatic mutations, except for FL 
noo 59 (R/S ratio of 9:11 mutations in total)  indicates the R/S value of the CDRs: '• 
indicatess the R/S value of the FRs 
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Figuree 4. Schematic representation of VH sequences 
off patients no. 3, 6, 8, and 66. Each line represents the 
consensuss sequence at a certain time point Only muta-
tionss that differ between the sequences are shown, 'j 
representss an S mutation compared with the germlme 
gene;;  represents an R mutation. The codon numbers 
inn which mutations took place are indicated under these 
symbols.. The total number of somatic mutations for each 
FLL sample (in bold) and the intraclonal variation, in 
numberr of mutations per clone, is indicated next to 
eachh line. 
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samples,, a significantly lower amount of R mutations was found 
thann what would be expected in case of random mutagenesis in the 
absencee of selection.J0 This suggests that, at least at some time in 
thee development of the lymphomas, the expression of a functional 
BCRR has been important for cell survival. It is. however, likely that 
mostt of the "consensus" mutations were introduced before the 
outgrowthh of the transformed clone. Therefore, the distribution of 
thesee mutations alone does not allow the conclusion that FLs need a 
preservedd BCR structure for their survival. However, if somatic 
mutationn occurs in the tumor stage, the finding that all FLs bear a 
structurallyy preserved BCR is significant because this must be the 
resultt of continued selection. 

Severall  groups analyzed somatic mutation in normal B 
cells.37-40'""  Although variable numbers were reported—varying 
fromm 1% to 6%—all studies that analyzed both IgM- and IgG-
expressingg germinal center or memory B cells reported more 
somaticc mutations in the IgV genes of isotype-switched B cells 
thann in IgM * B cells.40-12 It is of note that even though the overall 
numberr of somatic mutations in the IgV genes of FLs is higher than 
inn normal postgerminal center B cells, we also find that isotype-
switchedd FLs contain more somatic mutations than IgM" FLs 
(Figuree 2). Apparently, isotype-related differences in mutation 
frequency,, which are potentially present at the moment of transfor-
mationn of a single cell, are being maintained during the course of 
thee disease. 

FLL no. 8-'83 contained both IgM- and IgG-expressing tumor 
cells.. The finding that in FL no. 8-'83 the IgM-expressing cells are 
alreadyy heavily mutated suggests that the onset of somatic muta-
tionss occurred prior to isotypc switching, like in normal B cells26 

(Tablee 1 and Figure 4). Both the immunohistochemtcal stamings on 
FLL no. 8-'83, as well as the finding that the IgM- and IgG-derived 
Vuu genes contained different somatic mutations and a different 
amountt of intraclonal variation (Table 1 and Figure 4), strongly 
suggestt that the IgM' and IgG * cells represent different subpopula-
tions.. In our hands, presence of isotype switch variants in FLs is an 
unusuall  finding, because we observed it only once in this scries of 
433 FLs with our CDR3-specific PCR (data not shown). However, 
ourr approach may not be sufficiently sensitive to detect alternative 
isotypes,, because we did not use clone-specific CDR3 primers but a 
consensuss FR3 primer in combination with constant region primers. 

Inn 4 patients, a relapse was biopsied (Table 1). Comparison of 
thee VH gene sequences of lymphoma no. 3-'93 and its relapse, no. 
3-'95,, 2 years later, revealed a lower amount of somatic mutations 
inn the V>, gene of the sample of the last time point. In this respect, it 
iss noteworthy that no significant intraclonal variation was found at 
eitherr time point in this lymphoma. Apparently, in the course of 

diseasee or due to therapy, a minor subclone with a lower number of 
mutations,, which was not detected at the time of diagnosis, had 
beenn selected. In patient no. 6 the absolute amount of somatic 
mutationss increased significantly in 4 years, whereas the intraclonal 
variationn decreased. In this case, the tumor population of the 
relapsee sample could indeed have evolved by ongoing somatic 
mutationn in combination with clonal selection. Patient no. 66 
developedd 2 relapses in 2 years. The number of mutations increased 
slightlyy in time, whereas the intraclonal variation decreased 
graduallyy (Figure 4. Table 1). By studying clonal relationships, 
theree was no clear evidence of clonal evolution of this FL in time. 
Inn fact, the mutation patterns suggest that the tumor populations of 
thee different FL samples of patient no. 66 represent different 
subcloness that obtained a selective growth advantage at certain 
timee points. Subclone selection rather than clonal evolution was 
evenn more apparent after the 9-year disease interval of patient no. 
8.. Surprisingly, despite the high intraclonal variation at the first 
timee point (5 and 4 mutations per clone for the IgM- and 
IgG-derivedd 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 
comparedd with the IgG-derived sequence of the first time point 
(Figuree 4). After the 9-year interval, one might have expected an 
accumulationn of mutations, at least measurable at the clonal level. 
Thee absence of such an increase cannot be explained by clonal 
selection,, because we would still expect an increase in S mutations, 
whichh 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 
hadd decreased in time. A decrease in intraclonal variation as well as 
thee absence of a significant increase of somatic mutations in time 
seemss a rule rather than an exception and has, in fact, also been 
documentedd by others22-2345: Zhu et al described an FL that was 
heterogeneouss at presentation, but the relapse 5 years later showed 
noo intraclonal variation. The V,, sequences at both time points were 
exactlyy the same. Four samples of an FL were described by Bahler 
ett al with an interval spanning 2 years. Only in the first sample of 
thee lymph node was intraclonal variation found. All lymphoma 
sampless from different locations, except for the last relapse sample, 
containedd 24 mutations compared with the germline gene. The 
tumorr cells in this final relapse sample contained only 19 mutations 
comparedd with the germline gene. Most likely, a nonmutating 
subclonee with a lower number of mutations was positively selected 
afterr chemotherapy, like in patient no. 3 of our series. This subclone 
mustt have been present at the earliest time points but not detected 
Ottensmeierr et al described 2 samples of an FL spanning an interval 
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off  10 months.13 The first biopsy showed 22 somatic mutations 
comparedd with the germline gene, whereas the lymphoma popula-
tionn after therapy contained only 13 mutations. Intraclonal varia-
tionn was present at both time points but was found to be lower in 
thee sample of the second time point. To our knowledge, only Cleary 
ett al observed a higher amount of intraclonal variation in the 
relapsee of an FL,4*  In addition, the absolute amount of somatic 
mutationss increased from 35 to 38 after anti-idiotype therapy. 
However,, in a subsequent article this group also suggested that the 
cloness that survived the therapy might already have been present in 
thee first biopsy as minor subclones.47 

Basedd on the present data, it can be questioned whether 
intraclonall  nucleotide differences in FLs are necessarily a reflection 
off  an active mutation machinery. In general, it can be assumed that 
FLL patients have a significant tumor load at the time of diagnosis. 
Thee fact that most patients are in Ann Arbor stage III or IV supports 
thiss notion.17'48 With the presumption that the tumor cell popula-
tionss are the offspring of a single cell originally, it can be conceived 
thatt numerous cell divisions must have occurred In view of these 
manyy cell divisions, the intraclonal differences are actually surpris-
inglyy low. The rate of somatic hypermutation, if present, must be 
substantiallyy lower than in normal germinal center B cells. With 
respectt to the decrease in clonal diversity in time in FLs, observed 
byy us and others, it can be argued that subclones with lower or 
absentt mutation rates are selected preferentially, possibly due to 
therapy.. Alternatively, it can be hypothesized that, al least in cases 
inn which the intraclonal variation decreased and no clear increase in 
thee absolute amount of somatic mutations was found in time, the 
neoplasticc cells do not mutate anymore. It can be envisioned that 
afterr a certain point in an ongoing transformation process, the 
proliferatingg cells are prone to acquire additional genetic alter-
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Abstrac t t 

Follicularr lymphomas (FLs) are thought to originate from germinal-center B cells, of 

whichh they may have retained the capacities of ongoing somatic hypermutation and constant 

heavyy (CH) chain isotype switching. To extend our previous findings, we analyzed Ig variable 

(V)) regions of three FLs at different time points. We addressed the issues of clonal evolution and 

classs switching by in situ analyses of a FL that consisted of both IgM- and IgG-expressing tumor 

cellss with a high somatic mutation load and intraclonal VH gene diversity. VH gene transcripts 

weree amplified and sequenced out of samples of approximately 50 tumor cells, isolated from 

frozenn tissue sections by laser microdissection. We found many tumor subclones scattered over 

thee different follicles, and obtained only limited evidence of subclone dominance in individual 

follicles.. All samples contained IgM- and IgG-expressing tumor cells with, in general, non-

identicall  mutation patterns, which is not in support of recent class switching. Accordingly, no 

switchh circle recombination products were found. A relapse sample of this FL, which arose nine 

yearss later, contained IgG-expressing cells only. Interestingly, the mutation pattern of the 

prevalentt subclone in this relapse biopsy was virtually identical to a subclone that was isolated 

byy microdissection out of the presentation biopsy. In a second FL, proof was obtained that the 

subclonee that dominated the relapse sample had already been present in the initial biopsy. These 

findingsfindings indicate that the respective subclones found in the relapses had not evolved in time but 

hadd been pre-existent. Our data suggest that FLs may have retained fewer properties of germinal-

centerr B cells than generally assumed and challenge the concept of B-cell receptor evolution 

duringg disease course. 
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Introduction n 

Duringg normal B-cell maturation, the developing cells are continuously tested for 

expressionn and quality of their B-cell antigen receptors (BCR) u . This principle most obviously 

ruless the germinal center (GC) reaction, where B cells compete to obtain survival signals by 

bindingg antigen that is presented at the surface of follicular dendritic cells (FDCs)3. This 

competition,, in combination with the changes that are introduced in the immunoglobulin variable 

(IgV)) region genes due to somatic hypermutation 4, results in clonal evolution of the BCRs and 

formss the molecular basis of affinity maturation of the humoral immune response. 

Follicularr lymphoma (FL) can be considered as the prototype of a germinal-center 

derivedd B-cell non Hodgkin's lymphoma 5, as the centroblast- and centrocyte-like tumor cells 

proliferatee in nodular networks of non-neoplastic FDC. Also functionally, FL cells appear to 

havee retained specific properties of GC cells. Many investigators have demonstrated that FLs 

carryy mutated IgV genes6 8. In addition, based on the findings of intraclonal IgV gene diversity 

andd the expression of different heavy (H) chain isotypes in FLs, it is assumed that the processes 

off  somatic hypermutation 9~12 and isotype switching n u remain active in these neoplasms. This 

impliess that, next to non-harmful mutations, also mutations occur that give rise to frameshifts or 

stopp codons or that affect the overall structure of the Ig ,s. Therefore, the fact that the vast 

majorityy of FLs express intact BCRs during many years of disease 16, suggests that 

counterselectionn for such alterations takes place. This notion is corroborated by the finding that 

thee patterns of somatic mutation in IgV genes of FLs indeed show the characteristics of such a 

selectionn process 6 8. Moreover, clonal analysess of individual FLs revealed genealogical relations 

betweenn the tumor cells, compatible with clonal evolution 17"19. This led to the attractive 

hypothesiss that FLs, similar to normal B cells, do not only depend on the expression of a BCR 

butt also on signals elicited by potential ligands of this receptor , o n'8. 

Recently,, we analyzed the IgV genes of a large panel of FLs of different Ig isotype 8. 

Althoughh most FLs analyzed expressed strongly mutated IgV genes and showed intraclonal 

variation,, we found a correlation between the somatic mutation load and H chain isotype 

expression.. Interestingly, in 3 of 4 cases of which tissue of different time points was available, 

wee found no obvious accumulation of the number of somatic mutations over time, whereas the 

mutationn patterns were not compatible with clonal evolution. Based on these data, we questioned 

whetherr BCR ligands had a role in the evolution of some of these Fls. 

Here,, we address the issues of clonal evolution and isotype switching in three of these 

FLss in more detail. Using laser microdissection, we performed in situ IgV gene analyses of a 
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FLL that initially harboured IgM+ and IgG~ tumor cells of the same clonal origin, whereas a 

relapse,, 9 years later, consisted of IgG+ tumor cells only. In general, we found a random 

distributionn of IgM+ and IgG+ subclones over the follicles with limited indication of subclone 

dominancee within individual follicles. Although in all samples IgM and IgG transcripts were 

present,, we obtained no indication of active class switching in this FL. Finally, we provide 

evidencee that in this and one other FL the dominant subclone of the relapses had already been 

presentt in the initial biopsies, years earlier. The findings question whether in all FLs the clonal 

selectionn is based on the quality of the expressed membrane immunoglobulin (mlg). 

Materiall and methods 

PatientPatient material. Fresh tissue of three FLs was obtained from lymph nodes that were 

surgicallyy removed at the departments of pathology of the Academic Medical Center, 

Amsterdam.. In addition, material from the departments of pathology of the Westeinde Hospital, 

Thee Hague, and the Leiden University Medical Center, the Netherlands was kindly provided by 

dr.. E.C.M. Ooms and prof. dr. P. M. Kluin, respectively. Of all three FLs, relapse samples were 

available.. FL 3 originated from a 47-year old woman and was first diagnosed in 1993 (FL 3-'93). 

Inn spite of complete remission after chemotherapy, a relapse developed after 2 years (FL 3-'95). 

Patientt no. 6, a 51-year old woman, was initially not treated for a low-grade FL (FL 6-'94; 

"watchfull  waiting"). Because of clinical progression a second lymph node was resected 4 years 

laterr (6-'98). Patient no. 8, a 48-year old woman, presented with a FL in 1983 (FL 8-'83). 

Completee remission was achieved after chemotherapy. After irradiation of a local relapse, 5 years 

later,, a systemic relapse developed in 1992 (FL 8-'92). As control tissue, fresh human tonsil was 

used.. All tissues of FLs and tonsils had been snap frozen and stored in liquid nitrogen until 

usage. . 

Immunohistochemistry.Immunohistochemistry. Clonality and the membrane mlg isotype were determined 

immunohistochemically.. Cryostat sections were stained as described 20, using monoclonal 

antibodiess specific for human Ig heavy and light chain isotypes and for CD21L (DRC-1; Dako, 

Glostrup,, Denmark, except for anti-IgM, -kappa and -lambda, which were obtained from Becton 

Dickinson,, Erembodegem-Aalst, Belgium). Isotype expression of the lymphoma of patient 8 and 

patientt 6 was also assessed by immunofluorescence. Briefly, acetone-fixed tissue sections were 

incubatedd at 37°C with the primary antibody (anti-IgM, -IgG, -IgA, -IgD -kappa or -lambda; 

Dako),, washed three times in PBS, and incubated for 30 minutes with swine-anti-rabbit, labelled 
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withh FITC (Dako). 

MicrodissectionMicrodissection of samples. Microdissection of groups of cells was performed with a 

PALMM laser-microbeam system (Positioning and Ablation with Laser Microbeams; PALM 

GmbH,, Wolfratshausen, Germany). For RNA analyses, samples of approximately 50 cells were 

dissectedd from unstained frozen tissue sections of 10 u,m from lymphoma 8-'83 (Fig. 1), 

"catapulted""  into 3 [il of cDNA reaction mixture (see below), and stored on ice until cDNA 

synthesis.. For DNA samples, approximately 100 cells were dissected from follicles out of 

haematoxylin-stainedd tissue sections of lymphoma 8-'83 and its relapse, 8-'92 and from normal 

tonsil.. Tissue samples were "catapulted" into 5 p.1 of water. 

Figg 1: Tissue sections of FL 8-'83. 

A.. The unstained tissue section of B. A schematic drawing of the tissue C. Tissue section of FL8-'83 stained 
FLL 8-'83 from which samples were section. The circles represent the with CD21L antibodies and 
microdissected.. numbered follicles from which counterstained with haematoxylin. 

sampless were taken 

cDNAcDNA synthesis. RNA of bulk material was isolated from frozen tissue sections 

usingg the TRIzol reagent (Lif e technologies, Breda, the Netherlands) and cDN A was synthesized 

ass described 20. From the microdissected samples, cDNA was synthesized without prior RNA 

isolation.. The microdissected samples were incubated with 2 nmol of pd(N)6 primer (Pharmacia 

Biotech,, Roosendaal, the Netherlands) and 160 units of M-ML V reverse transcriptase (Lif e 
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technologies)) in a total volume of 20 \i\. The reaction mixture further contained 8 mM 

dithiothreitoll  (DTT), 1 mM of each dNTP, IX first strand buffer (50 mM TrisHCl pH 8.3, 75 

mMM KC1,3 mM MgCl2), and 24 units of RNAse inhibitor (Boehringer Mannheim, Almere, the 

Netherlands).. The reaction was performed for 15 min at 37 °C. Subsequently, the enzyme was 

inactivatedd during 10 min at 95 °C. After cDNA synthesis 20 [i\  of water was added. 

DNADNA preparation. For DNA samples, 15 [i\  of 0.25 M proteinase K in lXTaq buffer 

wass added (20 mM TrisHCl, 50 mM KC1, pH 8.4). After incubation overnight at 56 °C, the 

enzymee was inactivated for 10 min at 95 °C. Bulk DNA was isolated from frozen tissue sections 

usingg the DNAzol reagent, according to the manufacturer's instructions (Life technologies). 

AmplificationAmplification of the VHgene. In the first rounds of amplification 1 [il of cDNA reaction 

mixturee was used in a 25 ji.1 PCR reaction volume using a forward primer with specificity for the 

leaderr of the VH3 gene family in combination with a reverse primer specific for Cu, (Cp,l-: 5'-

CGTATCCGACGGGGAATTCTC-3'),, or Cy20. The PCR mixture contained lXTaq buffer (20 

mMM TrisHCl, 50 mM KC1, pH 8.4), 0.2 mM of each dNTP, 1.5 mM MgCl2, 1 unit of Taq 

polymerasee (Life technologies) and 0.5 |JM of each primer. First, 10 PCR cycles were performed 

inn the thermal cycler (PTC-100, MJ research Inc., Watertown, MA), i.e. successively 30 s at 95 

°C,, 20 s at 57 °C and 20 s at 72 °C. The next 40 cycles of amplification consisted of 30 s at 95 

°C,, 20 s at 55 °C and 20 s at 72 °C. The reaction was completed for 6 min at 72 °C. Next, a 

nestedd PCR was performed using 2.5 îl of the first PCR product in a 25 (il reaction. PCR 

reactionss were performed with a VH3 primer that anneals in the FR1 region (VH3FR: 5'-

TCCCTGAGACTCTCCTGTG-3')) combined with the appropriate reverse primer either Cu., or 

Cy22 20. The PCR conditions were the same as for the first PCR. PCR products were analyzed on 

aa 1 % standard agarose gel (Sigma, St. Louis, MO, USA). All PCR reactions and the subsequent 

sequencingg reactions were performed in duplo to obtain a reliable consensus sequence of a 

sample. . 

AmplificationAmplification of switch circle fragments. Stratification of the amount of amplifiable 

DNAA was performed using a PCR on the p2-microglobulin gene (P2m). The primers used were 

5'-AGCATTCAGACTTGTCTTTCAG-3'' and 5'-GATGCTGCTTACATGTCTCG-3\ which 

yieldd a product of 776-bp from DNA. The PCR protocol for this p2m-PCR was the same as for 

thee amplification of the VH gene. S y-Sp. switch circle fragments were amplified in 25 p.1 reaction 

mixturess out of 250 ng or fewer of DNA, using the upstream Iy 1/2 primer, in combination with 

thee downstream S\i primer21. As positive controls, 10 copies of artificial construct plasmids 21 

weree amplified. All plasmids (Sy 1 -S\x, Sy2-Su., Sy3-Sn and Sy4-Sn) could be amplified using 

thiss PCR approach (data not shown). The PCR samples were first incubated at 95 °C for 4 min, 
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thenn 40 cycles of 1 min at 95 °C, 1 min of 68 °C and 1 min of 72 °C were performed, followed 

byy 10 min at 72 °C. Next, a nested PCR was performed with 2 |il of PCR product of the first 

PCRR in a 25 ^1 PCR, using the Sy and S|ii primers2l. The same PCR mixtures were used as for 

thee amplification of the VH gene, except that 100 nM of each primer was used and Taq platinum 

polymerasee (Life technologies). The PCR products were analyzed on a 1 % agarose gel (Sigma) 

andd subsequently sequenced to confirm their origin. 

DNADNA fiber fluorescence in situ hybridization. The configuration of the constant heavy 

chainn gene locus of both time points of FL 8 was analyzed by DNA fiber fluorescence in situ 

hybridizationn (FISH), as described 23. Probes for the J region, the different constant genes and 

thee bcl-2 locus were used. 

AmplificationAmplification and analysis ofclonality of the variable genes of the TCR gamma locus. 

Thee T cell receptor gamma (TCRG) gene rearrangements were amplified out of DNA from 

microdissectedd samples. The first PCR was performed with the PCR-primers as described 24, 

exceptt that Taq platinum polymerase (Life technologies) was used instead of AmpliTaq Gold™ 

polymerasee (PE Biosystems, Foster City, CT). For the second, nested PCR, the "sequencing" 

primers244 were used with thee same PCR protocol, with exception that 2.0 mM MgCl2 was used 

andd 0.25 |iM of each primer. The products were first analysed on a 1 % agarose gel, subsequently 

byy heteroduplex analysis2S. Briefly, the PCR products were denatured for 5 min at 95 °C, then 

theyy were allowed to reanneal at 4 °C for at least 1 hour. The resulting homo- and/or 

heteroduplexess were analyzed on a 6% non-denaturing polyacryl amide gel and visualized by 

stainingg with ethidium-bromide. 

AmplificationAmplification of time point-specific clones ofFL 3 and 6. Time point-specific primers 

weree chosen to amplify the clones that dominated samples of the second time points of patients 

33 and 6 out of the presentation biopsies. The primers used were 5218+: 5'-

GGTGTCCAGTGTGAGGTG-3'' as forward primer and 5218-: 5'-

ACGTCCATACCGTAGTCTG-3'' as downstream primer for FL 3 (Fig. 6), and 5'-

GTGTCCAGTGTGGGAGCAA-3'' as forward primer and either 5'-

TCTCAGACTGTTCATTTGTAA-3'' or 5'-CCCTTGGTGGAAGCTGAG-3' as downstream 

primerr for FL 6. One |il of total cDNA was used in a 25 uJ-reaction mixture. The PCR protocol 

wass the same as for the VH-family-specific PCR. 

CloningCloning and sequencing of PCR products. Both strands of the PCR products were 

eitherr directly sequenced with an ABI sequencer (Perkin Elmer Corporation, Norwalk, CT) using 

thee dye-terminator cycle-sequencing kit (Perkin Elmer Corporation), or first cloned into pCR2.1 -

TOPOO vectors (Invitrogen, Groningen, the Netherlands) and transformed into TOP10 bacteria 
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(Invitrogen).. Subsequently, both strands of the inserts of a clone were sequenced. 

Result s s 

ImmunoglobulinImmunoglobulin analyses ofFL 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 

FLL 8 were included 8. Interestingly, in the presentation biopsy of 1983 (8-'83) both IgM- and 

IgG-switchh variants with the same VDJ-rearrangement were found that contained 30 and 35 

somaticc mutations compared to the germline gene V3-23, respectively. This FL expressed the 

L166 VL chain gene, which harboured 20 somatic mutations 26(and data not shown). At the second 

timee point (8-'92), 9 years later, only IgG-expressing tumor cells were found of the same clonal 

originn (data not shown). In the V3-23 gene, 35 somatic mutations were found compared to the 

germlinee gene, 30 of which were shared with the IgM- and IgG sequences of the first time point. 

Inn the kappa light chain one extra replacement mutation was present (data not shown). At both 

timee points, significant sequence variation was found between cloned VH products, which is 

generallyy believed to be indicative of ongoing somatic hypermutation. 

DistributionDistribution of IgM and IgG subclones in FL 8. To get insight into the distribution of the 

subcloness within the tissue of FL 8, we microdissected a total of 47 samples out of 20 neoplastic 

follicless from frozen tissue sections (Fig. 1). To prevent RNA carry-over by staining, cells were 

microdissectedd out of unstained tissue sections. Of each sample, containing approximately 50 

cells,, the VH genes were amplified and sequenced. All PCR and sequence reactions were carried 

outt in duplo and "consensus" sequences thus obtained of each sample were compared. All VH-

PCRR products contained the known VDJ rearrangement of this FL. From 5 of 47 samples the 

duploss were not reproducible (The IgM-derived sequences of sample 11 a and 17b, and the IgG-

derivedd sequences of sample 9c, 15b and 20b), i.e. point mutation differences were observed, 

mostt likely due to the presence of too many different subclones without clear dominance of one 

off  them. The sequences that could be reproduced are depicted in figure 2. High intraclonal 

sequencee variation was found, i.e. 2.7 and 3.0 somatic mutations per Ig sequence, compared to 

thee IgM- or IgG-derived consensus sequences as derived from crude tissue analyses 8, 

respectively. . 
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Figuree 2: Schematic representation of IgM- and IgG-derived sequences from FL. no 8-'83 (upper part and 

lowerr part, respectively) and its relapse 8-'92 (bottom line). Only mutations that differ from the overall 

consensuss sequences eare shown. The numbers represent the different follicles from which samples were 

taken,, as indicated in figure 1. Different samples from one follicle are designated with a different letter. 

Replacementt and silent mutations are represented as closed and open circles, respectively. Codon 

numberss are indicated underneath the symbols. Whereas in the consensus sequence at position 81 a 

mutationn was present as compared to the germline gene, the grey symbols at this site in sequence 8av 

andd 4ay represent the germline nucleotide. 

Off  9 follicles (5 IgM- and 4 IgG-expressing cases) two separate samples were assayed. 

Inn 2 of 5 of such paired samples the IgM-derived sequences were identical (3a and b, 13a and b), 

suggestingg that these follicles were dominated by a specific subclone. However, in the three other 

samplee pairs non-corresponding subclones were identified with respectively 1 (samples 4a and 

b),, 3 (8a and e) and 6 (14a and b) nucleotide differences. All four IgG-derived sequences from 

pairedd follicular samples yielded non-identical sequences with either 5 (samples 3a and b and 

sampless 4a and b) or 1 (samples 11 a and b and samples 13a and b) nucleotidee differences (Fig. 

2). . 

Too get more insight into (sub)clonal diversity, three to eight bacterial clones were made 

fromm the PCR products of samples 2]i, 3au,, 3bp, and 9ay, and the respective inserts were 

sequencedd (Figure 3). Significant intraclonal variation was found, which ranged from 1 mutation 

perr clone (sample 3ap.) to 4.6 mutations per clone (sample 9ay). It must be emphasized that in 

thesee calculations Taq errors may be present. We determined the frequency of Taq polymerase 

errorss to be 0.14% in our experimental setup, which would amount to an average of 0.4 

mutationss per sequence for these clones 20. In sample 3au, and 3b|i, these clonal analyses were 

concordantt with the consensus sequences obtained by directly sequencing the PCR products 

derivedd from these samples (Fig. 3). However, in sample 2p, and 9ay, the consensus sequence 

derivedd from the clones differed from the directly sequenced product. This may be erroneous, 

duee to the low number of analyzed clones, or be a reflection of polyclonality. 
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Figuree 3 A-D: Intraclonal variation within cloned PCR products. The sequences are depicted as lines. Only 

differencess with the IgM-derived consensus sequence of FL 8-'83 are shown. The upper line of each figure 

representss the sequence that was obtained by directly sequencing two independent PCR products from 

thee same sample. The other lines are the sequences of individual bacterial clones made from the PCR 

products.. Replacement and silent mutations are represented as closed and open circles, respectively. 

Codonn numbers are indicated underneath the symbols. Whereas the consensus sequence of 9ay contains 

mutationss at positions 50 and 56 as compared to the germline gene, the grey symbols at these sites in 

sequencess 1.1, 2.2 and 2.4 represent the germline nucleotides. 

** The mutations at position 110 of clones 2.2 and 2.4 (9ay) are different from the mutations in the same 

codonn of clone 1.1 and 1.4. 

Itt is worth mentioning that some subclones were found in more than one follicl e (Fig. 2 

andd fig. 4): The IgM' subclone of sample 3a and 3b was also found in samples 2 and 4a and 

closelyy resembled the subclones of sample 1, 4b and 20a (1 nucleotide difference). Interestingly, 

thesee follicles are located adjacently (Figs. 1 and 4). However, the same samples yielded quite 

differentt IgG-sequences, not or less clearly related to each other. Furthermore, the IgM-

sequencess of sample 8a, 1 lb and 12 were the same, and closely resembled the IgM sequences 

off  7 and 9a (1 nucleotide difference). The IgM-sequences of 13a and 13b were the same as the 

IgM-sequencee from 6, and the 17a IgM-sequence was the same as the IgM-sequence from sample 

19.. Similarly, an identical IgG* subclone was found in samples l ib , 13a and 14b and in samples 

22 and 9a. In all these cases however no definite zonation could be assigned. 

Fiq.. 4: A schematic drawing of the 
unstainedd tissue section of FL8-'83. The 
circless represent the numbered follicles 
fromm which samples were taken, with 
smallerr closed circles representing the 
samples.. Labelling of samples with letters 
wass done from left to right, from top to 
bottom.. Black lines connect IgM-
expressingg subclones, dotted lines 
connectt IgG-expressing subclones with 
identicall mutation patterns 
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IsotypeIsotype switch variants do not seem to result from active class switching. 

Immunohistochemically,, no clear compartmentalization was found of the IgM- and IgG-

expressingg cells (data not shown). Accordingly, PCR analyses revealed that all dissected samples 

containedd both IgM- and IgG-transcripts (data not shown). In all samples, except one, nucleotide 

differencess between the isotype switch variants were observed. Only sample 2 contained an 

identicall  IgM- and IgG-expressing subclone. The average number of point mutation differences 

betweenn the class switch variants 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 

analyzedd for the presence of Sy-Sp switch circles by PCR and sequencing (Fig. 5). Whereas 

switchh circle products were abundantly amplified out of DNA of three different tonsils, from 

neitherr time points of FL 8 specific switch circle products were obtained (Fig. 5). 

Figuree 5: PCR analysis to detect Sy-Su switch 
circlee recombination products (upper panel). 
Thee first lane is the 1 kb DNA ladder (M). The 
lengthss of the bands are indicated on the left. 
Thee next three lanes show the PCR analysis on 
crudee tonsil material, whereas the latter two 
laness show this PCR on crude tissue material of 
FLL 8. The lower panel shows amplification of p2-
microglobulinn DNA from the same material. The 
amountt of amplifiable DNA (approximately 250 
ng)) had been stratified using this PCR on 32-
microglobulin.. Sequencing proved that the PCR 
productss derived from tonsil DNA (T1-T3) were 
indeedd switch circle recombination products, 
whereass the bands found in FL 8-'83 or its 
relapsee 8-'92 proved to be non-specific products 
(dataa not shown). 

FiberFiber FISH analysis of CHgene rearrangements in FL 8. To obtain more insight into the 

switchingg process in this FL, the configuration of the constant heavy chain gene locus of both 

timee points of FL 8 was analyzed by DNA fiber fluorescence in situ hybridization (FISH)23. 

Bothh the functional allele and the translocated allele were detected with probes specific for the 

JJ region, the different CH genes and the bcl-2 locus, respectively. Except for one translocated 

allele,, two functional alleles were detected in the sample from FL 8-'83, indicating that the 

COO <T> 
__ T - CNJ f > - , 

S i —— i— i— co co 
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isotypee switch variants were derived from different tumor cells (Table 1). The first functional 

allelee was a VDJ-rearrangement adjacent to Cu, and 4 Cy genes of the 3' CH cluster, with a 

downstreamm deletion of 2 Cy and 1 Ccc gene. The second allele showed a VDJ rearrangement 

adjacentt to a Cy gene of the 3' CH cluster. In fiber FISH analysis of FL 8-'92 we detected that 

thee translocated and functional allele were identical to those of FL 8-'83. In accordance with 

immunohistochemistry,, no VDJ-rearrangement adjacent to C\L was found (Table 1). 

Tablee 1: Configuration of the constant Ig heavy chain gene locus in FL 8 at both time points as assessed 

byy fiber FISH 

alleless CH configuration 

germlinee allele 1 Cu Co Cy3 Cy1 Cct1 Cy Cy Ca2 

germlinee allele 2 Cu Co Cy3 Cy1 Ca1 Cy Cy Cy Cy Ca2 

translocatedd allele* bcl-2 Cy1 Ca1 Cy Cy Ca2 

functionall IgM-allele 8-'83 VDJ CM Cö Cy Cy Cy Cy Ca2 

functionall IgG-allele 8-'83 VDJ Cy Cy Cy Ca2 

functionall allele 8-'92 VDJ Cy Cy Cy Ca2 

CHH genes are numbered where possible 

** the translocated allele was identical at both time points, and was derived from germline allele 1 

ClonotypicClonotypic relation ofFL cells at different time points. We noticed that the IgM-derived 

sequencess from samples 2, 3 a, 3b, 4a and the IgG-derived sequences from samples 2 and 9a of 

FLL 8-'83 were strikingly similar to the mutation pattern of the dominant IgG+ subclone at the 

secondd time point, 8-'92 (Fig. 2). In fact, these subclones in FL 8-'83 were more similar to the 

consensuss sequence of the relapse sample of nine years later, than to the overall consensus 

sequencee of IgNT or IgG+ tumor cells in the 1983 biopsy, as had been assessed by analyses on 

crudee tissue (Fig. 2) 8. The only difference is a replacement mutation at amino acid position 30 

whichh is present in FL 8-'92 but was not found in any of the sequences of FL 8-'83. Also, this 

particularr point mutation was not found in the bacterial clones derived from the IgM products 

off  sample 2, 3a and 3b and from the IgG product of sample 9a (Fig. 3). 

Inn our previous study, we analyzed the VH gene usage of three other FLs of which relapse 
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biopsiess were available 8. In these analyses, we also obtained circumstantial evidence for 

subclonee selection rather than clonal evolution in the course of disease. Based on the findings 

off  FL 8, we assayed the initial biopsies of FL 3 and 6 for the presence of the subclones that 

dominatedd their respective relapses. For this purpose, we designed time point-specific PCR 

primerss of which critical 3'-position(s) matched solely with the subclone sequences of the 

relapses.. Out of bulk cDNA of the first biopsy of FL 6 we could not amplify a product 

correspondingg with the major subclone of the relapse (data not shown). By contrast, out of cDNA 

off  FL 3-'93 we obtained a specific PCR product with 3-'95 specific primers. Sequencing of this 

productt proved that the subclone that dominated the 1995 lymph node was already present in the 

presentationn biopsy (Fig. 6). 

TCRGTCRG analyses of intrafollicular T cells. The proposed role for BCR ligands in 

lymphomagenesiss could imply that the tumor cells function as antigen presenting cells for the 

intrafollicularr T cells that might in turn provide essential growth signals. To acquire more insight 

intoo the T-cell repertoire of this FL, we analyzed T cell receptor gamma (TCRG) variable genes 

off  areas microdissected from the biopsies of both time points of FL 8. Since the TCRG locus, 

whichh has a limited repertoire, is rearranged early in T-cell development and remains unaltered 

evenn in TCRapV cells 21, TCRG rearrangements can be used as clonality markers. Samples of 

approximatelyy 100 cells were dissected from follicles of FL 8-'83, its relapse 8-'92, as well as 

fromfrom germinal centers of a tonsil tissue section. Out of the microdissected samples from FL 8 and 

tonsil,, PCR products were obtained of the four different Vy families. The frequencies of 

occurrencee of these families were strikingly similar between the FL and the tonsil (Table 2), with 

thee exception that in FL 8-'83 VyLV family products were detected in 11 of 33 samples (33%), 

comparedd to 11 % and 13% of the samples originating from the FL 8-'92 and tonsil, respectively. 

Al ll  PCR products found in FL 8, which appeared to contain only one clone in heteroduplex 

analyses,, were sequenced. Finally, of 13 Vyl PCR products (8 from 8-'83 and 5 from 8-'92), 6 

Vyl ll  products (4 from 8-'83 and 2 from 8-'92), 10 Vyll l products (4 from 8-'83 and 6 from 8-

'92)) and 5 VyrV products (3 from 8-'83 and 2 from 8-'92), readable sequences were obtained 

(dataa not shown). In these analyses, not a single Vy-Jy rearrangement was found more than once, 

stronglyy suggesting there is no dominating T-cell clone in FL 8. It must be realized that in 

contrastt to reactive germinal centers in tonsil or lymph node tissue, in which polyclonal T cells 

havee been described 28-29, a FL is dominated by antigen presenting cells of a single antigen 

receptorr specificity, i.e. the tumor cells. By consequence the potential repertoire of peptides 

presentedd by MHC class II molecules is restricted. In spite of this uniformity of antigen 

presentingg cells no indication for oligoclonality of T cells was obtained. 
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Tablee 2. TCRGV gene family products found in microdissection samples from FL 8 and tonsil tissue 

tissuee samples tested Vyl Vyll Vylll VylV 

8-'833 33 21(64%) 24(73%) 9(27%) 11(33%) 

8-'922 19 12 (63%) 12 (63%) 6 (32%) 2 (11%) 

tonsill 16 10 (63%) 14 (88%) 3 (19%) 2(13%) 

Discussion n 

Wee studied the processes of clonal evolution and isotype switching in a FL, that 

harbouredd IgM and IgG-expressing tumor cells of the same clonal origin. To obtain insight into 

thee distribution of the various subclones, we microdissected samples from neoplastic follicles and 

amplifiedd and sequenced VH -Cu. and VH-Cy transcripts. In these samples, we identified many 

subcloness scattered over the different follicles. Some of these subclones were found in more than 

onee area, also at relatively large distances. This is not what would be expected if the neoplastic 

follicless were sequestered compartments with their own clonal evolution, like normal GCs 30. 

Accordingly,, there was no clear subclone dominance in individual follicles: In 5 of 47 samples 

tooo many nucleotide differences were found between the duplo analyses to be able to assign a 

consensuss sequence. Moreover, in only 2 of the 9 follicles of which samples were taken from 

differentt areas of the same follicle (and led to interpretable results), the same VH sequences were 

obtainedd {Fig. 2). Follicles 1-4 and 20, however, seemed to be dominated by a particular IgM-

expressingg subclone (Fig. 2 and 4) and may represent the offspring of one founder cell. By 

contrast,, the majority of IgG-derived sequences of this area were significantly different, and not 

relatedd to each other. 

Figuree 6: Comparison of the sequences of FL 3 of both time points with the germline gene V3-7 (upper 

sequence).. Mutations compared to the germline gene are indicated, whereas a dash indicates homology 

withh the germline gene. A PCR with primers specific for the relapse 3-'95 was performed on cDNA from 

3-'93.. The sequences of the primers used for this "time point-specific" PCR are underlined. 
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Ourr analyses showed that in all rnicrodissected tissue samples, both IgM- and IgG-

transcriptss are present (Fig.2). The fact that by fiber FISH, one translocated allele and two 

distinctt functional alleles were found in FL 8-'83 (data not shown) indicates that these transcripts 

aree not the result of trans-splicing but derived from different cells. In general, non-identical 

mutationn patterns were found in the isotype switch variants within individual samples, except for 

samplee 2. The average number of point mutation differences between IgM and IgG sequences 

withinn the samples was 7.2. Moreover, despite significant intraclonal variation in both IgM- and 

IgG-derivedd sequences, the IgM sequences resembled each other more than they resembled the 

IgGG sequences, and vice versa. These findings argue against active class switching. The switch 

circle-specificc PCR analyses support this notion. We amplified abundant switch circle 

recombinationn products from bulk DNA of tonsil tissue (Fig. 5), which contains only a minor 

populationn involved in class switching. By contrast, from DNA of the FL, consisting of an almost 

puree population of switch variants of a single clone, no specific switch circle products could be 

amplified.. Furthermore, the fact that we found only one type of VDJ-Cy allele by fiber FISH, 

whichh was present in identical configuration in FL 8-'92, argues against active switching (Table 

1).. Although we cannot rule out that class switching occurs at very low frequencies in this FL, 

ourr findings demonstrate that the tumor cells are not 'frozen' in a stage in which the IgM+ cells 

aree all on the verge of H chain isotype switching. This, combined with the finding that, compared 

too the germline V3-23, 30 mutations were shared between the isotype switch variants, indicates 

thatt the isotype switch took place earlier, but after a substantial amount of somatic mutations had 

beenn introduced. In the literature, change of isotype expression in time has been documented in 

somee FLs, in one case concurrent with transformation to a diffuse lymphoma1314. In these reports 

however,, no PCR analyses were performed to detect pre-existent subclones and therefore it 

cannott be excluded that in these cases the isotype-switched clones were also already present at 

loww frequencies at the early time points. 

Comparisonn of the VH sequences of FL 8-'83 with the consensus VH sequence of its 

relapsee (8-'92) showed that both IgM- (samples 2,3a, 3b and 4a) and IgG-expressing subclones 

(sampless 2 and 9a) closely resembled the VH gene of the dominant IgG-expressing clone of FL 

8-'922 (Fig. 2). Whereas between the consensus IgG-expressing clones of 8-'83 and 8-'92 10 

pointt mutation differences were found8, these subclones only showed a difference of one point 

mutationn i.e. a replacement mutation at amino acid position 30 in the VH chain gene of FL 8-'92. 

Thiss close resemblance and the fact that we find significant intraclonal variation makes it likely 

thatt the dominant subclone of 8-'92 was already present in the presentation biopsy. This suggests 

thatt over time, subclone selection may have occurred, instead of evolution of a subclone by 
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continuedd somatic hypermutation combined with (antigen) selection. This notion was clearly 

confirmedd in FL 3, in which we previously found a decrease in number of somatic mutations 

overr time and successive mutation patterns that were not in favor of clonal evolution 8. Now, 

usingg subclone-speci fie primers we demonstrated that the clone that dominated the relapse 3- '95 

hadd already been present in the initial biopsy 3-*93 (Fig. 6). The fact that we find the same 

mutationn pattern at both time points, indicates either that there was no ongoing somatic 

hypermutationn or that its rate was very low in this FL. Since no significant intraclonal variation 

wass previously detected at either time point8, the frequency of this particular subclone must have 

beenn very low. In FL 6 this PCR approach was not successful. Interestingly, in this case, the 

numberr of somatic mutations had increased over time, from 44 to 50 mutations compared to the 

germlinee gene. Also, the successive mutation patterns were compatible with clonal evolution. To 

ourr knowledge this is the first proof of the selective outgrowth of an, initially minor, subclone 

inn the course of FL disease. Cleary et al reported for one FL, after anti-idiotype antibody 

therapy,, an increase in the number of somatic mutations as well as an increase in the degree of 

intraclonall  variation31. Based on the high intraclonal variation in both samples, it was suggested 

thatt the clones that prevailed after therapy might already have been present as minor subclones 

inn the initial biopsy 3Ï. Matolcsy et al. described a diffuse large B-cell lymphoma (DLBL) that 

hadd evolved out of a FL  !9. However, they were unable to detect, by PCR with subclone-specific 

primers,, the clonotype of the DLBL in the FL '9. This subclone was either not detected due to 

itss very low frequency, or because it was indeed not yet present as the FL mutated over time, 

possiblyy comparable to FL 6 of our study. However, the mutation patterns of this FL and its 

DLBLL relapse seemed to be more in favor of subclone selection than of clonal evolution ". 

Severall  investigators have performed sequence analyses of VH and/or VL genes of FLs. 

Basedd on the observed mutation patterns, intraclonal variation and genealogical relationships 

betweenn tumor subclones, a role for antigen-receptor ligands in lymphomagenesis has been 

proposedd l718. However, our findings suggest that despite these features,, FLs may not retain the 

capacitiess of somatic hypermutation and isotype switching. Moreover, the evidence we obtained 

forr subclone selection rather than clonal evolution, questions a role for BCR ligands in the 

growthh of at least some FLs. Also, as we obtained no indication of T cell oligoclonality in this 

FL,, we have no circumstantial arguments for a role of antigen via T-cell help in 

lymphomagenesis,, as has been proposed in gastric lymphomas of the mucosa associated 

lymphoidd tissue 33"35. In fact, the notion that FLs are functionally more crippled than generally 

assumedd is consistent with their histology. In most FLs, the neoplastic follicles are irregular and 

inn part ill-defined. This can be well appreciated in immunohistochemical stainings with the DRC-
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11 (anti-CD21L) antibody, in which the FDC networks, unlike normal germinal centers, often 

havee a non-homogeneous,'moth eaten'appearance. Based on these architectural characteristics, 

itt can be conceived that the formation of new 'follicles'may be a process of 'budding off from 

pre-existentt tumor nodules rather than the result of 'seeding' of founder cells. This implies that, 

whereass normal GCs form rather closed compartments that allow for their own transient 

evolution,, the neoplastic follicles may not be sufficiently sequestered, thus permitting 

interfollicularr tumor cell traffic, as has previously been proposed by Dogann et al36. By contrast, 

Voraa et al. reported that inter-GC migration of normal B-cells is rare or absent30. This tack of 

organizationn may interfere with strict BCR selection processes. We therefore think it is worth 

consideringg that the expansion of FLs may be independent of the quality of the BCR, but is based 

onn various other genetic alterations that occur during the course of disease and give selective 

growthh advantages. 
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Abstrac t t 

Low-gradee lymphomas derived from the mucosa-associated lymphoid tissue (MALT) are 

consideredd as (post) germinal center lymphomas, as their immunoglobulin (Ig) variable heavy 

andd light (VH and VL) chain genes are mutated. In addition, based on the intraclonal variation 

foundd in their IgV genes, MALT lymphomas are believed to be capable of ongoing somatic 

hypermutation.. Circumstantial evidence exists that antigen may play a role in the pathogenesis 

off  MALT lymphomas. To further address these issues, we analyzed VH and VL genes of 12 

MAL TT lymphomas of different origin and different heavy chain isotypes. Variable amounts of 

somaticc point mutations were found in the VH genes: 25 somatic mutations on average, with a 

rangee from 5 to 68. In general, VK genes were less mutated than their VJ( counterparts (20 

mutationss on average). The mutation patterns were indicative of selection for B-cell receptor 

expressionn in most cases. Interestingly, in one MALT lymphoma both IgM- and IgA-expressing 

isotypee switch variants were found with the same VDJ rearrangement, indicating that at some 

pointt in the development of this MALT lymphoma an isotype switch had occurred. To 

investigatee the specificity of these MALT lymphomas, the Ig receptors of 7 MALT lymphomas 

weree recombinantly produced as soluble antibodies and applied to stain tissue sections of the 

correspondingg lymphomas. No specific staining was observed, suggesting that the ligand of these 

lymphomass was not present in their environment. Among the 7 MALT lymphomas, one gastric 

MAL TT lymphoma was present. No H. pylori specificity of the lymphoma-derived antibody could 

bee demonstrated. Our data support the (post) germinal center origin of MALT lymphomas. No 

directt evidence was obtained for a role of BCR ligands in MALT lymphoma growth. 

68 8 



MolecularMolecular and functional analysis of B-cell receptors of MAL T lymphomas 

Introductio n n 

Lymphomass of mucosa-associated lymphoid tissue (MALT) are recognized as a distinct 

groupp of extra-nodal non-Hodgkin's lymphomas l*2. The tumor cells often grow in the areas 

surroundingg reactive follicles, but can also colonize normal germinal centers. In addition, they 

infiltratee the normal epithelial tissue to form lympho-epithelial lesions u . MALT lymphomas 

evolvee mostly at sites of chronic inflammation, which can be caused by autoimmune diseases or 

byy a chronic infection. For example, MALT lymphomas of the salivary glands are associated 

withh chronic sialadenitis, often in the context of Sjogren's syndrome 4~1, while MALT 

lymphomass of the thyroid are associated with Hashimoto's thyroiditis 8. Gastric MALT 

lymphomass occur in the context of Helicobacter pylori gastritis 9. The classification of MALT 

lymphomass differentiates between low grade, with mainly small cells, or high grade, with 

predominantlyy large cells. Although high grade MALT lymphomas may also arise de novo l0" , 

transformationn from low grade to high grade can occur, and both components can exist 

simultaneouslyy l2. 

Basedd on the association with chronic inflammation, either due to autoimmunity or 

infection,, it is believed that antigen stimulation plays a role in early stages of MALT 

lymphomagenesis.. Moreover, the notion that low grade gastric MALT lymphomas can be cured 

byy antibiotic H. Pylori eradication only, suggested that even during the tumor stage antigen plays 

aa growth-supporting role °. Analyses of the immunoglobulin variable (IgV) genes supported the 

conceptt of an antigen-driven pathogenesis of MALT lymphomas. The variable heavy and light 

chainn (VH and VL) genes of these lymphomas are reported to contain somatic mutations. The 

distributionn of these mutations suggests that antigen selection took place at some stage in Ig gene 

evolution14~16.. In addition, ongoing somatic hypermutation, possibly guided by antigen, has been 

reportedd ,s 21, a feature that the MALT lymphoma cells share with germinal center B cells. Of 

note,, whereas most normal mucosal B cells express IgA, most MALT lymphomas are of IgM 

isotypee U2. 

Althoughh many studies of the BCRs of MALT lymphomas allude to a role for antigen 

inn the pathogenesis of MALT lymphomas, virtually no data exist on the exact ligands that MALT 

lymphomass might recognize. We analyzed the VH and VL genes of 12 MALT lymphomas of 

differentt origin and different heavy chain isotypes. Moreover, the antigen specificity of 7 of these 

MALTT lymphomas was investigated by production of their Ig receptors as soluble antibodies. 

Thesee antibodies were labelled and applied to stain tissue sections of the corresponding 

lymphoma. . 
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Materia ll  and method s 

PatientPatient material. Fresh frozen tissue of 12 MALT lymphomas was obtained from 

thee departments of pathology of the Westeinde Hospital, the Hague, the Academic Medical 

Centerr and the Free University Hospital, Amsterdam, the Netherlands. Clinical data are 

summarizedd in Table 1. 

Tablee 1. Description of cases of MALT lymphomas analyzed in this study 

Patientt no. location sex grade age clinical and pathological 
information n 

m5* * 

m6-'95 5 

m6-'96* * 

m8* * 

m9* * 

m11* * 

m13 3 

m21 1 

m19 9 

m20 0 

m14* * 

m15* * 

m4 4 

parotidd gland 

stomach h 

stomach h 

parotidd gland 

tonsil l 

parotidd gland 

ileum m 

parotidd gland 

lung g 

lung g 

parotidd gland 

lacrimall gland 

thyroidd gland 

F F 

F F 

F F 

M M 

F F 

M M 

M M 

F F 

F F 

M M 

F F 

F F 

F F 

loww grade 

loww grade 

loww grade 

loww grade 

loww grade 

loww grade 

loww grade 

loww grade 

intermediatee grade 

loww grade 

intermediatee grade 

loww grade 

intermediate e 

64 4 

55 5 

55 5 

44 4 

58 8 

38 8 

63 3 

64 4 

74 4 

39 9 

70 0 

45 5 

60 0 

Sjogren'ss syndrome 

gastritis s 

unknown n 

unknown n 

unknown n 

unknown n 

Hashimoto'ss thyroiditis 

unknown n 

unknown n 

Sjogren'ss syndrome 

Sjogren'ss syndrome 

Sjogren'ss syndrome 

** tumor Ig derived from these MALT lymphomas was produced recombinantly 

Immunohistochemistry.Immunohistochemistry. Surface immunoglobulin (Ig) isotype expression was determined 

immunohistochemicallyy on cryostat sections, as described23. Monoclonal antibodies specific for 

humann Ig isotypes were purchased from DAKO (Glostrup, Denmark), except for anti-IgM, which 

wass obtained from Becton Dickinson (Erembodegem-Aalst, Belgium). Isotype expression of 

MAL TT lymphomas obtained from the Westeinde Hospital was assessed by immunofluorescence, 

ass described u. 
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DNADNA isolation, RNA isolation and cDNA synthesis. Total DNA was isolated from frozen 

tissuee sections of m6-'95 using the DNA20I reagent (Life technologies, Breda, the Netherlands), 

accordingg to the manufacturer's instructions. From frozen tissue sections of the other MALT 

lymphomas,, total cellular RNA was isolated using the TRIZOL reagent (Life technologies), 

accordingg to the manufacturer's instructions. cDNA synthesis was performed as described 24. 

PCRPCR reactions. The complementarity determining region 3 (CDR3) was amplified using 

aa forward primer with specificity for framework region 3 (FR3) in combination with reverse 

primerss specific for JH (JHseq), C î, Cy (Cy2), COL or Cö 23. Either, 1 \i\ of the cDNA reaction 

mixturee was used, or (for a nested PCR), 1 \i\ of PCR product from a VH family specific PCR 

wass used. The PCR mixture contained 1 XTaq buffer (20 mM TrisHCl, 50 mM KC1, pH 8.4), 0.2 

mMM of each dNTP, 1.5 mM MgCl2, 2 units of Taq polymerase (Life technologies) and 0.5 p.M 

off  each primer. First, 10 cycles of amplification were performed in the thermal cycler (PTC-100, 

MJJ research Inc., Watertown, MA), i.e. successively 30 s at 95 °C, 20 s at 57 °C and 20 s at 72 

°C.. The next 40 cycles of amplification consisted of 30 s at 95 °C, 20 s at 55 °C and 20 s at 72 

°C.. The reaction was completed for 6 min at 72 °C. PCR products were analysed on a 3% 

Metaphorr agarose gel (FMC Byproducts, Rockland, ME, USA). For the VH family-specific 

PCR,, reactions were performed with one of the VH family-specific leader primers23, combined 

withh the appropriate reverse primer, either JH, C ,̂ Cy or Ca. The PCR reaction mixture was the 

samee as for the CDR3-specific PCR, except that 1 unit of Taq polymerase and 0.25 uM of each 

primerr was used. Thirty cycles of 30 s at 95 °C, 30 s at 55 °C and 30 s at 72 °C were performed. 

Thee reaction was terminated for 6 min at 72 °C. The PCR products were analysed on a 1% 

standardd agarose gel (Sigma, St. Louis, MO, USA). For the VK family-specific PCR, reactions 

weree performed with one of the VH family-specific leader primers, combined with either a JK or 

aa CK primer 25. Conditions were the same as for the VH family-specific PCR. The VK-products 

weree first analyzed on a 1% agarose gel, subsequently by heteroduplex analysis to determine 

theirr origin of clonal tumor cells or polyclonal normal B cells26. Briefly, the PCR products were 

denaturedd for 5 min at 95 °C, then they were allowed to reanneal at 4 °C for at least 1 hour. The 

resultingg homo- and/or heteroduplexes were analyzed on a 6% non-denaturing polyacrylamide 

gell  and visualized by staining with ethidium-bromide. 

CloningCloning and sequencing of PCR products. PCR products were either directly sequenced 

orr first ligated into pGEM-T vectors (Promega, Leiden, the Netherlands) after excision from 

agarosee gel and isolation of DNA with the Qiaex kit (QIAGEN, Hilden, Germany). After 

transformationn into DHlOb bacteria (Life technologies) both strands of the inserts were 

sequencedd from 4 or more colonies to obtain the sequence of the dominant clone, the 'consensus 
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sequence'.. Sequencing was performed with an ABI sequencer (Perkin Elmer Corporation, 

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

accordingg to the manufacturer's instructions. The Taq error rate of our experimental design was 

determinedd to be 0.14%, which amounts to 0.4 mutation/VH clone23. 

AssignmentAssignment of mutations. The seqences found were compared to published germline 

sequences,, using the Vbase database 27 and DNAplot on Internet (http://www.genetik.uni-

koeln.de/dnaplot,, programmed by H.H. Althaus) to identify mutations. Mutations at the last 

nucleotidee position of the V gene were excluded from the mutational analysis, since they might 

resultt from nucleotide deletions at the joining sites. To calculate whether the excess or scarcity 

off  replacement mutations in the FRs had occurred by chance, we used the binomial distribution 

modell  as proposed by Chang and Casali2S. In B cells selected for antibody expression, there is 

aa counterselection for replacement (R) mutations in the FR. Often the ratios of replacement 

versuss silent (R/S) mutations in the CDRss are higher than expected, but these are not used by us 

ass arguments for or against antigenic selection, because additional R mutations in the CDRs can 

bee unfavorable in already selected high affinity antibodies 29. 

ExpressionExpression vectors. IgH(yl) expression vectors were produced by modification of the 

pRTMM 1 vector30. The IgH expression vector consists of a rearranged VDJ gene flanked by Clal 

andd Spel restriction sites, which were used to introduce a MALT lymphoma-derived VH gene. 

Thee Cyl gene is located downstream of the rearranged VH gene. The normal human IgH 

promotorr and enhancer sequences regulate expression of the recombinant IgH. The ampicillin 

resistancee gene, P-lactamase, and the geneticin resistance gene, aminoglycoside 

phosphotransferasee (neoR), are present for selection in bacteria and mammalian cells, respectively 

(Figg 1). An IgL expression vector, containing the CK gene, was modified from the pSVG-VK3 

vectorr 30. It consists of a rearranged VJ gene flanked by Clal and NotI restriction sites, which 

weree used to introduce a MALT lymphoma-derived VK gene. Expression of the recombinant IgK 

iss regulated by normal IgK promotor and enhancer sequences (Fig. 1). A more detailed 

descriptionn of the generation of these immunoglobulin expression vectors is available on request. 

Ass control antibody, the VH and VK genes of a heterohybridoma producing an anti-Rhesus (D) 

antibodyy (8D8)31 were amplified and cloned into the expression vectors. pRTMl and pSVG-VK3 

weree generously provided by Dr. Kipps (University of California, San Diego, CA). The IgH(y 1) 

andd the IgL(ic) vectors were kindly provided by Drs. J. van Es and T. Logtenberg (University 

Hospital,, Utrecht, the Netherlands). 
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Figuree 1. Structure of the plgH(y1) and plgL(K) plasmids used used for recombinant production of human 

antibodies. . 

A.. plgH(Yl) important regions: V„DJ„ flanked by B. plgL(K) important regions: V,J, Hanked by Clal 
Clall and Spel sites; Enh, the IgH enhancer region; and Notl sites; CK, exons encoding human CK 
Cy l ii exons encoding the human Cy1 constant constant region gene, 
region;; mem, Cyt membrane exon; neo, geniticin 
resistancee gene; ori, pBR322 origin of replication; 
amp,, ampicillin resistance gene. 

ProductionProduction and purification of recombinant antibodies. After linearization with Pvul, 

100 |ig of IgH(yl) and 10 u.g of IgL(K) were transfected into 10X106 sp2/0 mouse myeloma cells 

byy electorporation (960u,F and 250V) using 0.4 cm-gap cuvettes. The resulting transfectants were 

selectedd with 400 u.g/ml geniticin (Lif e technologies) in Iscove's modified Dulbecco's medium 

(IMDM ,, Lif e technologies), containing 10%FCS, 100 TU/ml penicillin and 100 u.g/ml 

streptomycin.. Production of the recombinant lymphoma-derived antibodies and the control anti-

Rhesuss D antibody 8D8, took place in serum free hybridoma medium (Lif e technologies), after 

whichh they were purified with protein G sepharose (Sigma), according to standard procedures. 

ImmunohistochemicalImmunohistochemical stainings with the MALT-lymphoma derived antibodies. The 

purifiedd MALT-lymphoma derived antibodies were labelled with fluorescein isothiocyanate 

(FITC),, according to routine procedure 32 and were used to stain frozen tissue sections of the 

correspondingg MAL T lymphoma according to three different methods. The first method 

consistedd of preincubation of the acetone-fixed tissue sections with 10% normal goat serum (Sera 

Lab,, Sussex, UK) in PBS for 10 min. After 1 h of incubation with the primary antibody, 

endogenouss peroxidase was blocked for 10 min with 0.1% NaN3, 0.3% H202 in PBS. 

Subsequently,, sections were incubated with rabbit anti-FITC (Dako) for 30 min, after which they 

weree incubated with biotin-conjugated swine-antirabbit (Dako). After incubation with a 

streptavidin-biotin-peroxidasee complex (Dako) for 30 min, horseradish peroxidase activity was 

detectedd with 3-amino-9-ethylcarbazole (AEC; Sigma, St. Louis, MO, USA) and 0.03% H202. 
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Sectionss were counterstained with haematoxylin (Merck, Darmstadt, Germany). The second 

methodd differed from the first method in that as tertiary antibody, anti-rabbit linked to 

peroxidase-conjugatedd Envision™ (Dako) was used. Next, AEC was used to detect peroxidase 

activity.. The third method consisted of the same pre-incubation with 10% normal goat serum 

(Seraa Lab) and incubation step with the primary antibody, as was done with method 1 and 2. 

Next,, the sections were incubated with alkalic phosphatase (AP)-linked sheep anti-FITC for 30 

minn and subsequently incubated with 0.24 mg/ml levamisole in 100 mM Tris-HCl (pH 8.5). 

Detectionn was performed with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate 

(NBT/BCIP;; Dako). The reaction was terminated with TE buffer (10 mM Tris, 1 mM EDTA). 

AnalysisAnalysis of H. pylori reactivity. The antibodies derived from m6 and, as negative 

controls,, from m5 and m9, were tested in an H. Pylori-specific ELISA (HM-CAP, Enteric 

Products,, New York) on reactivity with H. pylori. The antibodies were tested at concentrations 

off  10 ng/ml and 60 îg/ml, according to the manufacturer's instructions. 

BindingBinding of the control antibody 8D8 to erythrocytes. 200.000 Rh(D) positive 

erythrocytess were incubated in 100 \i\ with the recombinantly produced 8D8 antibody at 4°C for 

300 min. Cells were washed with PBS, and incubated with FITC-labelled rabbit anti-human IgG. 

Subsequently,, after washing, cells were analyzed on a FACScalibur (Becton Dickinson, San Jose, 

CA,, USA). All incubations were performed in 1% BSA in PBS. 

Result s s 

HeavyHeavy chain isotype expression. Ig heavy chain isotype and light chain restriction of the 

MAL TT lymphomas had been determined immunohistochemically and/or by Southern blot 

analysis.. Clonality and isotype were confirmed in all cases by amplifying the CDR3 region with 

aa FR3 primer in combination with a JH primer or a constant heavy (CH) chain primer. 8 MALT 

lymphomass expressed IgM at the RNA level, 2 expressed IgA and 1 expressed IgG (Table 2). 

Fourr of the IgM-expressing lymphomas co-expressed IgD mRNA. Interestingly, one MALT 

lymphomaa (no. 20) gave rise to sharp bands with JH and Cu. as well as Ca downstream primers 

inn the CDR3-specific PCR (Table 2, fig. 2). In accordance, both IgM- and IgA-expressing cells 

hadd been found immunohistochemically. Independent sequencing of the VH-C|i and the VH-Ca 

productss indicated that the isotype variants harboured the same VDJ rearrangement. 
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Tablee 2. VH gene analysis of MALT lymphomas 

Patient t 

no. . 

m5 5 

m6-'95' ' 

m6-'96 6 

m8 8 

m9 9 

m11 1 

m13 3 

m21 1 

m19 9 

m20 0 

m14 4 

m15 5 

m4 4 

HH chain isotype 

(protein)* * 

nd d 

nd d 

igM M 

IgM M 

IgM4 4 

IgM M 

nott clear 

IgM,, partly 

IgD D 

IgM M 

IgM.. IgA 

igA A 

nd d 

nott clear 

(RNA)* * 

M M 

nd d 

M M 

M.Ö Ö 

M.Ö Ö 

M M 

M M 

M.ö ö 

M.. Ö 

u.. a 

a a 

a a 

Y Y 

VH H 

family y 

V„ 3 3 

VH3 3 

V_3 3 

V„3 3 

VH1 1 

V„1 1 

V„4 4 

V„3 3 

VM3 3 

V„4 4 

VH3 3 

VH1 1 

VH3 3 

closestt germline 

gene e 

V3-7 7 

V3-7 7 

V3-7 7 

V3-30A/3-30.5 5 

(DP49) ) 

V1-69(DP10) ) 

V1-69(DP10) ) 

V4-30.1/V4-31 1 

(DP65) ) 

V3-23 3 

V3-53 3 

V4-30.44 (DP78) 

V3-23 3 

V1-18 8 

V3-23 3 

no.. of 

mutations s 

(%) ) 

17(5.8) ) 

16(5.4) ) 

15(5.1) ) 

266 (8.8) 

88 (2.7) 

11(3.7) ) 

144 (4.7) 

233 (7.8) 

29(10) ) 

5(1.7) ) 

43(15) ) 

46(16) ) 

688 f (23) 

DD gene 

D3-3/DXP4 4 

D3-22/D21-9 9 

D3-22/D21-9 9 

na a 

na a 

D6-13/DN1 1 

na a 

D4-b b 

na a 

na a 

na a 

na a 

na a 

JH H 

gene e 

JH3b b 

JH3b b 

JH3b b 

JH5 5 

JH4b b 

JH4b b 

JH4 4 

JH4b b 

JH4b b 

JH3b b 

JH6 6 

JH4b b 

JH4b b 

intraclonal l 

variation n 

(no.. of 

clones s 

sequenced) ) 

0.88 (5) 

nd d 

1.0(5) ) 

nd d 

nd d 

3.00 (7) 

1 8 ( 5 ) ) 

0.77 (6) 

nd d 

nd d 

2.33 (6) 

0(5) ) 

0.88 (5) 

** heavy chain isotype expression as determined immunohistochemically or by PCR 
55 IgD expression was not determined immunohistochemically 
11VHH gene analysis was performed with DNA instead of RNA 
11 one codon was deleted (no. 52a) 

JJ |i y a Ö 

1 0 0--

Fiqur ee 2. RT-PCR analysis on the CDR3 
regionn of MALT lymphomas m20. The FR3 
primerr was used as upstream primer , in 
combinationn with the JHseq, Cu, Cy2, Ca and 
Cöö downstream primers, as indicated above 
thee lanes. 
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UsageUsage of immunoglobulin variable genes. The VH genes were amplified with family 

specificc VH leader primers in combination with either a primer specific for the JH region or with 

CHH isotype-specific primers. The clonal origin of the VH gene products was confirmed by anested 

CDR3-specificc PCR on the amplified VH products. We selected the VH gene products of which 

thesee nested CDR3-products were identical in size compared to the original CDR3-products. 

Next,, the identified VH genes were sequenced, either directly or after cloning. VH3 family genes 

weree used in 7 of 12 MALT lymphomas (58%). Expression of VH1 and VH4 genes was found 

inn 3 cases (25%) and two cases (17%), respectively. Two of three VH1-expressing MALT 

lymphomas,, located in the tonsil and parotid gland, respectively, used the Vl-69 gene. 

Interestingly,, this gene was reported to be preferentially used in salivary gland MALT 

lymphomass 1U3. By using the Vbase program and the stringent rule to identify D genes, we were 

ablee to assign 4 D genes only, D3-3/DXP4, D3-22/D21-9, D6-13/DN1 and D4-b. The JH4 gene 

wass used in 7 cases (58%), the JH3 gene was used in 3 cases (25%) and the JH5 and JH6 gene 

weree each used once (8%). 

Fromm 9 out of 10 IgK-expressing MALT lymphomas, we determined the VK-gene 

expression:: 5 used VKffl-famil y genes (56%), 2 cases used VJ-family genes (22%), whereas VJI 

andd VJV family genes were each used once (11%). The JK1 and JK4 genes were used in 5 and 4 

cases,, respectively (Table 3). 

Tablee 3. V„ gene analysis of MALT lymphomas 

patientt no. 

m5 5 

m6-'96 6 

m8 8 

m9 9 

m11 1 

m21 1 

m14 4 

m ll 5 

m4 4 

V,, family 

V.III I 

V,lll l 

v«i i 

V.III I 

V.III I 

VJII I 

V.II I 

V.IV V 

v.i i 

V.. gene 

L16 6 

L22 (DPK21) 

02 /012 2 

A27 7 

A27 7 

A27 7 

A19 9 

B33 (DPK24) 

L99 (Ve) 

no.. of 

mutationss (%) 

99 (3.2) 

5(1.8) ) 

277 (9.5) 

22 (0.69) 

11 (0.35) 

13(4.5) ) 

511 (17) 

17(5.6) ) 

58(20) ) 

J,, gene 

U U 

U U 

J.4 4 

JJ J 

J,1 1 

J.1 1 

J.4 4 

J»4 4 

J*4 4 

intraa dona I variation (no. of 

clones) ) 

1.0(5) ) 

0.44 (5) 

nd d 

nd d 

1.5(6) ) 

0.55 (4) 

1.2(6) ) 

9.33 (6) 

0.55 (4) 
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AnalysisAnalysis of number and pattern of somatic mutations. Most of the expressed VH genes 

weree heavily mutated (Table 2). On average 25 somatic mutations (9%) were found compared 

too the respective germline genes, with a range of 5 to 68 mutations. The average number of 

somaticc mutations in V, genes was 20 (7%), with a range of 1 to 58 mutations (Table 3). 

Interestingly,, in 7 of 9 cases the VK genes contained less mutations than their VH gene 

counterparts,, which is in line with findings for normal germinal center B cells u and for FLs 2S-3-\ 

Analysiss of the mutation patterns, using the binomial distribution model described by Chang and 

Casali28,, showed that in the FRs of 8 of 12 VH chain genes and 4 of 9 VK chain genes, the number 

off  R mutations was significantly lower than the number that would be expected if the mutations 

hadd occured at random and in the absence of selective pressure (Table 4). 

Off  one MALT lymphoma, tissue was available from two time points, m6-'95 and m6-'96, 

spanningg a time interval of 9 months. At the first timepoint, m6-y95, the V3-7 gene was found 

too contain 16 somatic mutations, whereas at the second timepoint, m6-'96,15 somatic mutations 

weree found. All mutations were identical, except for one replacement mutation at codon 13 in 

thee VH gene of m6-'95 that was not found in the FR1 of m6-'96. 

IntraclonalIntraclonal Vgene diversity. The intraclonal variation was determined by analyzing at 

leastt 4 molecular clones of VH or VK gene PCR products of 8 and 7 MALT lymphomas, 

respectively.. In most cases (6 of 8 VH genes and 6 of 7 VK genes), intraclonal variation above Taq 

errorr frequency was found. For VH genes it ranged from 0.7 (m21) to 3 mutations per clone (mil , 

Tablee 2). For VK genes it ranged from 0.5 mutations (m21) to 9.3 mutations per clone (ml5, 

Tablee 3). In 5 of 7 lymphomas, the V gene diversity was somewhat less in VK genes than in VH 

genes.. However, in m5 and ml5 a higher intraclonal variation was found in the VK genes than 

inn their respective VH gene counterparts. Remarkably, although the VH gene of m 15 did not show 

intraclonall  variation, exceptionally high intraclonal variation was found in the VK gene (9.3 

mutationss per clone, Table 3). 

ReactivityReactivity of the recombinantly produced lymphoma-derived antibodies. Of 7 MALT 

lymphomas,, nos. m8, m9, mil , ml4, ml5, m5 and m6-'96, and of a human anti-Rhesus (D) 

heterohybridomaa 8D8, the VH and VL genes were cloned into expression vectors that already 

containedd the Cy and CK genes, respectively. After cotransfection of these vectors into sp2/0 

cells,, the MALT lymphoma-derived B-cell receptors were produced as soluble antibodies. 

Productionn of both heavy and light chains of the correct size by the sp2/0 cells was verified by 

SDS-PP AGE (data not shown). Only the cells transfected with the expression vectors derived from 

mll  5 had a relatively low level of light chain production. The unlabelled 8D8 antibody bound to 

erythrocytes,, as detected by flow cytometry, indicating that our technique of producing 
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recombinantt antibodies was effective. Tissue sectionss of the different MALT lymphomas were 

stainedd with their corresponding FITC-labelled lymphoma-derived antibodies. No specific 

bindingg of the MALT lymphoma-derived antibodies was observed with any of the staining 

methodss used. In addition, the antibodies derived from m6-'96, a gastric MALT lymphoma, or, 

ass negative controls, from m5 and m9, showed no H. pylori reactivity as assayed in a specific 

ELISA. . 

Tablee 4. Analysis of somatic mutation patterns in MALT lymphomas 

patientt no. V„/V, gene total no. of observed mutations in the FR p-value* 

V3-7 7 

L16 6 

V3-7 7 

V3-7 7 

L2 2 

V3-30 0 

02 /012 2 

V1-69 9 

A27 7 

V1-69 9 

A27 7 

V4-30.11 A/4-31 

V3-23 3 

A27 7 

V3-53 3 

V4-30.4 4 

V3-23 3 

A19 9 

V1-18 8 

B3 3 

V3-23 3 

L9 9 

17 7 

9 9 

16 6 

15 5 

5 5 

26 6 

27 7 

8 8 

2 2 

11 1 

1 1 

14 4 

23 3 

13 3 

29 9 

5 5 

43 3 

51 1 

46 6 

17 7 

68 8 

58 8 

R R 

1 1 

3 3 

3 3 

2 2 

1 1 

5 5 

13 3 

3 3 

0 0 

3 3 

1 1 

7 7 

8 8 

2 2 

8 8 

3 3 

10 0 

16 6 

15 5 

5 5 

24 4 

14 4 

s s 
9 9 

5 5 

8 8 

8 8 

2 2 

7 7 

6 6 

3 3 

1 1 

1 1 

0 0 

3 3 

7 7 

2 2 

11 1 

0 0 

14 4 

19 9 

t 3 3 

3 3 

20 0 

20 0 

R/S S 

0.1 1 

0.6 6 

0.4 4 

0.3 3 

0.5 5 

0.7 7 

1.6 6 

1 1 

0 0 

3 3 

--
2.3 3 

1.1 1 

1 1 

0.7 7 

--

0.7 7 

0.8 8 

1.2 2 

1.7 7 

1.2 2 

0.7 7 

0.57 7 

0.11 1 

<0.005 5 

<0.001 1 

0.11 1 

«5.0001 1 

0.11 1 

0.14 4 

--
0.031 1 

--
0.19 9 

0.015 5 

<0.005 5 

<0.001 1 

0.34 4 

<0.0001 1 

<0.005 5 

<0.0001 1 

0.027 7 

<0.0001 1 

<0.0001 1 

PP values indicate the probability that the number of R mutations observed in the FRs was obtained by 

chance.. P values in boldface type indicate significance (P<0.05) 

** See Chang and Casali28 

m5 5 

m6-'95 5 

m6-'96 6 

m8 8 

m9 9 

m11 1 

m13 3 

m21 1 

m19 9 

m20 0 

m14 4 

m15 5 

m4 4 
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Discussion n 

Inn this study, we explored the concept of antigen-driven pathogenesis of MALT 

lymphomas.. To this end, we analyzed the VH and VL genes of 12 MALT lymphomas of different 

anatomicall  origin and heavy chain isotype, and tested the specificities of antibodies derived from 

77 low-grade and one intermediate grade MALT lymphoma. 

Ourr present data, combined with data from literature ,6~19, indicate that the VH gene usage 

off  both low- and high-grade MALT lymphomas is similar to the usage of normal B cells 3637. 

However,, location-related differences may exist. A biased use of V1 -69 gene segments in salivary 

glandd MALT lymphomas was reported ,8,33, as well as in myoepithelial sialadenitis-associated 

cloness out of which MALT lymphomas may develop 20. We found the VI-69 gene segment in 

22 of 3 VHl-expressing lymphomas, originating from tonsil and parotid gland, respectively. 

Strikingly,, both these MALT-lymphomas, m9 and ml 1, used the A27 VK gene, which was also 

associatedd with 3 Vl-69 expressing salivary gland lymphomas described by Bahler et all8. In 

addition,, Miklós et al reported a high degree of VH-CDR3 similarity among Vl-69 expressing 

MALTT lymphomas, with respect to amino acid sequence and length 33. In our study, great 

differencess were observed between m9 and m 11 in both VH-CDR3 sequence and length (data not 

shown).. The CDR3 amino acid sequence of m9, a tonsillar MALT lymphoma was not similar to 

anyy of the published Vl-69 sequences of salivary gland MALT lymphomas 18'33. Remarkably 

however,, the CDR3 sequence of ml 1, derived from the parotid gland, showed a high degree of 

homologyy with the sequence of a salivary gland MALT lymphoma that used V1 -69, as published 

byy Miklós et al33: 7 of 12 amino acids are identical (Fig. 3). Of the 5 mutated amino acids, 2 

belongedd to the same amino acid group. Interestingly, Miklós et al reported in 5 of 8 Vl-69 

expressingg lymphomas conserved amino acid motifs, a glutamate-arginine-glycine (ERG) motif 

att the V-D junction and an asparagine-proline (NP) motif at the D-J junction, which were encoded 

mostlyy by N nucleotides ". Since part of these motifs is also found in ml 1, it is tempting to 

speculatee that similar epitopes may be recognized by these salivary gland MALT lymphomas. 

Thee CDR3-sequence of parotid gland lymphoma m5, which expressed the V3-7 gene, was not 

similarr to that of the V3-7 expressing salivary gland lymphoma, SGL10 ", nor to that of the 

gastricc lymphoma, m6. Interestingly however, SGL10 and m6 used the same V, D and J genes 

andd were strikingly similar in amino acid composition: 13 of 17 amino acids are identical (Fig. 

3)--
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E G I A A A V N P F D Y Y 
m i ll  D6-13/DN1 GAG GGC ATA GCA GCA GCT GTC AAT CCC TTT GAC TAC 

-- - -T - - GT -

E G R A A V T N P I D F F 
GAAA  GOG AGS GCT GCT GTG ACT AAT CCA ATT GAC TTC JH4 

- -AA -GT -A-

G D Y F D S S G S F I D A F D I I 
GGCC GAT TAT TTT GAT AGT AGT GGT TCT TTC ATT GAT GCT TTT GAT ATC JH3b 

G D Y Y D S S G Y F S D A F D T T 
SGL100 D3-22 GGA GAT TAC TAT GAT AGT AGT GGT TAT TTC TCC GAT GCT TTT GAT ACC 

___ . . . ___ ___ ___ ___ ___ . . . _A_ . . . . . . . . . . . . - T -

Figuree 3, Comparison of the CDR3 sequences of MALT lymphomas. The CDR3 of ml 1 was compared 

withh that of salivary gland lymphoma no. 4 (SGL4)33. Both MALT lymphomas used the V1-69 and JH4 

gene.. Although different D genes are used, a remarkable similarity is found. The CDR3 sequences of the 

V3-77 expressing m6 and salivary gland lymphoma no. 1033 were compared. Both lymphomas use the D3-

222 and the JH3b genes. SGL4 and SGL10 were described by Miklós et a/33. Each sequence is compared 

withh the germline D and J gene segments. "-" indicates homology, whereas the letters represent the 

mutations.. Nucleotides presumed to result from N additions are depicted in bold. 

Thee number of somatic mutations in the IgV genes of our group of MALT lymphomas 

wass found to be highly variable: a range of 5 (1.7%) to 68 (23%) was found in the VH gene with 

ann average of 25 mutations (9%). The VK genes contained 1 (0.4%) to 58 (20%) somatic 

mutationss with an average of 20 (7%). In general, the VH genes were more heavily mutated than 

theirr VK counterparts, similar to what has been reported for normal antigen-experienced B cells 
344 and follicular lymphomas 25-35. Although not statistically significant (p=0.14, as determined 

withh the Mann-Whitney two-sample test), within this study group isotype-switched MALT 

lymphomass generally contained more somatic mutations than IgM-expressing MALT lymphomas 

(Tablee 2 and 3). This was also reported for normal B cells34-38'39 and for follicular lymphomas24. 

Off  one MALT lymphoma, we analyzed samples from 2 time points spanning an interval 

off  1 year. Whereass the expressed V3-7 gene contained 16 somatic mutations at the first timepoint 

(m6-'95),, 15 mutations were found 9 months later. The most likely explanation is that a different 

subclone,, which had a lower number of somatic mutations, had gained growth advantage over 

time. . 
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Mostt MALT lymphomas analyzed at the clonal level, showed significant intraclonal 

variationn in both the VH and/or the VK genes (Table 2 and 3). In the majority of the tumors the 

degreee of intraclonal variation was similar or slightly lower in VK genes. However, although in 

mm 15 both the VH and VK genes were somatically mutated and no intraclonal variation was found 

inn the VH gene, there was an extremely high intraclonal variation in the V^ chain gene (9,3 

somaticc mutations per clone). Apparently, after the VH gene had accumulated a high amount of 

somaticc mutations (46 mutations), the somatic mutation process had thereafter been targeted at 

thee VK chain only. We recently reported a similarly striking difference in intraclonal variation 

betweenn the VH and VK gene in a case of FL25. To our knowledge, this has not been described for 

normall  B cells. Potentially, this difference in intraclonal variation can be ascribed to either 

structurall  alterations in the IgH locus or to specific targeting of the mutation machinery. Of note, 

noo light chain expression was detected on the cell surface of this MALT lymphoma. In 

accordance,, production of tumor Ig resulted in effective IgH chain production, whereas the 

productionn of IgK was low (data not shown), suggesting that the configuration of the light chain 

wass not compatible with efficient expression. Although it is unknown whether a causal relation 

existss between the inability of the cells to produce light chains and the high intraclonal variation, 

itt is tempting to speculate that the cells alter their VK gene by somatic mutation in an attempt to 

acquiree a suitable light chain. In this context, it is noteworthy that somatic hypermutation in an 

out-of-framee TCR a-chain of a T-cell hybridoma has recently been described. Interestingly, in 

thiss hybridoma, the mutational process ceased after somatic hypermutation caused re-opening of 

thee reading frame, suggesting that these events were connected40. 

Remarkably,, m20 was shown to contain both IgM- and IgA-expressing tumor cells of the 

samee clonal origin (Fig. 2). This indicates that at some time in the development of this lymphoma 

aa heavy chain isotype switch had occurred. The VH-Cp. and VH-Ca PCR products derived from 

thiss lymphoma were identical. Only 5 somatic mutations (1.7%) were found compared to the 

germlinee gene V4-30.4 (DP78). To our knowledge, this is the first study in which the existence 

off  functional isotype switch variants in a MALT lymphoma is documented. Only one other 

reportt described a MALT lymphoma that might contain IgM- and IgG-expressing tumor cells41. 

However,, the immunohistochemical stainings in this study were not confirmed by VH gene 

analyses.. Also, Nardini et al suggested that MALT lymphomas, in spite of their often preserved 

IgM-phenotype,, have reached a differentiation stage in which isotype switching can occur. This 

notionn was based on the finding of illegitimate switch recombinations in IgM-expressing or Ig-

negativee low- and high-grade MALT lymphomas 42. Similar to what was shown for follicular 

lymphomas,, deletions in the Sfi switch regions may cause their inactivation 43, thus preventing 
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thee IgM-expressing MALT lymphomas to perform a productive isotype switch. This may explain 

thee preserved IgM isotype of the majority of MALT lymphomas. 

Wee did not detect specific staining with the recombinantly produced tumor Ig of 7 MALT 

lymphomass on corresponding tissue sections. In addition, no reactivity with H. pylori could be 

demonstratedd for the gastric MALT lymphoma m6-'96 in a specific ELISA (HM-CAP). These 

negativee stainings were not due to inadequate antibody production, as we detected by SDS-PAGE 

heavyy and light chain proteins of the correct size (data not shown). In addition, the recombinantly 

producedd 8D8 antibody had retained its original specificity, i.e. for anti-red blood cells, indicating 

thee feasibility of our technique. Theoretically, we cannot exclude that FITC-labelling interferes 

withh the antigen-binding capacity of produced antibodies. Our data therefore suggest that no 

ligandss for the Ig receptors of the MALT lymphomas tested are present in the tissue sections. In 

fact,, virtually no evidence for this assumption is available in literature either. Greiner et al also 

madee an antibody derived from a single gastric MALT lymphoma using the heterohybridoma 

technique,, and did not observe binding to H. pylori44. Using the same approach however, the 

samee group claimed reactivity of Ig derived of 13 MALT lymphomas with different mucosal 

antigens,, such as mucosal plasma cells, smooth muscle, or thyroid, lung or gastric epithelium45. 

However,, no stainings were shown by these investigators and so far the exact nature of these 

potentiall  ligands has not been clarified. Hussell et al used anti-idiotype antibodies to detect 

bindingg of MALT lymphoma Ig on tissue sections and found reactivity with follicular dendritic 

cellss or postcapillary venules 46. The specificity of this binding was difficult to judge, and also 

here,, no molecular identification of the potential ligands has been reported. Interestingly, tumor-

infiltratingg T cells present in gastric MALT lymphomas were shown to react to H. pylori in a 

strain-specificc manner, whereas the corresponding tumor cells did not. This suggested that H. 

Pylori-specificc T cells support the growth of the lymphomas by providing the necessary growth 

factorss and/or contact-dependent help47-48. In this scenario, no role for specific tumor ligands is 

needed. . 

Inn summary, our analyses of IgV genes indicate that antigen-driven growth must have 

occurredd during early stages of development of the tumor cells and thereby confirm previous 

reports.. However, our data do not provide evidence that antigen-receptor ligands drive the growth 

off  the transformed cells. 
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VHH Gene Analysis of Primary Cutaneous B-Cell Lymphomas: Evidence for 
Ongoingg Somatic Hypermutation and Isotype Switching 

Byy W.M. Aarts , R. Willemze , R.J. Bende , C.J.L.M . Meijer , ST. Pals , and C.J.M. van Noese l 

Primar yy cutaneou s B-cel l lymphoma s at* B-cel l non-Hodgkln' s 
lymphoma ss tha t aris e in the skin . Tha majo r subtype s 
discerne dd are follicle  cente r cel l lymphomas , immunocyto -
mass (margina l zone B-cel l lymphomas) , and larg e B-cel l 
lymphoma ss of the leg.. In thi s study , we analyze d the variabl e 
heavyy chain (VH) genes of 7 of thes e lymphomas , ie, A follicl e 
cente rr  cal l lymphoma s (diffus e large-cel l lymphomas ) and 3 
immunocytomas .. We sho w tha t all thes e lymphoma s carry 
heavil yy  mutate d VH genes , wit h no obviou s bias in VH gene 
usage .. The low ratio s of replacemen t versu s silen t mutation s 
observe dd in the framewor k region s of 5 of the 7 lymphoma s 

sugges tt  tha t the structur e of the B-cel l antige n recepto r was 
preserved ,, as in norma l B cell s tha t are selecte d for antibod y 
expression .. Moreover , evidenc e for ongoin g mutatio n was 
obtaine dd in 3 immunocytoma s and in one lymphom a of 
large-cel ll  type . In addition , in 1 immunocytoma , bot h IgG-
andd IgA-eipressin g clone s were found , indicativ e of isotyp e 
switching .. Our data provid e insigh t int o the biolog y of 
primar yy cutaneou s B-cel l lymphoma s and may be of signifi -
cancee for thei r classification . 
©© 1998 by The American  Society  of  Hematology. 

PRIMARYY CUTANEOUS B-cell lymphomas (PCBCLs) are 
definedd as B-cell non-Hodgkin's lymphomas (B-NHLs) 

thatt arise in the skin, with no evidence of extracutaneous 
diseasee for a period of at least 6 months after diagnosis. 
PCBCLss generally have a much better prognosis than nodal 
B-NHLss of comparable histologic subtype.'J The European 
Organizationn for Research and Treatment of Cancer (EORTC) 
hass proposed a new classification for PCBCLs, based on 
clinical,, histological, and immunological criteria.3 The major 
subtypess are primary cutaneous follicle center cell lymphomas 
andd immunocytomas (marginal zone B-cell lymphomas), both 
off  indolent clinical behavior. Another group of PCBCLs, ie, 
largee B-cell lymphomas of the leg, is considered to be of 
intermediatee malignancy. Two provisionally designated entities 
aree intravascular large B-cell lymphomas and plasmacytomas. 

Althoughh the nomenclature of PCBCLs suggests an estab-
lishedd relationship with nodal B-NHL counterparts and/or with 
differentiationn stages of normal B-cell ontogeny, virtually no 
dataa are as yet available on the composition of the B-cell 
antigenn receptors (BCR) of PCBCLs. Normal B-cell maturation 
iss characterized by stepwise alterations of the BCR. Naive B 
cellss carry unmutated Ig variable heavy chain and light chain 
geness that are expressed at the cell surface as IgM and IgD 
isotypes.4-55 In germinal centers of secondary follicles, B cells 
proliferatee and compete to bind antigens that are exposed at the 
surfacee of follicular dendritic cells (FDCs).*  Recognition of 
antigenn elicits signals essential for proliferation and differentia-
tion.. During the subsequent cell divisions, somatic mutations 
aree introduced in the variable Ig genes (reviewed by Kocks and 
Rajewsky7).. Because of strict selection processes, the germinal 
centerr reaction finally yields B cells with nonrandom patterns of 
somaticc mutations and augmented affinity for the recognized 
antigens.99 These post-germinal center cells, either memory B 
cellss or plasma cells, often express heavy chain isotypes other 
thann u and 8,4B which has implications for the effector functions 
off  the secreted Ig. 

Too obtain information on the maturational state of PCBCLs, 
wee analyzed the variable heavy chain (VH) region genes of 7 of 
thesee lymphomas. We show that they all carry significantly 
mutatedd VH genes with mutation patterns reminiscent of 
antigenn selection processes. This finding indicates that PCBCLs 
aree derived from germinal center cells or their descendents. 
Moreover,, evidence was obtained for ongoing somatic hypermu-
tationn and isotype switching, features that are shared with 

extracutaneouss B-NHLs of mucosa-associated lymphoid tissue 
(MALT)) and follicular lymphomas. 

MATERIALSS AND METHODS 

PatientPatient material Tissue material of 7 PCBCLs, ie, 4 follicle center 
celll  lymphomas, 3 immunocytomas {marginal zone B-cell lymphomas), 
andd 1 pseudo lymphoma, was obtained from the Departments of 
Dermatologyy and Pathology of the Free University Hospital and the 
Departmentt of Pathology of the Academic Medical Center (Amsterdam, 
Thee Netherlands). The diagnoses were based on the characteristic 
clinicall  and histologic criteria, described previously.3 The follicle center 
celll  lymphomas showed a predominance of centroblasts and are further 
referredd to as diffuse large B-cell lymphomas. Follow-up data con-
firmedfirmed the favorable prognosis of these lymphomas, with all patients 
alivee and in complete remission 12 to 106 months after diagnosis. The 
clinicall  and histological data of the 8 patients are summarized in 
Tablee I. 

ImmunohistochemistryImmunohistochemistry The expression of surface Ig isotype, CD70, 
andd the presence of FDCs was determined immunohistochemically on 
cryostatt sections. Monoclonal antibodies specific for human lg isotypes 
andd CD21L (DRC-1) were purchased from DAKO (Glostrup. Den-
mark),, except for anti-IgM, which was obtained from Becton Dickinson 
(Erembodegem-Aalst.. Belgium). CLB-CD7071, specific for CD70, was 
aa kind gift from Dr RAW. van Lier (Central Laboratory of The 
Netherlandss Red Cross Blood Transfusion Service, Amsterdam, The 
Netherlands).. Acetone-fixed tissue sections were pretneubated with 
10%% normal goat serum (Sera Lab, Sussex, UK) in phosphate-buffered 
salinee (PBS) for 15 minutes. After I hour of incubation with the primary 
antibody,, endogenous peroxidase was blocked for 10 minutes with 0.1% 
NaNj,, 0.3% H1O2 in PBS. Subsecjuently, sections were incubated with 
biotin-conjugatedd rabbit antimouse (Dako) for 30 minutes After 
incubationn with a streptavidin-biotin-peroxidase complex (Dako) for 30 
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Taa hl * 1. Descriptio n of Cssw of PC8CL Analyze d in This Stud y 

II mmu nohi stoch em istry 

Patientt No. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

Morphologyy (type) 

Largee B-cell l y m p h o m a 

Largee B-cell l y m p h o m a 

Largee B-cell l ymphoma 

Largee B-cell l y m p h o m a 

Immunocy toma a 

Immunocy toma a 

Immunocy toma a 

Pseudd o l ymphoma 

Egg l5ctype 

IgG G 

Nott clear 

IgM,, IgD 

IgM,, IgD 

IgM,, faint IgD 

IgM,, IgD 

Nott clear 

ND D 

Age e 
lyrl l 

40 0 

68 8 

66 6 

58 8 

56 6 

74 4 

80 0 

46 6 

Head d 

Thoraxx left 

Leftt hip 

Elbow,, shoulder 

Rightt leg 

Chin n 

Face e 

Nose e 

Abbreviationn ND, not determined. 
** + , minimal remnants; + + , nodular networks; ^,^, extensive, ill-defined FDC networks. 

minutes,, horseradish peroxidase activity was detected with 3-amino-9-
ethylcarbazolee (Sigma. St Louis, MO) and 0 .03*  HiOi. Sections were 
counterstainedd with haematoxylm (Merck, Darmstadt, Germany), 

RNARNA isolation and cDNA synthesis. Total cellular RNA was iso-
latedd from frozen tissue sections using the TRIZOL reagent (Lif e 
technologies,, Breda, The Netherlands) according to the manufacturer's 
instructions.. For cDNA syndiesis, 10 ug of RNA was incubated with 5 
nmoll  of pd(N)t primer (Pharmacia Biotech, Roosendaal, The Nether-
lands)) for 10 minutes at 65°C. After cooling on ice. the reaction mixture 
wass added to a final volume of 50 pL. It contained 400 U of Moloney 
murinee leukemia virus (M-MLV ) reverse transcriptase (Lif e Technolo-
gies,, Breda, The Netherlands), 8 mmol/LdithiothreitoUDTT), 1 mmol/L 
off  each dNTP. l x first-strand buffer (50 mmol/L Tris-HCl, pH 8.3. 75 
mmol/LL KC1, 3 mmol/L MgCI2), and 60 U of RNAse inhibitor 
(Boehringerr Mannheim, Almere, The Netherlands). The reaction was 
performedd for 1 hour at 37°C. Subsequently, the enzyme was inacti-
vatedd during 10 minutess at 95°C. 

PolymerasePolymerase chain reactions (PCRs). The complementarity determin-
ingg region 3 (CDR3) was amplified using a forward primer with 
specificityy for framework region 3 (FR3) in combination witfi reverse 
primerss specific for JH (JHseq). Cu, C7 (C^2), Ca, or C8 (Table 2). 
Either,, 1 uL of the cDNA reaction mixture was used or (for a nested 
PCR)) ] pL of PCR product from a VH family-specific PCR was used. 
Thee PCR mixture contained IX Taq buffer (20 mmol/L Tris-HCl, 50 
mmol/LL KC1. pH 8.4), 0,2 mmol/L of each dNTP, 1,5 mmol/L MgCl2, 

Tablee 2. Primer s U*ed for VH Gena Amplificatio n 

Name e Sequencee (5-31 

VH11 AAATCGATACCACCATGGACTGGACCTGGAGG 

VHH 1  b  AAATCGATACCACCATGGACTGGACCTGGAG|c/A) 

VH2aa AAATCGATACCACCATGGACACACTTTGCT(A/C)AC 

VH2bb AAATCGATACCACCATGGACATACTTTGTTCCAC 

VV H  3 3 AAATCG A T AC C AC C ACCATGGAGTTTGGGCTG AG C 

VH3bb AAATCGATACCACCACCATGGAIA/G)[C/TJTIG/T) 

T)G(G/A)CT{G/C/T)(A/C/T1G C C 

VH44 AAATCGATACCACCATGAAACACCTGTGGTTCTT 

VH55 AAATCGATACCACCATGGGGTCAACCGCCATC 

VH66 AAATCGATACCACCATGTCTGTCTCCTTCCTC 

FR33 GACACGGCIC/T)(C/G)T(G/A)TATTACT G 

JHH GGACTAGTTTCTTACCTGAGGAGACGGTGACC 

JHseqq ACCTGAGGAGACGGTGACC 

Cuu GGGTCGACGCAGGAGACGAGGGGGAAAAG 

C>> GGGACTAGTAACTTTCTTGTCCACCTTGGTGTT 

C^22 AGACCGATGGGCCCTTGGTG 

Cuu CGGGAAGACCT7GGGGCTG 

CRR TGTCTGCACCCTGATATGATG 

22 V of Taq polymerase (Lif e Technologies), and 0.5 pmol/L of each 
primer.. First, 10 cycles of amplification were performed in the thermal 
cyclerr (PTC-100; MJ Research Ine, Watertown, MA) , ie, successively 
300 seconds at 95°C, 20 seconds at 5 7 T, and 20 seconds at 72°C. The 
nextt 40 cycles of amplification consisted of 30 seconds at 95°C, 20 
secondss at 55°C, and 20 seconds at 72°C. The reaction was completed 
forr 6 minutes at 72°C. PCR products were analyzed on a 3% Metaphor 
agarosee gel (FMC Bioproducts, Rockland, ME). For the VH family-
specificc PCR, reactions were performed with one of the VH family-
specificc leader primers (Table 2), combined with the appropriate reverse 
primer,, either JH, Cu, C^, or Cot. The PCR reaction mixture was the 
samee as for die CDR3-specific PCR, except that 1 U of Taq polymerase 
andd 0.25 ^ o l / L o f 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 
reactionn was terminated for 6 minutes at 72°C. The PCR products were 
analyzedd on a 1% standard agarose gel (Sigma). 

CloningCloning and sequencing of PCR products. After excision of the 
PCRR products from an agarose gel and isolation of DNA with the Qiaex 
kitt (Qiagen, Hilden, Germany), the PCR products were ligated into 
pGEM-TT vectors (Promega, Leiden, The Netherlands), according to the 
manufacturer'ss instructions, and transformed into DHlOb bacteria (Lif e 
Technologies),, Subsequently, both strands of the inserts were sequenced 
fromm 4 or more colonies to obtain die sequence of the dominant clone, 
thee consensus sequence. Sequencing was performed with an ABI 
sequencerr (Perkin Elmer Corp, Norwalk, CT) using the dye-terminator 
cycle-sequencingg kit (Perkin Elmer Corp), according to the manufactur-
er'ss instructions. To determine the Taq error rate of our experimental 
design,, 19 clones of CD79a and CD79b were sequenced. These clones 
weree generaled according to the same PCR and cloning procedures as 
usedd for the VH genes. The Taq error frequency thus established is 
0.14%,, which amounts to 0,4 mutation/VH clone. 

AssignmentAssignment of mutations. The seqences found were compared wiüi 
publishedd germline sequences, using die Vbase database4 and DNAplot 
onn die Internet (http://www.genetik.uni-koeln.de/dnaplot; programmed 
byy H.H. Althaus) to identify mutations. Mutations at die last nucleotide 
positionn of die V gene were excluded from the mutational analysis, 
becausee they might result from nucleotide deletions at the joining sites. 
Too calculate whether the excess or scarcity of replacement mutations in 
thee FRs had occurred by chance, we used the binomial distribution 
modell  as proposed by Chang and Casali,10 In B cells selected for 
antibodyy expression, there is a counterselection for replacement (R) 
mutationss in the FR to maintain the structure of the antibody. The ratios 
off  replacement versus silent (R/S) mutations in die CDRs are often 
higherr than expected. However, the R/S values found in the CDRs 
cannott be used as arguments for or against antigenic selection. Dömer et 
al111 showed that the R/S values of both FR and CDR were higher in 
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nonproductivee and therefore unselected rearrangements than in produc-
tive,, antigen-selected rearrangements. Also, it can be imagined that, in 
ann already selected Ig with optimal affinity, additional replacement 
mutationss in the CDRs are unfavorable. 

RESULTS S 

MorphologyMorphology of'PCBCLs. The clinical and histological data 
off  the 7 PCBCLs analyzed are summarized in Table 1. The 
groupp comprised 4 follicl e center cell lymphomas (all diffuse 
largee B-cell lymphomas) and 3 immunocytomas (marginal zone 
B-celll  lymphomas). In addition, a lesion showing the clinical 
andd histologic features of a pseudolymphoma was included in 

thiss study (no. 8). Despite the fact that all lymphomas displayed 
aa diffuse growth pattern, areas of FDCs were detected in 5 of the 
77 lymphomas (nos. 1. 2. 3. 5. and 6). In PCBCLs no. 5 and 6. 
extensivee ill-defined networks of FDCs were found (Fig 1). 
whichh suggests that the FDCs form an integral part of this 
neoplasm.. Interestingly. CD70 expression was also found only 
inn lymphomas no. 5 and 6 (not shown). In the other cases (no. 1, 
2.. and 3). the FDC clusters were more or less nodular and well 
circumscribed.. Here, it is unclear whether they belong to the 
tumorss or represent the remains of pre-existent reactive follicles 
thatt were infiltrated by the neoplastic B cells. These different pat-
ternss of FDCs in PCBCL have also been reported by Mori et al.l : 

Figg 1. Tissue section of lym-
phomaa no. 5 stained for FDCs 
withh antibodies against CD21L 
(DRC-1).. Magnification (A) x 50 
and(B)) x 125. 
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IgIg isotype expression. The Ig heavy chain isotypc of the 7 
PCBCLss studied was determined immunohistocheinieally {Table 
I)) and by PCR. ie. by amplifying the CDR3 region with an FR3 
primerr in combination with primers specific for the 5' regions of 
Cp,, C-y (Oy2), Ca. or C8 heavy chains (Table 2). Because of 
differencess in length of the diversity (Dl genes'5 and random 
nucleotidee additions by terminal deoxytransfcra.se'4 at junctions 
off  the V-D and D-J gene segments, the size of the CDR3 regions 
variess considerably between B-eell clones.1' Therefore, a 
CDR3-specificc PCR on a polyclonal B-ccll population yields 
productss of variable size, visible as multiple bands or a smear 
patternn after electrophoresis, whereas this PCR on a clonal 
populationn yields a single band (Fig 2). In our hands, this 
CDR3-speciIicc PCR has proven very useful as a screening assay 
andd as a sensitive method to identify the lymphoma-dcrived Ig 
when,, due to the copresence of nonneoplastic B cells, multiple 
VHH genes are amplified from a tissue specimen. With respect to 
thee assessment of the Ig isotype expression, either immunohis-
tochemicallyy or by PCR. we encountered no discrepancies 
(comparee Tables I and 3). For example, in lymphoma no. 6. 
clearr membrane expression of both IgM and IgD was detected 
byy immunohistochemistry (Table 1). As expected, products of 
singlee length were amplified by PCR using the FR3 primer in 
combinationn with JHseq, Cu. and CS primers, whereas smears 
weree obtained with C72 and Ca as downstream primers (Fig 2. 
leftt panel). PCR of a pseudolymphoma yielded products of 
variablee lengths in all lanes (Fig 2. right panel). In 4 PCBCLs 
(no.. 2. 4, 5. and 7). the two methods to assign the Ig isotype 
weree complementary (Tables I and 3): immunostaining of 
lymphomaa no. 5 showed clear membrane expression of IgM 
and,, at most, very weak expression of IgD. However, using 
PCR.. both IgM and IgD were clearly amplified from this 
lymphoma.. Also, in cases no. 2 and 7. the Ig isotypes used could 
onlyy be established by PCR. Alternatively, lymphoma no. 4 was 
foundd to express both IgM and IgD immunohistochemically. 
whereass by PCR only IgM expression was found. This was 
possiblyy due to the low amount of cDNA available from this 
lymphoma.. In summary. 4 lymphomas (no. 3. 4. 5. and 6) were 
foundd to coexpress IgM and IgD. whereas 3 lymphomas (no. I. 
2.. and 7) expressed IgG. Interestingly, the CDR.Vspecific PCR 
off  lymphoma no. 7 yielded single bands in the lanes correspond-
ingg to the JHseq. C^2. and Ca primers, which is suggestive of 
thee presence of clonal populations of both IgG and IgA isotypes 
(Figg 2, middle panel). To analyze whether the IgG and IgA 
productss originated from the same tumor clone, the VH genes 

weree amplified with VH family-specific primers in combination 
withh the constant C7 or Ca primers. Subsequent sequencing of 
thee VH-C7 and VH-Ca PCR products confirmed that they 
harboredd the same VDJ rearrangement (not shown). 

VH,VH, D. unci JH gene usage. VH genes were amplified with 
family-specificc VH leader primers (Table 2). On the PCR 
productss thus obtained, we performed a nested CDR3-specific 
PCRR to confirm that a particular VH product originated from the 
clonall  population (data not shown). Subsequently, the VH 
productt was cloned and sequenced. The nucleotide sequences 
havee been deposited at the GenBank database (accession nos. 
AF0523799 through AF052386). The VH sequences were com-
paredd with the germline genes with the highest homology and. 
accordingly,, the number of somatic mutations was determined 
(Tablee 3). Four PCBCLs used genes of the VH3 family, whereas 
VH1.. VH4. and VH5 family genes were each found once. 
Comparisonn with germline JH gene segments showed that the 
JH4bb gene was present in 4 rearrangements (lymphomas no. I. 
3,, 5, and 7). The lymphomas no. 2. 4. and 6 used the JH6c. 
JH3b.. and the JH5b genes, respectively. Corbett et all ! proposed 
stringentt criteria for the assignment of D genes: at least 10 
consecutivee nucleotides of identity are required to confidently 
assignn a D gene segment. According to these criteria, we could 
onlyy assign the D21-9 and DXP4 gene segments of lymphomas 
no.. 4 and 6. respectively. 

MutationMutation patterns. All lymphomas expressed extensively 
mutatedd VH genes, ranging from 15 to 52. with an average of 
28.66 mutations per VH sequence (Table 3). Within our limited 
sett of 7 PCBCLs. there was no obvious difference in the number 
off  mutations between IgM' IgD' or IgG' lymphomas. Analysis 
off  the distribution of replacement (R) versus silent (S) muta-
tions'""  demonstrated that 5 of the 7 PCBCLs (no. 2, 3, 4, 5, and 
6)) contained a significantly lower number of R mutations in the 
FRss (Table 4) than would be expected if mutations had occurred 
byy chance alone, ie, in the absence of selective forces. Except 
forr lymphoma no. 6, the R/S values within the CDRs were 
alwayss higher than those within the FRs of the corresponding 
VHH genes. 

IntracionalIntracional variation. Information on the intraclonal varia-
tionn was obtained by sequencing of each lymphoma at least four 
amplifiedd VH molecules (Table 3 and Fig 3). No differences 
weree found in the sequences of the individual clones of 
lymphomass no. 1 or 2. which are both IgG-expressing PCBCLs. 
Also,, in lymphoma no. 3. which coexpresses IgM and IgD. no 
intraclonall  variation was observed. However, lymphomas no. 4. 

JJ  \i Y a 6 J |i Y a 6 J it y a 6 

Figg 2. PCR analysis on the CDR3 
regionn of lymphomas no. 6 (left panel) 
andd 7 (middle panel) and the pseudo-
lymphomaa (right panel). The FR3 
primerr was used as upstream primer, 
andd JHseq, Cu, C-y2, Ca, and C5 prim-
erss were used as downstream prim-
ers,, as indicated above the lanes. 
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Tabl ee 3. Ig Haavy Chai n Gene Analysi s of PCBCL 

Closest t 
GermKnee Gone 

No.. of 
Mutations s 

%of f 
Homology y 

Intraclonall Variation! (no. 
off clones sequenced) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

... . 

l l 

7 7 

M M 

\> \> 
M M 
M M 
T T 

" " 
....... _ 

5 5 

3 3 

3 3 

3 3 

3 3 

4 4 

1 1 

1 1 

V5-511 (COS24) 

V3-7 7 

V3-23 3 

V3-7 7 

V3-300 (COS3I 

V4-611 [3d279d| 

V1-2(DP6) ) 

V1-22 (DP8) 

15 5 

29 9 

52 2 

15 5 

17 7 

35 5 

37 7 

37 7 

95 5 

90 0 

82 2 

95 5 

94 4 

88 8 

87 7 

87 7 

NA A 

NA A 

NA A 

D21-9 9 

NA A 

DXP4 4 

NA A 

NA A 

JH4b b 

JH6c c 

JH4b b 

JH3b b 

JH4b b 

JH5b b 

JH4b b 

JM4b b 

0(41 1 

0 (4 ) ) 

0(5) ) 

0.66 (8) 

1.4(5) ) 

2.66 (5) 

3.44 (5) 

0.22 (5) 

yy chain isotype expression as determined by PCR. 
tThee intraclonal variation is indicated as the number of mutations observed per done, compared with the consensus sequence. 

5,, and 6 and the IgG-clone of no. 7 showed intraclonal 
variationss of 0.6, t.4, 2.6, and 3.4 mutations/c)one, respectively. 
Moreover,, in each of these lymphomas, mutations were found 
thatt were shared by more than one clone (Fig 3), which is strong 
evidencee for ongoing somatic hypermutation rather than Taq 
error.. Lymphomas no. 4, 5, and 6 coexpressed IgM and IgD 
(Tabless 1 and 3), as determined by immunohistochemistry and 
PCR.. The highest level of intraclonal variation was observed in 
thee IgG clone of lymphoma no. 7, demonstrating that ongoing 
mutationn is not necessarily confined to IgM"' PCBCLs. How-
ever,, in contrast to the high mutation frequency of the IgG* 
tumorr cells, the intraclonal variation found in the IgA* tumor 
cellss amounted 0.2 mutations/clone, which does not exceed the 
Taqq error frequency of 0,14% (—0.4 mutation/clone). Yet, the 
consensuss sequences of the IgG- and the IgA-expressing 
subcloness were identical. 

DISCUSSION N 

Inn this study, the VH genes of 7 PCBCLs were analyzed to 
learnn what maturation steps were traversed by the tumor cells 
andd to gain insight into the biological relation with other 
B-NHL.. The PCR method used here has proven to be a fast and 
reliablee approach to establish ctonality at molecular level, 

Taiilee 4, Analysis of VH Gene Mutations in PCBCLs 

No. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

FR/COR R 

FR R 

CDR R 

FR R 

CDR R 

FR R 

CDR R 

FR R 

CDR R 

FR R 

CDR R 

FR R 

CDR R 

FR R 

CDR R 

B B 

6 6 

6 6 

10 0 

7 7 

18 8 

e e 
2 2 

4 4 

1 1 

5 5 

12 2 

2 2 

20 0 

7 7 

Observed d 

5 5 

2 2 

1 1 

8 8 

4 4 

19 9 

7 7 

8 8 

1 1 

8 8 

3 3 

15 5 

6 6 

9 9 

1 1 

R/S S 

3 3 

6 6 

1.3 3 

1.8 8 

0.95 5 

1.1 1 

0.25 5 

4 4 

0.13 3 

1.7 7 

0.8 8 

0.33 3 

2.2 2 

7 7 

R/S* * 

3.3 3 

3.5 5 

2.8 8 

4.9 9 

2.9 9 

3.5 5 

2.8 8 

4.9 9 

2.9 9 

3 9 9 

2.6 6 

4.5 5 

3.0 0 

4.3 3 

PVatue e 

.066 6 

<.01 1 

<.001 1 

<.001 1 

<0O01 1 

<.01 1 

.12 2 

PP values are the probability that the number of R mutations 
observedd intheFRs was obtained by chance. P values in boldface type 
indicatee significance(P< .01). 

ee Chang and CaBali.10 

despitee the facts that only small amounts of frozen tissue were 
availablee and that the lymphomas harbored heavily mutated VH 
genes.. To assay clonality with this method, 1 to 2 \x% of RNA is 
sufficient,, which is obtainable from 1 to 2 mg of lymphoma 
tissue.. For comparison, for Southern blotting at least 30 jjg 
genomicc DNA is required, which equals 6 or 7 mg of tissue. 

Withinn this limited set of PCBCLs, no bias in the use of VH 
geness was observed. Four of the lymphomas expressed VH3 
geness (no. 2, 3, 4, and 5), whereas VH1, VH4, and VH5 genes 
weree each found once (no. 7, 6, and 1, respectively). In normal 
peripherall  B cells, VH3 genes are used in 56%, the VH4 and 
VH11 genes in 20% and 13%, respectively, whereas VH2. VH5, 
andd VH6 are each found in less than 10%.16-1B In our study, 3 of 
thee 4 large-cell PCBCLs use different members of the VH3 
family.. For nodal diffuse large B-cell lymphomas, one group 
reportedd that the VH4 gene was expressed in 15 of 17 cases 
studied.199 However, a more recent study observed no bias in VH 
genee usage within a set of 18 extracutaneous diffuse large B-cell 
lymphomas.20 0 

Thee mutation frequency in the VH genes of the 7 PCBCLs 
studiedd here ranged from 15 to 52, with an average of 28.6 
mutationss (10%). This is significantly higher than the number of 
mutationss found in normal B cells: for normal germinal center 
andd memory B cells, Pascual et ar1 reported average numbers of 
mutationss of 5.7 (2%) and 9.5 (3%) in IgM- and IgG-derived 
VHH sequences, respectively. Similar numbers of mutations were 
foundd by Tomlinson etal,21 ie, an average of 3.7 (1%) mutations 
perr IgM-derived sequence and 10.2 (3%) mutations per IgG-
derivedd sequence. We found high numbers of somatic mutations 
inn both IgM-positive and IgG/Ig A-positive PCBCLs, either of 
small-- or large-cell types, without gross quantitative differ-
ences.. Interestingly, all 4 IgM' PCBCLs also coexpressed IgD 
(no.. 3, 4, 5, and 6; Tables 1 and 3) and carried significantly 
mutatedd VH genes with low R/S ratios in the FRs. This contrasts 
withh normal naive IgM  + IgD* B cells4 as well as with mantle 
celll  lymphomas22 and a subset of IgM+IgD*" B-cell chronic 
leukemias233 that are unmutated. It is possible that, in lympho-
mass no. 3,4,5. and 6, transformation from normal B cells to the 
IgM+IgD44 PCBCLs took place after their transition to a 
germinall  center environment, but before the cells lost IgD 

tt expression. Interestingly, PCBCLs no. 5 and 6 were found to 
expresss CD70. These lymphomas may therefore bear a relation-
shipp with a recently described subset of germinal center B cells 
characterizedd by expression of IgD and CD70.24 It was hypoth-
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no ..  4 

4. 1 1 
4. 2 2 
4. 3 3 
4. 4 4 
4. 5 5 
4. 6 6 
4. 7 7 
4. S S 

n o ..  5 

5. 1 1 
5. 2 2 
5. 3 3 
5. 4 4 
5. 5 5 

no ..  6 

6. 1 1 
6. 2 2 
6. 3 3 
6. 4 4 
6. 5 5 

no.7 v v 

7. 1 1 
7. 2 2 
7. 3 3 
7. 4 4 
7. 5 5 

+7 7 

TCT T 

—c c 

— — 
—c c 

—* * 

FR1 1 
++ 1 2 

GTC C 

-A --

++ 1 2 

GTG G 

A- --

+9 9 

CCT T 
G— — 

G— — 

FR1 1 
++ 1 3 

CAG G 

-G--

FR2 2 

+4 6 6 

GAG G 
—a a 

++ 1 3 

AAG G 

G — — 

FR1 1 
+2 4 4 

ACT T 
G-c c 

G — — 

++ 1 8 

CTG G 

-C --

+52 2 

CGA A 

—g g 

FR1 1 
++ 2 3 

TCT T 

C — — 

CDR2 2 

+5 3 3 

TAC C 
A — — 

A ~ ~ 

CDR2 2 
+5 8 8 

TTC C 

-C --

_. _ _ 

COR2 2 
+55 5 

AAC C 

-G--

+29 9 

ATC C 
—t t 

+74 4 

TCC C 
—a a 
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Figg 3. Intraclona l variatio n foun d in lymphoma s no, 4,5, and 6 and the IgG-clon s of no, 7, Indicate d are only the codon s in whic h mutation s 
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esizedd that these cells represent recent immigrants that are in the 
processs of forming a germinal center. In accordance with this 
rinding,, a subset of IgM^IgD" germinal center B cells has also 
beenn noticed by others, carrying, on average, 5.8 somatic 
mutationss per VH gene.s A minority of these CD38"IgM~IgD~ 
BB cells harbored more than 10 mutations in the expressed VH 
genes.. Because the patterns of somatic mutations in these cells 
weree suggestive of antigen-driven selection processes, the 
investigatorss hypothesized that they might represent either 
germinall  center founder cells derived from recirculating 
IgM+IgD**  memory cells or centrocytes differentiating into 
IgMMgD11 memory B cells.5 

Thee presence of somatic mutations in the VH genes indicates 
thatt PCBCLs may be derived from germinal center cells or their 
descendants.. Accordingly, in 5 of the 7 PCBCLs studied {no. 2, 
3,4,5,, and 6), the FRs displayed R/S ratios that are significantly 
lowerr than would be expected if random mutation would have 
occurredd in the absence of selective forces. The apparant 
counterselectionn against R mutations in the FRs, which are 
essentiall  for the integrity of the antibody, implies that expres-
sionn of proper antigen receptors has been important for cell 

survival,, at least at some stage(s) of development. However, the 
factt that the mutation patterns in these PCBCLs are reminiscent 
off  antigen selection does not necessarily signify that lymphoma-
genesiss itself is anti gen-driven. In the diffuse large-cell lympho-
mass no. I. 2, and 3, no intraclonal variation was observed. In 
thesee lymphomas, the somatic mutations were most likely 
introducedd before or at the moment of complete transformation; 
therefore,, it cannot be concluded that these lymphomas need Ig 
expressionn for their survival, let alone antigen recognition. The 
factt that the mutation frequency in these cases is abnormally 
highh may be the result of a prolonged slay in the germinal center 
environment,, possibly due to early, pretrans form ing genetic 
alterations.. The findings within these PCBCLs are in accor-
dancee with a recent report by Gellrich et al,25 who analyzed, 
usingg single-cell PCR, the VH gene of a primary cutaneous 
immunoblasticc B-cell lymphoma of the leg. It was demon-
stratedd that the VH gene expressed by this lymphoma harbored 
399 nucleotide differences compared with the most homologous 
VHH gene (DP-54/V3-7). No evidence was obtained for ongoing 
somaticc hypermutation. This subset of large-cell PCBCL, with a 
highh load of somatic mutations without ongoing mutation. 
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resembless noncutaneous diffuse large B-cell lymphomas.19"0 

However,, our data do not provide an explanation for the 
differencee in clinical behavior between cutaneous and excracuta-
neouss diffuse large B-cell lymphomas. 

Interestingly,, in the PCBCLs no. 4, 5, 6, and 7, intraclonal 
variationn was found, indicative of ongoing somatic hypermuta-
tion.. The degree of intraclonal variation ranged between 0.6 and 
3,44 mutations per clone. In lymphoma no, 7, clonal IgG andlgA 
genee products were found that contained the same VDJ 
rearrangement,, indicating that they were isotype switch variants 
off  the same tumor. It is remarkable that, whereas a high level of 
intraclonall  variation was observed in the IgG clone (3.4 
mutations/clone;; Table 4), the IgA clone displayed no signifi-
cantt intraclonal variation. Still, the consensus sequences of the 
IgG-expressingg and IgA-expressing clones proved to be exactly 
thee same. The latter rinding may indicate that the Ig heavy chain 
isotypee switching occurred relatively late after the moment of 
transformation.. The absence of somatic hypemnutation in the 
IgAA subset demonstrates that the ability to mutate may be 
abolishedd in the course of disease. This finding may have 
severall  explanations. It can be reasoned that the IgG clones 
weree already functionally heterogeneous and that the isotype 
switchh to IgA occurred in a nonmutating subclone. Alterna-
tively,, the shut-off of the mutation machinery may somehow 
havee coincided with the process of isotype switching. It has 
beenn demonstrated that, in normal B cells, heavy chain class 
switchh does not per se terminate somatic mutation.-0 It is 
possiblee that additional genetic damage caused the termination 
off  somatic hypermutation. 

Thee VH mutation patterns of PCBCLs no. 4,5, and 6 are also 
suggestivee of clonal selection processes that favor BCR expres-
sion.. In this subset of PCBCLs, the somatic mutations found 
mayy have been introduced both before and, contrary to their 
nonmutatingg counterparts, after the moment of complete trans-
formation.. It can be assumed that, among the mutations 
introducedd in the lymphoma cells, there will be those that give 
riserise to siopcodons or nonfunctional frameshifts. In fact, because 
thee Ig genes are single-copy genes, they are particulary prone to 
inactivationn by such mutations. Thus, the finding that actively 
mutatingg lymphomas express Ig is not trivial and implies that 
thee tumorigenesis of these neoplasms may be BCR-guided. In 
thiss respect, the finding that two of four mutating PCBCLs (no. 
55 and 6) contain elaborate networks of FDCs is noteworthy. 
Becausee normal skin does not harbor FDCs, this suggests that 
thee FDCs may be an essentia] part of these neoplasms and 
possiblyy have a role in tumorigenesis. This idea is supported by 
thee strong CD70 expression found on these particular PCBCLs: 
CD7ÜÜ has been described to be a marker for mature B cells that 
havee recently been primed by antigen in vivo.27 On the other 
hand,, 2 PCBCLs that actively mutate their VH genes are devoid 
off  FDCs (no. 4 and 7). Assuming that this is not due to not 
samplingg error, this would signify that somatic hypermutation 
inn PCBCLs does not necessarily depend on the presence of 
FDCs. . 

Inn line with the presumed analogy of the tertiary lymphoid 
tissuee of skin (skin-associated lymphoid tissue [SALT]) and 
mucosaa (MALT) , some investigators propagate the idea that 
PCBCLss may be biologically related to malignant lymphomas 
off  MALT. i ; ; s On morphological grounds, this has particulary 

beenn suggested for the immunocytomas of the skin. Although 
preliminary,, our data provide support for this concept. Of the 
noncutaneouss B-NHLs, ongoing somatic hypermutation is a 
characteristicc feature of MALT lymphomas29"31 and follicular 
lymphomas,3-MM MALT lymphomas arise at sites of chronic 
organ-specificc inflammation caused by autoimmunity or spe-
cificc infection, eg, Helicobacter pylori-associated gastritis3' 
(reviewedd in Wright36). The suggestion of anti gen-driven lym-
phomagenesiss was strongly supported by the fact that small-cell 
gastricc MALT lymphomas can be cured with antibiotics that 
eradicatee Helicobacter pylori*7 In this respect, the evolvement 
off  primary cutaneous immunocyloma in the context of local 
infectionn with Borrelia Burgdorferi™ is strikingly similar. Also, 
forr these lymphomas, curative antibiotic treatment has been 
documented.399 In the 3 immunocytomas studied here, as well as 
inn I of the diffuse large B-cell lymphomas, we obtained 
evidencee of ongoing somatic hypermutation in extensively 
mutatedd VH genes. In addition, heavy chain isotype switching, 
ass observed in immunocytoma no 7, has been observed in 
MAL TT lymphomas (unpublished results). The latter phenom-
enonn is also a characteristic capacity of nodal follicular 
lymphomas.40^11 A potential relationship between PCBCLs and 
follicularr lymphomas is supported by the presence of FDCs in 
thee majority of the PCBCLs. Although our data suggest a 
relationshipp between PCBCLs and various forms of noncutane-
ouss B-NHLs, at this moment no definite conclusions are 
allowed.. Additional molecular data on the genetic defects have 
too be awaited to clarify this relationship. 
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ass a byproduc t of somati c hypermutatio n 
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Abstract t 

Inn this study we analyzed a case of B-cell chronic lymphatic leukemia (B-CLL) that 

wass accompanied by severe auto-immune hemolytic anemia (AIHA) . Molecular analyses 

revealedd that the B-CLL cells expressed an IgMic immunoglobulin consisting of mutated 

heavyy (H) chain and light (L) chain variable (V) regions that showed closest homology to the 

V4-344 and DPK3/L11 germline V gene sequences, respectively. In the IgH locus, a 

triplificationn of the rearranged JH3 gene segment, including the putative N-region and some 

intronicc sequences, was observed. Each JH3 gene segment had retained its normal 5' splice 

donorr site. Consequently, different mRNA transcripts of the VH-CH region were found, 

dependingg on the number of JH3 copies present. In addition, we found a splice product of the 

VHH region in which a sequence stretch located between the framework 1 (FR1) and 

complementarityy determining region 2 (CDR2) was deleted. We prove that this was not due to 

aa defect in the splicing machinery of the tumor cells but caused by specific somatic point 

mutations.. One of these point mutations, located in the alternative 3' splice acceptor site in the 

CDR22 region, proved to be of critical importance. Thus, alternative splicing as a byproduct of 

somaticc hypermutation may be an additional mechanism of IgV diversification. 

102 2 



AlternativeAlternative splicing of heavy chain variable region in B-CLL 

Introductio n n 

BB Chronic Lymphocytic Leukemia (B-CLL) is a malignancy of mature B 

lymphocytes,, characterized by expression of the CD5 antigen in combination with several B-

celll  markers and low levels of membrane Ig [1,2]. Initial studies indicated that B-CLL cells 

expresss Ig genes with littl e or no somatic mutations [3-10], although this finding was 

challengedd by other investigators [11-14]. Recently, Fais et al [15] reported that, within a 

largee panel of B-CLL, approximately 50% of the IgM+ B-CLL and 75% of the non-IgM+ B-

CLLL cells exhibit somatic mutations in their VH genes. These data indicate that a substantial 

percentagee of the B-CLLs derive from anti gen-experienced post germinal center (GC) B cells 

andd suggest that within the clinicopathological group of B-CLL, separate entities are included. 

Indeed,, two recent studies indicate that patients with somatically mutated B-CLL IgV genes 

havee a clearly better prognosis than those with unmutated B-CLL IgV genes [ 16,17]. 

Duringg early B-cell development in the bone marrow, IgV regions of both heavy (H) 

andd light (L) chain genes are formed by recombination of V,(D), and J gene segments. The 

potentiall  recombinatorial repertoire, that includes the 'random' pairing of IgH and IgL chains, 

iss significantly enlarged due to imprecise joining of the different gene segments. This 

junctionall  diversity depends largely on the enzyme terminal deoxynucleotidyl transferase 

(TdT),, that is responsible for the addition of non-templated nucleotides to the V(D)J junctions 

[18,19].. In mature B cells, the IgV regions can be further diversified, particularly in the course 

off  T-helper cell dependent antigen-specific responses in GCs. Here the Ig loci may be altered 

byy somatic hypermutation and IgH chain class-switch recombination. It has recently been 

reportedd that the somatic hypermutation process, that is believed to occur in the GC 

environmentt exclusively [20-23], not only involves single nucleotide exchanges but also 

deletionss and insertions of different size [24,25]. Finally, as the RAG genes may be (re-) 

expressedd during the GC stage, it is presently not excluded that the Ig rearrangement 

processess can be reactived, a process known as 'receptor revision' [26]. 

Inn this study, we analyzed the IgV genes in an extraordinary case of B-CLL. It was 

foundd that the rearranged IgVH locus contained a triplification of the JH3 gene segment 

includingg parts of the intronic sequences. The VH gene was mutated and displayed highest 

homologyy to the V4-34 germ line gene segment. From this IgVH locus, multiple transcripts 

weree produced including an illegitimate splice variant of the mutated V4-34 gene segment. 

Wee demonstrate that the illegitimate splice variant was not due to a defect in the splicing 

machineryy of the tumor cells but caused by specific somatic point mutations. 
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Result s s 

AssessmentAssessment ofclonality, H chain isotype expression and VH and VL gene family usage. 

Thee patient was a 76 year old female who suffered from B-CLL with severe auto-immune 

hemolyticc anemia, for which she was splenectomized. Microscopic examination of the 

resectedd spleen revealed that the PALS was colonised by small CD5+ B-CLL cells. Clonality 

wass demonstrated immunohistochemically and confirmed by Southern blot, using a JH probe 

(dataa not shown) [31] as well as by a CDR3-specific PCR (Fig. la). This PCR makes use of 

clone-dependentt length differences of the CDR3 regions in the VH chains. A CDR3 PCR of a 

polyclonall  B cell population yields products of variable size, visible as multiple bands or a 

smearr pattern on agarose gel, whereas of a clonal B cell population a single band is obtained. 

Thee CDR3 region of the rearranged immunoglobulin VH locus was amplified from both 

genomicc DNA (gDNA) and copy DNA (cDNA), using a FR3 primer in combination with 

eitherr a JH primer or CH-specific primers (Cp, CO, Cy, and Cot). With FR3 - CH primer 

combinationss a sharp band was observed only with the CJJ. and C8 primers, a result consistent 

withh the immunohistochemically demonstrated co-expression of IgM and IgD. With both the 

Cyy and Cot primer a smear pattern was obtained, most likely due to the presence of non-

neoplasticc B cells and/or plasmacells in the tumor tissue (Fig. lb). However, with the FR3 -

JHH primer combination, from both cDNA and gDNA, unexpectedly three clonal products of 

1122 bp, 184 bp and 297 bp were amplified (Fig. lb). Subsequently, the IgV genes were 

amplifiedd with VH or VK family-specific leader primers in combination with the JH, Cp. and 

C88 or JK and CK downstream primers, respectively. On gDNA, only JH or JK downstream 

primerss could be used, because of the presence of the JH - CH intronic sequences. The VH 

family-specificc PCRs revealed that the B-CLL expressed a VH4 family gene (data not 

shown).. The PCR on gDNA with the VH4 leader primer in combination with the JH primer, 

yieldedd three clear products of 516, 588 and 701 bp, respectively, and a larger, albeit weaker 

productt of 1071 bp (Fig. lc). The same PCR on cDNA also resulted in at least three clear 

bands.. The general length difference between the VH family PCR products generated from 

eitherr gDNA or cDNA is explained by the leader intron of 83 bp, which is only present in 

gDNA.. With the Cp downstream primer, two bands were visible of which one was dominant. 

Finally,, with the C5 primer only one product was detected (Fig. lc). By VK-family-specific 

PCRR and subsequent sequencing it was determined that the B-CLL expressed a VKI family 

genee segment (data not shown). 
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Figuree 1 (a) Schematic representation of the IgH locus and the primers used for the VH family-specific 

PCRR and the CDR3-specific PCR: L, leader sequence; VH , variable gene segment; D, diversity gene 

segment;; JH , joining gene segment; CH, constant gene segment; N, non-templated nucleotide 

additions. . 
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(b)) Results of CDR3 PCR on cDNA 

andd gDNA, using the FR3 upstream 

primerr and JH, Cn, Cy, Ca and C5 

primerr as downstream primers. 

(c)) Results of VH4 family-specific 

PCRR on cDNA and gDNA using the 

VH44 upstream primer and JH, C\L 

andd Co primer as downstream 

primers.. The four different arrows 

andd numbers indicate the four PCR 

productss obtained on gDNA. 

SequenceSequence analyses ofH- andL- chain loci. The genomic V(D)J rearrangement, as 

obtainedd in the VH4 family PCR on gDNA, was cloned in bacteria. By CDR3-specific PCR, 

wee identified cloned plasmids with CDR3 lengths of 112, 184 and 297 bp, thus identical to 

thee products found in the CDR3-PCR on gDNA of the B-CLL (data not shown). One of the 

plasmidd clones gave rise to an extra long CDR3 product of 667 bp. A VH4 family-specific 

PCRR on this particular bacterial clone, yielded a product of a size comparable to the 1071 bp 
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productt obtained in the VH4 family-specific PCR on total gDNA (Fig.lc). Clones, 

representativee of the four different CDR3 lengths found, were sequenced. The identified VH 

regionn expressed by the B-CLL had been formed by gene segments that displayed highest 

homologyy with the V4-34, D4 and JH3b germline gene segments, respectively (Fig.2) [28,32]. 

Inn the VH gene segment, a total of 13 somatic mutations was identified. In the CDR1 and 

CDR2,, 5 somatic mutations were found and the replacement versus silent (R/S) mutation ratio 

wass 1.5. The FRs contained 8 somatic mutations with an R/S ratio of 0.3. The clone with the 

CDR3-PCRR product of 112 bp harboured a normal V(D)J configuration, whereas in the clone 

withh the 184 bp CDR3 length, a duplicated JH3b gene segment was found. The second JH3b 

(JH3b-II)) gene segment was located 21 bp downstream of the JH3b-I, in the JH3-JH4 intron. 

Thee clone with the CDR3 length of 297 bp contained even three copies of the JH3b gene 

segment.. This JH3b-III was located 55 bp downstream of the JH3b-II, again in the JH3-JH4 

intron.. It is noteworth that the latter clone harboured a frameshift upstream the third JH3b 

genee segment. Thus, no functional immunoglobulin molecule can be produced from the 

putativee messages containing all three JH3b gene segments. The clone with the extra long 

CDR33 sequence of 667 bp contained a PCR product that arose by annealing of the JH primer 

too the next JH gene in the JH locus, i.e. the JH4 gene segment. Interestingly, this clone 

containedd the whole sequence of interest from the VH4 leader to the JH4 gene segment, 

includingg all three JH3b copies and the complete JH3 - JH4 intron (Fig. 2). The somatic 

mutationss 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 JH3b-I and JH3b-III 

(Fig.2).. Since all 5' splice donor sites after each of the three JH3b gene segments were 

preserved,, putatively VH4 transcripts can be produced coupling one, two or three JH3b gene 

segmentss to CH gene segments. 

Thee sequences of two VK I clones, derived from the VKI family-specific RT-PCR 

product,, were identical to the consensus sequence which was obtained by direct sequencing 

off  the whole PCR product. The expressed VK I gene harboured 10 somatic point mutations (4 

inn the CDRs and 6 in the FRs) compared to the most homologous germline VK I gene 

segment,, DPK3/L11 (data not shown). 
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IFR11  5 s P l l c e 

V 4 - 3 44 CAGGTGCAGC TACAGCACTC GGGCGCAGGA CTGTTGAAGC CTTCGGAGAC CCTGTCCCTC ACCTGCGCTG TCTATGGTGC 80 

BB CLL - - " 

ICDR11  IFR2  |CDR2
V 4 - 3 44 GTCCTTCAGT GGTTACTACT GGAGCTGCAT CCGCCAGCCC CCAGGGAAGG GGCTGGAGTG GATTGGGGAA ATCAATCATA 1 6 0 

BB CLL -G A T T - - - A T — T — 

Branchpointt 3'splice IFR3
V 4 - 3 44 GT3GAAGCAC CAACTACAAC CCGTCCCTCA AGAGTCGACT CACCATATCA GTAGACACCT CCAAGAACCA GTTCTCCCTG 240 

BB CLL - - - - - T - - - - © G - - T 

NN |D4
V 4 - 3 44 AAGCTGAGCT CTGTGACCGC CGCGGACACG GCTCTGTATT ACTGTGCGAG A - GATTGTAGTA STACCAGCTG 320 

BB CLL - T — - T - -GGCGTCCCC G — 

NN |JH3bl  |JH3 - JH4 intron I  'N' 
CTATCC GCTTTTGATA TCTGGGGCCA ACGGACAATG GTCACCGTCT CTTCAGGTAA GATGGCTTTC C T T C T G C - - - 4 0 0 

BB CLL TAGGT - - - G A [ ^ T— "0 — TCG 

|JH3bb II  V"3 •JH4 i n , r o n »
-- - G C r r r r G A T A T C T G G G G C CAAGaGACAA T G G T C A C C G T CTCTrCAGGT A A G A T G G C T T TCCrrCTGCC T C C T T T C T C T 4 8 0 

BB C L L GT CG — - - _ A 

Unknownn 'N' |JH3b III
GGGCCCAGCGG TCCTCTGTCC T G — -  GCTTT TGATATCTGG GGCCAAijGGA CAATGGTCAC CGTCTCTTCA 56 0 

-CTACTGACC TAGGC-- -

II JH3 - JH4 intron III
GGTAAGATGGG CTTTCCTTCT GCCTCCTITC TCTGGGCCCA GCGTCCTCTG TCCTGGAGCT GGGAGATAAT GTCCGGGGGC 64C 

TCCTTGGTCTT GCOCTGGXC ATGTGGGGCC TCCGGGGCTC CTTCTCCGGC TGTTTGGGAC CACGTTCAGC AGAAGGCCTT 72C 

CLLL - - - - A — T - G- -G A A 

TCTTTGGCAAA CTGGGACTCT GCTGCTGGCG CAAAGGGTGG GCAGAGTCAT GCTTCTGCTG GGGACAAAAT GACCTTGGGA 

CACGGGGCTGG GCTGCCACGG CCGGCCCGGG ACAGTCGGAG AGTCAGGTTT TTGTGCACCC CTTAATGGG3 CCTCCCACAA 88 

C L LL — C C T A - — -

|JH4--
TGTGACTACTT TTGACTACTG GGGCCAGGGA ACCCTGGTCA CCGTCTCCTC AGGTAAGAAA 

CLLL - " " - -

II II III 
V HH I D iJH3 i i i J H 3 i i |JH3 i i |JH4 | 

\\ / 

T T 

\\ b / 

Figuree 2. (a) Complete nucleotide sequence of the rearranged VH locus as determined on the large 

clonee derived from a VH4-family PCR of gDNA. The upper line represents the germline VH, D and JH 

sequences.. Below is the sequence as found in the B-CLL. Only somatic mutations are indicated. 

Indicatedd regions: FR, frame work region; CDR, complementarity determining region; N, non-templated 

nucleotidee additions; 5' splice site around codon 26; 3' splice site around codon 64; (Ü ) , Somatic 

mutationn which results in a closer homology to the 3' splice consensus sequence; [GT], The only shared 

mutationn in JH3bl and JH3bll l . 

(b)) Schematic overview of the rearranged lgVH locus of the B-CLL patient; L, leader sequence; VH , 

variablee gene segment; D, diversity gene segment; JH , joining gene segment a, leader intron; i, intron. 
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AlternativeAlternative splice product of the V4-34 gene. To analyze the expressed VH4 

transcriptss in more detail, bacterial clones were produced from the VH4 RT-PCR products 

obtainedd with the JH, C(i and CS downstream primers, respectively. By CDR3-PCR on the 

clonedd VH4 products, that had been generated with the JH downstream primer, we identified 

cloness with one, two or three JH3b copies of 112, 184 and 297 bp, respectively. These three 

productss were also detected in PCRs on cDNA that had been synthesized with oligo-dT 

primers,, indicating that the product with three JH3b copies contain a normal polyA tail (data 

nott shown). As the JH primer can anneal to each JH3b segment, it is however unclear whether 

thee cloned products with two JH3b copies are representative of truly existing transcripts or 

justt PCR products derived from the existing transcripts with three JH3b regions. The clones 

derivedd from VH4 PCR products generated with the C\i and C5 downstream primers, 

containedd the short CDR3 length of 112 bp only. In these RT-PCRs, we used a CHl-Cu 

primer.. Also, when a CH3-Cu downstream primer was used, only amplimers with one JH3b 

segmentt were found (data not shown), excluding the possibility that the two- and/or three-

JH3bb containing transcripts had been spliced to CH2-Cu or CH3-C .̂ Thus, it seems that at 

leastt the majority of the u- and ö transcripts contains functional IgVH regions with one JH3b 

segmentt in a normal V(D)J rearrangement. 

AA total of 20 cDNA-derived PCR clones of the different lengths were sequenced. We 

didd not detect intraclonal point mutation variation between the IgV-sequences of the bacterial 

clones.. This lack of intraclonal variation is in accordance with a previous study [33], In 

additionn to the described differences in the number of included JH3b copies, we found in eight 

off  these 20 clones a deletion within the V4-34 gene segment (Table 1). This deletion started at 

codonn 26 in FR1 and ended in codon 64 in CDR2 (Figs. 2, 3). By analyzing the sequences 

flankingg this deletion, it appeared that the 5' site at codon 26 beared strong homology for the 

5'' splice site consensus sequence 5' A/C A G l G U A/G A G U 3' whereas the 3' site at 

codonn 64 showed homology for the 3' splice site consensus sequence 5' (Y)n N Y AG -i G 3' 

[34].. In these splice acceptor and donor sites only the underlined nucleotides are absolutely 

requiredd for RNA splicing. One somatic mutation in codon 64 (A -> C) resulted in a closer 

homologyy to the consensus 3' splice acceptor site. In addition, the mammalian branch-point 

consensuss sequence, which maps 18-38 nucleotides upstream of the 3' splice site (5' U N C U 

RR A C 3'), was present in the mutated V4-34 and also here one somatic mutation contributed 

too a closer homology (Fig. 3) [34]. The clones with this deletion were all devoid of the VH4 

leaderr intron, proving the RNA derivation of the cloned fragments. This, combined with the 

factt that we did not isolate gDNA-derived clones with the V4-34 deletion, indicates that this 
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deletionn is the result of illegitimate splicing in the mutated V4-34 gene segment of this B-

CLL.. In the alternatively spliced V4-34, a frame-shift is introduced at the 5' site of the 

deletion.. Thus, no functional immunoglobulin can be produced from these mRNA species. 

Figuree 4 summarizes the transcripts identified in the B-CLL. 

Tablee 1. Summary of plasmid clones generated from RT-PCR 

PCR R 

VH4-JH H 

VH4-JH H 

VH4-JH H 

VH44 - CM 

VH44 - C5 

CDR33 length 

inn CDR3 PCR 

112bp p 

1844 bp 

2977 bp 

112bp p 

1122 bp 

No. . off clones 

sequenced d 

4 4 

3 3 

2 2 

8 8 

3 3 

No o off clones with 

aa deletion in V4-34 

3 3 

0 0 

2 2 

3 3 

0 0 

5'' splice consensus 

A A GG GU GAG U 

Branchpoint t 3'' splice consensus V V 

UU NCU RAC YY Y YY Y YY Y YY Y YY N Y  A G G 
Ix ll  xx |  M l  |  M || I  I 

GUCC UAU G  (GU )  GGG GCC AGU ACC AA C UAC AA C CCG UCC CUC C  (AG )  AGU 

FR1 1 

Figuree 3. Comparison of part of the VH sequence of the B-CLL with the consensus 5' and 3' splice 

sites;; FR1, frame work region 1; CDR2 complementarity determining region 2; * mutation that resulted 

inn a closer homology to the splicing consensus sequence; + mutation which did not result in a closer 

homologyy to the splicing consensus sequence; | nucleotide matching the consensus sequence; x 

nucleotidee not matching the consensus sequence. The somatic mutation in codon 64 which resulted in 

aa closer homology to the 3'splice acceptor site is indicated with an arrow. 
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VH44 - Cu without deletion 

-LJJ VH I D I JH3 I Ca_ 

VH44 - Cn with deletion 

_L)) ^ VH I D I JH? I ££_ 

NN / 

VH44 - CS without deletion 

II L I VH I D I JH3 l C« 

VH44 - three JH3 without deletion 

II L I VH | D | JH3 I i | JH3 I i I JH3 

VH44 - three JH3 with deletion , ,, n , 

H—kk  VH A — r I J H 3 I ' I J H 3 I j i  J H 3 I 

Figuree 4. Schematic overview of the different transcripts identified in the B-CLL; L, leader sequence; 
VH,, variable gene segment; D, diversity gene segment; JH, joining gene segment; i, intron; Cu, constant 
uu sequence; C5, constant 5 sequence. 

TheThe alternative V4-34 splicing depends on a single somatic mutation. To distinguish 

whetherr the alternative V4-34 RNA processing was due to an aberrant splicing machinery in 

thee B-CLL, or an intrinsic property of the particular V4-34 sequence, we transfected SP2/0 

myelomaa cells with the B-CLL-specific Ig. The B-CLL V4-34 genes with one JH3b (1J) and 

twoo JH3b (2J) gene segments were introduced into the pIgH(y3) expression vector. The 

introducedd VH sequence included the leader sequence and the normal JH 5' splice donor site. 

Thee insert is flanked at the 3'end by an intron, including the normal Ig enhancer sequence, 

andd the Cy3 sequence, respectively. Similarly, the patient's VK gene was introduced into the 

plgL(K)) expression vector. The pIgH(y3)-U and pIgH(y3)-2J were separately co-transfected 

withh plgL(K) in SP2/0 myeloma cells. The transfectants were selected with geniticin. On 

cDNAA derived from these transfectants, we performed VH4 family-specific PCRs with a Cy 

downstreamm primer or, for a more accurate detection of the V4-34 splice variant, a B-CLL 

specificc downstream FR3 primer (Fig. 5a). In the PCRs on the pIgH(y3)-2J transfectant with 

thee Cy as downstream primer, three products were detectable, of which the largest product of 

5300 bp possessed two JH3b gene segments directly coupled to the Cy3 sequence (Fig. 5b, lane 

1).. This is thus different from the B-CLL, in which transcripts with two JH3b gene segments 
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weree not found in contiguity with Cfi or C5. The lower 458 bp product was derived from a 

normall  V(D)J coupled to Cy3 whereas the smallest product of 342 bp represents the V4-34 

splicee variant with one JH3b gene segment coupled to Oy3. Theoretical transcripts, 

representingg the splice variant of V4-34 with two JH3b gene segments coupled to Cy3 with a 

predictedd length of 414 bp, were not detected. In the PCR on the pIgH(y3)-U transfectant, we 

detectedd a dominant product of 458 bp and a very weak product of 342 bp, representing the 

unsplicedd and spliced VH region coupled to Cy3, respectively (Fig. 5b, lane 2). Using the B-

CLLL specific FR3 downstream primer, the V4-34 splice variant is also detectable in the 2J and 

thee 1J transfectants (Fig. 5c, lanes 1 and 2). Here, no difference is visible between products 

withh one JH3b or with two JH3b gene segments since in this PCR the downstream primer 

annealss 5' of the JH region. It is remarkable that in the 2J transfectant, the ratio spliced : 

unsplicedd transcripts is significantly higher than in the 1J transfectant. This suggests that the 

abnormall  size and structure of VHD-2J favours the use of the cryptic splice sites in V4-34. 

Ass we suspected that the A->C mutation in codon 64 was pivotal by causing a closer 

homologyy to the consensus 3' splice acceptor site (Fig. 3), we also transfected cells with U 

andd 2J constructs in which this somatic mutation had been reversed. By RT-PCR we indeed 

foundd that in neither the 1J nor the 2J containing revertants, alternatively spliced V4-34 were 

detectablee (Fig. 5b and 5c, lanes 3 and 4). We conclude that the alternative processing of V4-

344 RNA is not invoked by a disturbed splicing machinery of the B-CLL but is V4-34 encoded 

andd critically depends on one single point mutation. 
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Figuree 5 (a) Schematic representation of the PCRs performed on cDNA derived from the transfectants. 

LL I VH I D I JH3 l i I JH3 

!!  ^  ^ 
Cy3 3 

VH44 B-CLL FR3 Cy y 

Normal l 

2J J 
1 1 

U U 
2 2 

Rev v 

2J J 
3 3 

U U 
4 4 

2JJ 1J 
11 2 

2JJ U 
33 4 

512 2 

396 6 

298 8 

226 6 

530 0 
458 8 

512 2 

396 6 

298 8 

226 6 Splice e 

(b)) Results of VH4 - Cy PCRs on 

cDNAA derived from SP2/0 

transfectedd with plgH(y3) containing 

VHD-2JJ and VHD-1J respectively 

(laness 1 and 2). In the lanes 

indicatedd with "Rev." the somatic 

mutationn in codon 64 was reversed 

intoo the V4-34 germline nucleotide. 

(c)) Results of VH4 - FR3 PCRs on 

thee same samples as in Fig.5b. 

NN -  JH3b I 

'N ''  -  JH3bI I 

unknow nn -'N' - JH3bII I I :CT G G AC C 

TAA GGT 
I XX |  |  | 
TCC GGT 
II  I  I  I X 

TAA GGC 

Figuree 6 Comparison of the different 'N' regions proximal to each JH3b gene segment; 

identicall to the N-region; x, nucleotide not identical to the N-region. 

nucleotide e 
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Discussion n 

Wee analyzed IgH and IgL chain of an IgM/IgD-expressing B-CLL. The rearranged VH 

andd VK genes contained 13 and 10 somatic mutations compared to the most homologous 

germlinee genes, V4-34 and DPK3/L11 respectively. Moreover, in the IgVH locus a 

triplificationn of the JH3b gene segment that included parts of the JH3-JH4 intron was found. 

Directlyy upstream of the JH3b-II and the JH3b-III segments stretches of respectively 5 bp and 

133 bp were present, of which each contained 4 bp homologous to putative N nucleotides 

directlyy upstream of the first JH3b segment (Fig. 6). This suggests that the JH3b triplification 

tookk place in an already rearranged IgVH locus. Moreover, this N-region may have served as 

thee target region in the triplification process that most likely took place in replicating cells, 

possiblyy via a repeated mechanism of DNA double strand break followed by homologous 

recombination.. These alterations may have occurred in dividing precursors in the bone 

marroww after the initial IgH rearrangement had been completed. As mentioned, we found a 

stretchh of 13 bp directly upstream of the JH3b-III segment which, in addition to the 4 bp 

sequencee with homology to the JH3b-I N region, included 9 bp with no homology to 

sequencess of the JH3-JH4 intron nor to any other region. Potentially, this 9 bp stretch may 

havee been added due to expression of TdT and could be considered as a 'secondary' N region. 

Alternatively,, the finding that this B-CLL exhibited somatically mutated IgV genes, indicates 

thatt the neoplastic cells were derived from a germinal center-experienced B cell, as has been 

describedd for approximately 50% of IgM-expressing B-CLLs [15]. Alternatively, as it has 

beenn demonstrated that the somatic hypermutation process not only involves nucleotide 

substitutionss but also deletions and insertions/duplications of one or more nucleotides [24,25], 

thee triplification could as well have occurred during the hypermutation process in a germinal 

center.. An important argument that duplications occur during the GC reaction is the finding of 

bothh unique as well as shared point mutations in duplicated regions. In this B-CLL we found 

onee mutation, shared only by the JH3b-I and JH3b-III segments. Assuming that the JH3b-I 

segmentt served as template, it is difficult to envisage why this mutation was not shared by the 

JH3b-III  segment. 

Becausee the triplificated region included parts of the JH3-JH4 intronic sequence, the 

normall  5' splice donor site downstream of each JH3b copy was preserved. Thus, of this locus 

potentiallyy three VH4 transcripts can be produced with eiher one, two or three JH3b gene 

segmentss coupled to the CH region genes. The transcripts with one JH3b gene segment, 
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encodee a functional VH fragment. Also the transcripts containing two JH3b can potentially 

encodee a VH fragment with an extended junctional region. By contrast, no functional VH 

fragmentt are to be expected from transcripts harbouring three JH3b gene segments, due to a 

frameshiftframeshift just upstream of the third JH3b copy. The CDR3 PCRs performed on bacterial 

cloness that had been derived from VH4 - JH RT-PCR products, yielded 112, 184 and 297 bp 

products,, corresponding to VH regions with one, two and three JH3b copies, respectively. 

However,, as the JH primer can anneal to each JH3b segment it is uncertain whether the cloned 

productss with two JH3b segments are representative of truly existing transcripts or just PCR 

productss derived from the existing transcripts with three JH3b regions. By using cDNA 

synthesizedd with oligo-dT primers, we confirmed that the transcripts with three JH3b copies 

containn a normal polyA tail. Furthermore, it was found that the three-JH3b containing 

transcriptss were not spliced to the second or third Cu. domain {CH2, CH3). Possibly, these 

VHD-3JJ products represent remnants of primary transcripts of the rearranged locus. The 

CDR3-specificc PCRs on the bacterial clones derived from the VH4-Cu and -Co RT-PCR 

products,, yielded only 112 bp products i.e. CDR3 lengths corresponding to V(D)J joints with 

onee JH3b copy only. This suggests that the majority of the synthesized u. and 5 H chains, and 

thuss the IgM and IgD proteins,, are normal. 

Inn eight of twenty RT-PCR derived clones, a deletion in the V4-34 gene segment was 

foundd (Table 1). It appeared that the sites flanking the deletion showed significant homology 

too the consensus splice acceptor, splice donor and branchpoint sequences. Two somatic 

mutationss were of special interest as they brought about a closer homology to the consensus 

3'' splice acceptor and branch point sequences, respectively [34]. This, combined with the fact 

thatt we did not isolate clones with the V4-34 deletion out of gDNA PCR products strongly 

suggestedd that the deletion was the result of illegitimate splicing. In transfection studies of the 

V4-344 sequence in SP2/0 we demonstrated that the observed splicing of V4-34 was an 

intrinsicc property of the particular V4-34 sequence itself and therefore could not be ascribed to 

ann aberrant splicing machinery of the B-CLL. Moreover, as reversion of a single point 

mutationn abolished the alternative splicing, we conclude that this particular somatic nucleotide 

substitutionn in V4-34 was critically important for the generation of a functional 3' splice 

acceptorr site. 

Alternativee splicing of Ig genes has been previously described in human heavy chain 

diseasee (HCD), Burkitt's lymphoma cell tines and in multiple myeloma [35-39]. In all these 

malignancies,, extensively truncated H chains are produced, often without associated L chain. 

Thee truncation of the abnormal H chain in y- and o>HCD usually involves part or all of the VH 

regionn and the whole CHI domain. In most of these cases, the VH leader and a small part 
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off  the VH region is directly spliced to the hinge region. In most cases of a-HCD also inserts of 

unknownn origin have been found [40,41]. Furthermore, two intracellular p.-HCD producing 

Burkitt'ss lymphoma cell lines have been described expressing truncated VH4 family genes in 

whichh the same cryptic 5' splice donor site at codon 26 was used as in our B-CLL [39,42], 

However,, also in these cell lines the 3' acceptor site was located in the Cu-CHl exon. Thus, to 

ourr knowledge, this B-CLL provides the first example of alternative splicing within a VH 

gene.. This mode of IgH splicing was due to the creation of a 3'splice acceptor site by a critical 

somaticc point mutation. 

Inn the previously reported cases, alternative splicing most likely rescued B cells 

harbouringg non-functional VH genes with stop codons and/or frameshifts due to deletions or 

insertions.. The mode of splicing observed in this B-CLL may theoretically have significance 

ass an additional mechanism of somatic Ig diversification. It can be envisaged that in a V gene 

withh an intrinsic insertion/duplication, alternative splicing may be a way to compensate for 

non-functionall  frameshifts or length aberrations. This is also suggested by the increased ratio 

splicedd : unspliced VH in the 2J transfectant as compared to the U transfectant (Fig. 5c). On 

thee other hand, alternative splicing implies that a B cell can potentially co-express different 

IgVV molecules encoded by a single rearranged allele. Although it is doubtful whether this has 

anyy relevance during normal B cell selection processes, it may have pathophysiological 

significance.. If e.g. such an alternatively spliced V gene product forms aberrant membrane 

complexess resulting in constitutitive signaling, it could be instrumental in cellular 

transformation. . 

Material ss  and method s 

PatientPatient material. The patient was a 76 year old female who suffered from B-CLL 

withh severe auto-immune hemolytic anemia, for which she was splenectomized. Spleen tissue 

wass obtained from the department of pathology, the Westeinde Hospital, the Hague. 

DNADNA -, RNA isolation andcDNA synthesis. DNA and RNA was isolated from frozen 

tissuee sections or from transfected cells using the DNAZOL or the TR1ZOL reagent, 

respectivelyy (Life Technologies, Breda, the Netherlands) according to the manufacturer's 

instructions.. cDNA was synthesised with Pd(N)6 random primers (Pharmacia Biotech, 

Roosendaall  the Netherlands) or for some experiments with an oligo-dT primer (Promega, 

Leidenn the Netherlands) as described [27], 
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PCRPCR reactions. The complementary determining region 3 (CDR3) was amplified 

usingg a forward primer specific for the framework region 3 (FR3) in combination with one of 

thee different downstream primers specific for JH, Cji, Cy, Cct or Co. For the VH family-

specificc PCR, the reactions were performed with VH family specific leader primers as 

describedd [27] combined with the appropriate reverse primer either JH, Cu, C8 or the B-CLL 

specificc FR3 reverse primer. The different PCRs were performed with 1 |il of cDNA or 500 

ngg genomic DNA in a volume of 25 ul. The PCR mixture contained IX Taq buffer (20 raM 

Tris-HCl,, 50 mM KC1, pH 8.4), 0.2mM of each dNTP, 1.5 mM MgC12 and 1 unit of 

recombinantt Taq polymerase (Life technologies). In the CDR3-specific PCR and in the VH 

family-specificc PCR the primers were used in a concentration of 0.5 p.M and 0.25 u.M 

respectively.. The PCR reactions were performed with a thermal cycler (PTC-100, MJ 

researchh Inc., Watertown, MA, USA). For the CDR3-specific PCR, 10 cycles were 

performed,, 30 s at 95 °C, 20 s at 57 °C and 20 s at 72 °C. Next, 40 cycles of amplification 

weree executed, 30 s at 95 °C, 20 s at 55 °C and 20 s at 72 °C. The reaction was completed for 

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

Bioproducts,, Rockland, ME, USA). For the VH family-specific PCR, 30 cycles were 

performed,, 30 s at 95 °C, 30 s at 55 °C and 30 s at 72 °C. The reaction was terminated for 6 

minn at 72 °C. The PCR products were analysed on a 1 % standard agarose gel (Sigma, 

St.Louis,, MO, USA). Primer sequences: 

FR33 5'-GACACGGC(C/T)(C/G)T(G/A)TATTACTG-3' 

JHH 5'-GGACTAGTTTCTTACCTGAGGAGACGGTGACC-3' 

Cuu 5'-GGGTCGACGCAGGAGACGAGGGGGAAAAG-3' 

Cy22 5'-AGACCGATGGGCCCTTGGTG-3' 

Caa 5'-CGGGAAGACCTTGGGGCTG-3' 

Coo 5*-TGTCTGCACCCTGATATGATG-3' 

VH44 5'-AAATCGATACCACCATGAAACACCTGTGGTTCTT-3' 

B-CLLL FR3 5'-CGGCGGTCACAGAGCCTCAA-3' 

VK II  5'-AAATCGATACCACCATGGACATGAGGGTCCCC-3' 

JKK 5'-GCGGCCGCCACTTACGTTTGATCTCCACCTTG-3'[27] 

CloningCloning and sequencing PCR products were cloned into pTOPO vectors and 

transformedd into TOP10 bacteria, according to the manufacturer's instructions (Invitrogen, 

Groningen,, the Netherlands). The colonies were sequenced on both strands. Sequencing was 

performedd with an ABI sequencer (Perkin Elmer Corporation, Norwalk, CT, USA) using the 

bigg dye-terminator cycle-sequencing kit. The sequences found were compared to published 
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germlinee sequences, using the Vbase database [28] and DNAplot [29] on the internet 

(http://www.mrc-cpe.cam.ac.uk/imt-doc)) to identity mutations. 

ExpressionExpression vectors The IgH(y3) expression vector was produced by modifying the 

pRTMll  vector [30]. The IgH expression vector consists of a rearranged V(D)J gene flanked 

byy Clal and Spel restriction sites, which are used to introduce the IgVH gene of interest. 

Downstream,, the Cy3 constant gene is located. The expression of the recombinant IgH is 

regulatedd by normal human IgH promotor and enhancer sequences. For selection in bacteria 

thee (3-lactamase gene is present that results in ampicilline resistance and for selection in 

mammaliann cells the neomycin phosphotransferase gene is present which allows selection of 

stablyy transfected cells with geneticin. The IgL(ic) expression vector was produced starting 

fromm the pSVG-Vic3 vector [30]. The IgL(ic) expression vector consists of a rearranged VJ 

genee flanked by Clal and NotI restriction sites. These restriction sites are used to introduce the 

IgVKK gene of interest. Downstream, the K constant gene is located. The expression of the 

recombinantt IgK is regulated by normal human IgK promotor and enhancer sequences. 

Detailedd description of the generation of these immunoglobulin expression vectors is 

availablee on request. The pRTMl and the pSVG-Vic3 vectors were kindly provided by Dr. 

Kippss (University of California, San Diego, CA, USA) and the IgH(y3) and IgL(K) expression 

vectorss were kindly provided by Drs. J. van Es and T. Logtenberg (University Hospital, 

Utrecht,, the Netherlands). 

GenerationGeneration of transfectants in SP2/0 cells For transfection, 10 \xg IgH(y3) and 10 ug 

IgL(K)) were linearised with Pvul and mixed with 10x106 SP2/0 myeloma cells in Iscove's 

modifiedd Dulbecco's medium (IMDM) containing 10% FCS (Hyclone), 100 IU/ml penicillin 

andd 100 ng/ml streptomycin. The suspension was electroporated in a 0.4 cm gap cuvette using 

aa Biorad gene pulser with capacity extender at 960 uF and 250 V. The cells were selected and 

culturedd in IMDM complete medium containing 400 (j.g/ml geneticin (Life technologies). 

NucleotideNucleotide reversion of the somatic mutation in codon 64 Primers were designed 

thatt matched around codon 64. One primer (B-CLL-R) included a mismatch that reversed the 

mutationn in codon 64 to the germline nucleotide. The V4-34 of the B-CLL was amplified in 

twoo separate parts. The 5' part was amplified with the VH4 family specific leader primer and 

thee downstream primer (B-CLL-R) with the mismatch that reversed the somatic mutation. The 

3'' part was amplified with a forward primer (B-CLL-F) located adjacently to the mismatch 

primerr and combined with the JH downstream primer. These PCRs were performed according 

too 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 from gel, combined and used as 
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templatee in an amplification reaction with the VH4 family specific leader primer and the JH 

primerr downstream primer using Taq polymerase. Bacterial clones were generated and from 

thesee clones the V4-34 segment was sequenced to confirm the reversion of the somatic 

mutationn in codon 64. Next this B-CLL V4-34 fragment was cloned into the IgH(y3) 

expressionn vector as described above. Primer sequences : B-CLL-F 5'-

GAGTCACCATATCAGTGGAC-3'' ; B-CLL-R 5'-GACTCTIGAGGGACGGGTTG-3' ,The 

underlinedd nucleotide is a mismatch which reverts the somatic mutation in codon 64. 
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Chapterr 7 

Genera ll  discussio n 

Lymphomagenesiss is thought to be a multistep process. The most important cause for 

malignantt transformation of B lymphocytes is the gain of genetic aberrations that alter the 

proliferationn or life span of these lymphocytes. In addition to genetic changes, a role for antigen 

iss proposed in the pathogenesis of several lymphomas, especially for the follicular lymphomas 

(FLs)) and the mucosa-associated lymphoid tissue (MALT)-derived lymphomas. As outlined in 

thee introduction (chapter 1), this concept is based on circumstantial evidence only. In the studies 

describedd in this thesis we have explored this concept. 

Ann important argument in favor of a role for antigen in the pathogenesis of FLs is their 

architecture,, which resembles that of normal germinal centers. In fact, the tumor cells in FLs 

groww in close contact with follicular dendritic cells. Similarly, in MALT lymphomas the tumor 

cellss can colonize germinal centers. These features suggest that FDCs might present antigen to 

thee tumor cells, thus providing necessary survival and/or growth signals. Indeed, the contact with 

thee FDCs seems supportive, as Petrasch et al. have shown that the proliferation rate of neoplastic 

BB cells within FDC clusters was higher than that of cells not associated with FDCs '. However, 

Lampertt et al reported that antibodies against complement factor C3 did not stain FDCs in 

follicularr lymphomas, in contrast to FDCs in reactive tonsils and lymph nodes2. In accordance, 

severall  investigators had reported an absence of immunoglobulins on FDC networks in 

lymphomass 3 6. This raised the question whether FDCs in FLs are equally efficient in capturing 

immunee complexes as those in normal germinal centers. More importantly, these data suggest 

thatt FLs may depend on FDCs for other reasons than stimulation by antigen. Particularly, FDCs, 

assistedd by infiltrating T cells, may provide growth-sustaining signals, such as cytokines or 

contact-dependentt signals 710. 

Thee fact that most lymphomas retain their membrane Ig receptor (mlg)'l, even after years 

off  disease, is suggestive for the importance of this receptor for lymphoma growth. The retention 

off  the mlg is indeed remarkable, particularly because in many B-cell malignancies somatic 

hypermutationn is thought to be ongoing. However, despite the fact that we found intraclonal 

variationn in IgV genes of follicular lymphomas (chapter 2 and 3), we questioned if this is 

necessarilyy a reflection of ongoing somatic hypermutation. This was based on the observation 

thatt somatic mutations did not accumulate in time in a number of FLs. Furthermore, we 

consistentlyy found a lower intraclonal variation in relapse samples of FLs. These phenomena 

weree in accordance with other reports 12"14. We hypothesized that FLs, due to the accumulation 

off  genetic alterations, might finally lose the capacity to actively mutate their V genes in time 
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(chapterr 2). Thus, at early stages of lymphoma growth, many subclones are still present. 

However,, after selection caused by therapy or by other factors over time, only few subclones 

survive,, which would explain the lower intraclonal variation found in relapses of FLs (chapter 

2).. In this model, the preservation of the B-cell antigen receptor (BCR) in later stages of FL 

diseasee is no proof of its significance, as it is not subject to somatic hypermutation. In addition, 

thee need to retain a BCR may serve another purpose than ligand recognition, as was suggested 

byy the data presented by Lam et al, who generated a transgenic mouse in which the BCR of 

maturee B cells could be deleted by inducible gene targeting, resulting in cell death. A transgenic 

BCRR specific for the hapten 4-hydroxy-3-nitrophenyl acetyl (NP), was used to generate the mice. 

Inn this artificiall  model, it is at least questionable whether the antigen receptors have encountered 

aa ligand during B-cell development. Nonetheless, the need to retain this BCR was clearly 

demonstratedd ,5. 

Manyy investigators use the often found high replacement (R) to silent (S) mutation ratios 

inn the complementarity determining regions (CDRs) as indication for antigen selection in 

lymphomas.. Low R/S ratios in the framework regions (FRs) are indicative of selection for 

preservationn of the BCR. However, Chang and Casali reported that the codon composition of FRs 

andd CDRs is different: point mutations in the CDRs have a higher intrinsic chance to result in 

ann amino acid substitution than those in the FRs '6. In accordance, high R/S ratios are also found 

inn the CDRs of non-productive, and therefore unselected, rearrangements 17. Also, additional 

replacementt mutations in the CDRss can be unfavorable in already selected Ig with high affinity 
,8.. Consequently, the R/S values of CDRs can not be used as arguments for or against antigenic 

selection,, indicating that these analyses should be interpreted with caution. Assuming that the 

patternss of somatic mutations in the V genes of lymphomas are a reflection of antigen selection, 

itt is unclear at what stage in lymphoma development this selection took place. Not unlikely, such 

patternss are a remainder of antigen selection processes from an early stage, e.g. in cells in which 

aa first hit occurred, but that did not yet become fully transformed. If somatic hypermutation 

indeedd ceases in the course of further transformation, these mutational patterns remain unaltered 

att later stages of disease. Thus, the patterns found at these late stages are not per se an indication 

thatt antigen selection is still taking place. 

Basedd on the observed intraclonal nucleotide differences in IgV genes of B-NHLs, 

"evolutionall  trees" have been constructed n1921, which suggested that antigen selection took 

placee during the tumor phase of the lymphomas. However, to confidently construct such a tree, 

manyy clones need to be analyzed, as was shown by Levy et al. u. These investigators observed 

thatt genealogical trees for both VH and VL genes of 6 heterohybridomas could not be 
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superimposed22.. Moreover, the data presented in chapters 2 and 3 question BCR-guided clonal 

evolutionn in at least some FLs. In one FL we found evidence that a minor clone present at 

diagnosiss dominated the relapse sample without evidence of BCR evolution (chapter 3). 

Similarly,, no BCR evolution was observed in one gastric MALT lymphoma of which we had 

tissuee material of two time points (chapter 4). The amount of somatic mutations was lower in the 

relapsee sample than in the initial biopsy (15 and 16 mutations were found, respectively). Most 

likely,, a subclone had gained growth advantage over time, based on selection criteria other than 

BCRR affinity. 

Ann important observation in favor of the concept of antigen-driven lymphomagenesis, 

iss the association of MALT lymphomas with chronic inflammation, either caused by organ-

specificc autoimmune diseases or by an infection with for example Helicobacter pylori. Of note, 

noo reactivity with H. pylori was demonstrated of tumor Ig from at least two gastric MALT 

lymphomas233 (and chapter 4). Instead, it was claimed that the MALT lymphoma cells recognized 

variouss self antigens23"25. However, the exact ligands of the MALT lymphomas have never been 

identified.. We did not find specific stainings with tumor Ig from MALT lymphomas on 

correspondingg tissue sections, suggesting that the ligands of these MALT lymphomas were not 

presentt in their environment (chapter 4). Alternatively, antigen may play an indirect role in the 

pathogenesiss of gastric MALT lymphomas, as the tumor-infiltrating T cells were H. pylori 

specificc 26,2T. 

Alsoo for other lymphomas attempts have been made to elucidate the specificity of their 

antigenn receptors. Only one report describes the reactivity of tumor Ig from FLs: Dighiero et al 

testedd tumor Ig from 31 FLs by ELISA and via immunohistochemical stainings. In 8 cases 

reactivityy with various self-antigens was found, for example actin, tubulin, IgG or DNA  28. 

Similarly,, the BCRs of 17 of 32 B-CLLs studied reacted with various autoantigens, such as 

ssDNA,, dsDNA or IgG 29,3°. In two B-CLLs, the neoplastic cells were shown to produce anti-red 

bloodd cell antibodies 3l. However, in most patients with B-CLL, accompanied by autoimmune 

hemolyticc anemia (AIHA) , the anti-red blood cell antibodies are thought to be of non-neoplastic, 

polyclonall  B-cell origin 32. Tumor Ig derived from two B-CLLs of patients infected with the 

humann T-lymphotropic virus type I (HTLV-I ) were reported to recognize HTLV-I derived 

antigenss " . Ng et al reported that IgM produced by 2 Burkitt's lymphoma cell lines of AIDS 

patientss reacted with either gpl60 of human immunodeficiency virus type 1 (HIV-1) or with 

humann IgG, respectively34. However, this was not confirmed by three other studies, in which no 

HIVV reactivity of Ig derived from 9 AIDS-related lymphomas was found. Instead, reactivity with 

self-antigenss was reported in 5 of 9 cases35"37. Virus-associated lymphomagenesis was suggested 
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forr a murine B-cell lymphoma, BCL,, that recognized murine leukemia virus (MuLV). This 

lymphomaa grew poorly in vitro. If splenic stromal cells that produced MuLV particles were 

addedd to the culture, BCL! lymphoma cells could be cultured for up to one month, suggesting 

aa role for this ligand in the growth of this lymphoma38. However, it was not reported if splenic 

stromall  cells alone, i.e. without MuLV particles enhanced the proliferation of the lymphoma. 

Inn summary, there is a limited amount of data that supports the concept of antigen-driven 

lymphomagenesis.. Some ligands of various BCRs of B-NHL have been described, indicating that 

thee tumor cells maybe derived of (auto)antigen responsive B cells. However, it is unclear if these 

ligandss are still essential for the growth of the lymphomas at the time of diagnosis. It is 

conceivablee that despite the configuration of their Ig receptors, the tumor cells have become 

independentt of signals elicited via these receptors. Instead, the tumor cells may be selected by 

virtuee of various other genetic alterations. 
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Summar y y 

Normall  B cells are continuously tested for the expression and quality of their B-cell 

antigenn receptors (BCRs), or immunoglobulin (Ig) receptors, throughout their development. 

Similarly,, a role for BCR-ligands has been proposed in the growth and/or genesis of some B-cell 

malignancies.. In this thesis we explored the concept of antigen-driven lymphomagenesis by 

analysess of the BCRs of several B-cell malignancies. 

Inn chapter 1, a general introduction is given on the development of B lymphocytes and 

thee arguments in favor of a role for antigen recognition in B-cell malignancies are reviewed. 

Inn chapter two, the BCRs of a panel of follicular lymphomas (FLs) are analyzed. The 

variablee heavy (VH) chain genes were heavily mutated. Similar to normal antigen-experienced 

BB cells, heavy chain isotype-switched FLs contained a higher amount of somatic mutation in 

theirr VH genes than IgM-expressing FLs. Based on the intraclonal variation is found in their 

immunoglobulinn (Ig) V genes, it is believed that FLs are capable of ongoing somatic mutation. 

However,, in our analysis of 4 FLs of which also relapse samples were available, we found no 

obviouss accumulation in the amount of somatic mutations in 3 of 4 FLs, despite persistent 

intraclonall  variation in the VH genes of most of these FLs. In addition, in relapse samples the 

intraclonall  variation was consistently lower than in presentation biopsies. These results caused 

uss to doubt whether somatic hypermutation persists in all FLs. Based on these findings we 

hypothesizedd that the hypermutation machinery is shut off after a certain point during an ongoing 

transformationn process. The intraclonal variation found may have remained from an earlier 

periodd in tumor cell growth, in which somatic hypermutation did occur. In addition, we found 

inn 3 of 4 FLs no support for the concept of BCR-based clonal evolution. Instead, different 

subcloness with different mutation patterns seemed to be selected over time. 

Too extend these observations, we analyzed one of these FLs in more detail. This FL 

consistedd of both IgM- and IgG-expressing tumor cells of the same clonal origin. Furthermore, 

materiall  from different time points was available. We isolated samples of approximately 50 

tumorr cells by laser microdissection and amplified and sequenced VH gene transcripts {chapter 

3).3). Remarkably, although this FL consisted of both IgM- and IgG-expressing cells, we found no 

evidencee for active isotype switching, which suggested that the capacity to switch isotype may 

havee been lost at a certain time point during the growth of this FL. In addition, some of the 

subcloness of the sample of the first time point of this FL, closely resembled the subclone that 
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dominatedd the relapse sample. This suggested that the subclone of the relapse sample may have 

beenn pre-existent in the presentation biopsy, 9 years earlier. Furthermore, for another FL we 

provedd by PCR and sequencing that the clone that dominated the relapse sample was already 

presentt as a minor clone at diagnosis, 2 years earlier. These data strongly suggested that the 

conceptt of clonal evolution guided by the BCR is not true for all FLs. Furthermore, our data 

implyy that FLs may have retained fewer functional characteristics of germinal center B cells than 

generallyy assumed, in particular the capacities of ongoing somatic hypermutation and isotype 

switchingg may be lost. 

Inn chapter 4, the VH and the Vk chain genes of 12 MALT lymphomas are described. 

Variablee numbers of somatic mutation were found. In addition, in one MALT lymphoma both 

IgM-- and IgA-expressing tumor cells were present, indicating that this lymphoma had undergone 

ann isotype switch at some point during its genesis. Furthermore, we tested the specificity of 

recombinantlyy produced tumor Ig of 7 MALT lymphomas. With none of these lymphoma-

derivedd Igs, positive stainings were obtained on corresponding tissue sections. Among the MALT 

lymphomass investigated, one gastric MALT lymphoma was present. Although in the disease 

historyy of this patient an infection with Helicobacter pylori was observed, the tumor Ig did not 

reactt with H. pylori. Our data suggest that ligands of the tumor Igs are not present in the 

environmentt of the MALT lymphomas. 

Inn chapter 5 the variable heavy chain genes of primary cutaneous B-cell lymphomas 

(PCBCLs)) are described. PCBCLs are B-cell lymphomas that arise in the skin. At the moment 

off  this study, virtually no data were present on the configuration of their BCRs. Their VH genes 

weree found to contain somatic mutations and also, intraclonal variation was present in some of 

thesee PCBCLs. In addition, isotype variants of one PCBCL were found. These findings indicate 

thatt PCBCLs are derived from (post) germinal center B-cells. 

Inn chapter 6 the complex Ig gene of a B-CLL case is described. The B-CLL was 

accompaniedd by severe autoimmune hemolytic anemia. The VH locus contained a triplification 

off  the JH gene. By consequence, multiple transcripts could be produced. In addition, an 

illegitimatee splice variant was produced, due to the presence of somatic point mutations at critical 

sitess in the expressed V4-34 gene segment. Theoretically, alternative splicing caused by somatic 

mutationn may be an additional mechanism of IgV gene diversification and may potentially have 

significancee for lymphomagenesis. The specificity of the tumor Ig is currently under 

investigation. . 

Inn chapter 7, the concept of antigen-driven lymphomagenesis is discussed. A limited 
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amountt of data supports this concept. Although the tumor cells are derived from antigen-

responsivee B cells, our data on FLs and MALT lymphomas do not provide evidence that antigen-

receptorr ligands are essential for the growth of the lymphomas at the time of diagnosis. It is 

conceivablee that despite the configuration of their Ig receptors, the tumor cells have become 

independentt of signals elicited via these receptors. Instead, the tumor cells may be selected by 

virtuee of various other genetic alterations. 
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Samenvattin g g 

BB lymfocyten zijn betrokken bij de humorale tak van het immuunsysteem. De 

plasmacellenn die van hen afstammen zijn in staat tot produktie van antistoffen, oftewel 

immuunglobulinen.. De B cellen brengen op hun oppervlak een immuunglobuline eiwit als B-cel 

antigeenn receptor (BCR) tot expressie. De expressie en kwaliteit van de BCR zijn van cruciaal 

belangg voorde B cellen, aangezien zij er tijdens hun ontwikkeling voortdurend op getest worden. 

Err zijn indirecte aanwijzingen dat ook sommige B-cel maligniteiten voor hun groei en/of 

ontwikkelingg afhankelijk zijn van signalen van de BCR. In dit proefschrift is de rol van antigeen 

voorr B-cel lymfomen bestudeerd door de BCR's van verschillende B-cel tumoren te analyseren. 

Inn hoofdstuk 1 wordt een inleiding gegeven over de ontwikkeling van B cellen. Tevens 

zijnn de argumenten uiteengezet die een rol voor antigeenherkenning in de B-cel lymfomagenese 

ondersteunen. . 

Inn de studie die beschreven is in hoofdstuk 2, zijn de BCR's van een serie folliculaire 

lymfomenn (FL) onderzocht. De variabele (V) zware (H) keten genen bleken vele mutaties te 

bevatten.. FL die een zware keten isotype switch hadden ondergaan bezaten meer somatische 

mutatiess dan IgM+ FL, zoals dat ook het geval is bij normale, antigeen-gestimuleerde, B cellen. 

Omdatt intraklonale variatie aangetroffen wordt in de IgV genen van FL, neemt men aan dat zij 

inn staat blijven hun V genen somatisch te muteren. Wij vonden echter in 3 van 4 FL waarvan 

relapss (terugkeer) weefselmonsters aanwezig waren, geen duidelijke toename van het aantal 

somatischee mutaties in de BCR's. Dit was verrassend, omdat intraklonale variatie aanwezig was 

inn de IgVH genen. In de relaps monsters vonden wij bovendien steeds een lagere intraklonale 

variatiee dan in het uitgangsmateriaal. Deze bevindingen lijken de hypothese dat FL hun 

VV genen somatisch blijven muteren niet te ondersteunen. Het is mogelijk dat FL tijdens hun groei 

dezee eigenschap verliezen, ten gevolge van een doorgaand transformatie proces. De intraklonale 

variatiee die gevonden wordt in IgV genen zou in dat geval uit een eerdere periode van tumorgroei 

zijnn overgebleven. Een periode, waarin wel somatische mutatie optrad. 

Inn 3 van de 4 FL vonden wij geen aanwijzingen die het concept van BCR-gedreven 

klonalee evolutie ondersteunen. Selectie van verschillende subkloons met verschillende mutatie-

patronenn leek plaats te vinden in de tijd. Deze selectie is waarschijnlijk gebaseerd op andere 

eigenschappenn dan BCR affiniteit voor antigeen. 

Klonalee evolutie en isotype switching hebben wij uitgebreider onderzocht in één van de 

FL,, die bestond uit zowel IgM+ als IgG* tumorcellen met dezelfde klonale origine {hoofdstuk 3). 

Vann dit FL was tevens materiaal aanwezig van 2 tijdpunten, waartussen 9 jaar lag. Met behulp 
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vann laser microdissectie hebben wij samples van ongeveer 50 tumorcellen geïsoleerd. Hieruit zijn 

dee IgV genen geamplificeerd met een RT-PCR om vervolgens de DNA nucleotide volgorde vast 

tee stellen. Ondanks het feit dat dit FL uit zowel IgM' als IgG~ tumorcellen bestond, leek een 

isotypee switch niet actief op te treden. Verder kwamen enkele subkloons uit het eerste tijdpunt 

quaa mutatiepatroon bijna overeen met de subkloon die het monster van het tweede tijdpunt 

overheerste.. Uit dit resultaat bleek dat de subkloon van het relaps monster al aanwezig was het 

materiaall  van 9 jaar daarvoor. In een ander FL bewezen wij, met behulp van PCR en DNA 

sequentiee bepalingen, dat de kloon die inn het monster van het tweede tijdpunt overheerste, al in 

hett eerste tijdpunt (2 jaar eerder) aanwezig was. Deze bevindingen geven aan dat het concept van 

BCR-gedrevenn klonale evolutie niet geldt voor alle FL. Bovendien lijken FL minder 

eigenschappenn van kiemcentrum B cellen te behouden, dan algemeen werd aangenomen. Met 

namee de eigenschappen doorgaande mutatie en isotype switching lijken verloren te gaan tijdens 

dee maligne groei. 

Inn hoofdstuk 4, zijn de variabele zware en lichte (kappa) keten genen (VH en Vk) 

geanalyseerdd van 12 lymfomen van het mucosa-geassocieerde lymfoïde weefsel (MALT) . Alle 

MALTT lymfomen bevatten somatische mutaties in hun IgV genen. Bovendien bestond één 

lymfoomm uit zowel IgM als IgA tumorcellen, hetgeen betekent dat tijdens de genese van dit 

lymfoomm een isotype switch heeft plaatsgevonden. De specificiteit van het Ig van 7 MALT 

lymfomenn werd onderzocht door tumor Ig recombinant te produceren, waarmee vervolgens 

corresponderendee weefselcoupes zijn gekleurd. Met geen van de recombinante antistoffen werd 

specifiekee aankleuring verkregen. Eén van de MALT lymfomen waarvan wij de specificiteit van 

dee BCR onderzocht hebben, was afkomstig uit de maag. De patiënt was geïnfecteerd geweest met 

Helicobacterr Pylori. Het tumor Ig reageerde echter niet met H. pylori. Wij konden derhalve niet 

aantonenn dat de liganden (antigenen) van de BCR's van de onderzochte MALT lymfomen ter 

plaatsee aanwezig waren. 

Inn hoofdstuk 5 zijn de IgVH genen onderzocht van B-cel lymfomen die ontstaan in de 

huid.. Hiervan waren nog weinig data beschikbaar. De IgVH genen waren somatisch gemuteerd. 

Ookk werd intraklonale variatie gevonden. Van één huidlymfoom waren zware keten isotype 

variantenn aanwezig. Deze gegevens duiden erop dat huidlymfomen afkomstig zijn van antigeen-

gestimuleerdee B cellen. 

Inn hoofdstuk 6 is de configuratie van het Ig zware keten gen van een B-cel chronische 

lymfocytischee leukemie beschreven. De patiënt leed tevens aan autoimmune hemolytische 

anemie.. Ten gevolge van een triplificatie van het JH gen werden verschillende transcripten 

gevonden.. Bovendien werd een alternatieve splice variant gevonden, ontstaan door somatische 
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mutatiess op cruciale plekken in het V gen. In theorie zou alternatieve splicing door somatische 

mutatiess een additioneel mechanisme van IgV gen diversificatie kunnen zijn. Ook zou 

alternatievee splicing van belang kunnen zijn bij lymfomagenese. De specificiteit van het tumor 

Igg wordt momenteel onderzocht. 

Inn hoofdstuk 7 wordt het concept van antigeen-gedreven lymfomagenese bediscussieerd. 

Eenn beperkte hoeveelheid bewijs pleit voor dit concept. Alhoewel de tumorcellen van de door 

onss onderzochte FL en MALT lymfomen afkomstig zijn van B cellen die een antigeen-gedreven 

groeii  hebben doorgemaakt, hebben wij geen aanwijzingen gevonden dat antigeen nog steeds van 

belangg is voor de groei van deze lymfomen. Het is denkbaar dat de tumorcellen onafhankelijk 

zijnn geworden van signalen gegenereerd door hun antigeen-receptoren. In plaats daarvan zouden 

dee tumorcellen geselecteerd worden op basis van verscheidene andere genetische veranderingen. 
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