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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 
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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). 

30 0 



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 

31 1 
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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 TAC TTC 

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

TCC GTG GTT ATT CC 

-AA A-

TT GGA TAT 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. 
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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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