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Abstract
Mantle cell lymphoma (MCL) is an IgM-expressing B cell lymphoma that originates
from naive B cells and responds poorly to chemotherapy. We show here that several
MCLs harbour isotype-switched subclones. Similar to the situation in normal B cells,
in vitro stimulation of MCL cell lines with CD40 ligand (CD40L) and interleukin-4 induced
expression of activation-induced cytidine deaminase (AID) and germline transcription at
the immunoglobulin heavy chain gene locus. Additionally, the occurrence of switch-circle
transcripts and mature IgG transcripts after stimulation indicated ongoing class-switch
recombination in mantle cell lymphoma cell lines. Furthermore, stimulation of primary
MCL cells in vitro induced expression of class-switched IgG mRNA in the tumour cells. Our
data indicate that mantle cell lymphomas have retained the ability to undergo class-switch
recombination if appropriate stimuli, such as the CD40 ligand, are provided.
Copyright  2006 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Mantle cell lymphoma (MCL) is a rare B cell
non-Hodgkin’s lymphoma that responds poorly to
chemotherapy. MCL is characterized by the t(11;14)
translocation, which juxtaposes the gene coding for
cyclin D1 with the immunoglobulin heavy chain locus
on one allele. The other intact immunoglobulin heavy
chain allele is found to be unswitched and it pro-
duces IgM, which is expressed on the cell surface
[1]. Recent studies have revealed that, contrary to
naive B cells being the supposed cellular origin of
MCL [2], a subset of mantle cell lymphomas har-
bour mutated variable regions of the immunoglobulin
heavy chain gene (VH ) [3–5]. Since Babbage et al
[6] reported the detection of switch-circle transcripts
and class-switched subclones in samples of leukaemic
MCL cells, it has become evident that a subset of
MCL has initiated cellular processes corresponding to
a germinal centre reaction.

Normal B cells and most B cell lymphomas express
CD40, a surface receptor that regulates B cell pro-
liferation and apoptosis. The physiological ligand of
CD40 is CD154 (CD40L), which is expressed by
T lymphocytes. In vitro stimulation of B cells by
CD40L and appropriate cytokines, such as interleukin

4 (IL-4), induces proliferation and up-regulation of
activation-induced cytidine deaminase (AID) followed
by class-switch recombination (CSR) [7]. By analogy
with normal B cells, CD40L and IL-4 are strong pro-
liferative stimuli in primary MCL cells [8–10].

Previous reports failed to demonstrate class-
switching in primary MCL cells after stimulation with
CD40L and IL-4. However, these studies analysed
protein expression by FACS analysis only [9,10].
We demonstrate here that MCL samples contain class-
switched subclones. Furthermore, we show that class-
switch recombination can be induced in vitro in MCL
cell lines and primary MCL cells by stimulation with
CD40L and IL-4. Since CD40L seems to stimulate
class-switching in MCL, interaction with T cells might
influence the biology of the lymphoma.

Material and methods

Tissue samples and primary MCL cells

The study was performed in accordance with the local
ethical requirements for samples stored at the Lymph
Node Registry Kiel. Fresh frozen tumour samples
of MCL from the tissue collection of the Lymph
Node Registry Kiel were cut with a cryostat and
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tissue slides were transferred into RLT buffer for
RNA extraction (RNeasy Mini Kit, Qiagen). Slides
from the same level of the tissue block as that used
for RNA extraction were stained with haematoxylin
and eosin (H&E) and by immunohistochemistry for
CD20, CD3, CD68, Ki-67 and CD23. Networks of
follicular dendritic cells (FDC) were evaluated semi-
quantitatively using staining for CD23. Residues of
germinal centres (GC) were identified by staining for
CD23 and Ki-67. Only lymph node samples revealing
more than 80% tumour infiltration were used for this
study. The diagnosis of MCL was confirmed by a
panel of pathologists on paraffin-embedded tissue from
the same cases stained for CD20, CD5, CD23 and
cyclin D1. Primary MCL cells were recovered from the
peripheral blood or lymph node cell suspensions from
MCL patients, cultured and stimulated as described
previously [8].

Cell lines
The MCL cell lines Granta 519, SP-49, HBL-2,
JeKo-1 and NCEB-1 [11] were maintained in RPMI
medium containing 10% FCS and stimulated with
33 ng/ml CD40L (Alexis or Strathmann) and 10 ng/ml
IL-4 (Serva or Strathmann) for the indicated periods
of time. All experiments were performed in triplicate.
Total RNA was extracted using an RNeasy Mini Kit
(Qiagen).

VH sequencing
Immunoglobulin heavy chain constant regions (VH ) of
cell lines, leukaemic MCL cells or tissue samples were
amplified using cDNA and the primers described by
Kuppers et al [12]. Sequencing of the resulting PCR
products was carried out with Big Dye reagents on an
ABI 310 sequencer (Applied Biosystems). Sequence
alignments with germline sequences were determined
from the IMGT database (http://imgt.cines.fr/). The
number of somatic hypermutations was assessed in
the region starting from the end of the forward primer
until codon 94 of VH and expressed as percentage of
bases differing from the germline sequence. Clone-
specific forward primers for MCL tissue samples and
leukaemic MCL cells were designed based on the VH
gene sequence with the 3′-end of the primers located in
the P- or N-nucleotides between the V- and D- or the
D- and J-segment of VH . The specificity of the clone-
specific primers was evaluated by RT-PCR, using the
clone-specific forward primer in combination with a
reverse primer located in the IgM constant region [13]
and cDNA from peripheral blood B cells as a template.
If no PCR products were observed in peripheral B
cells but there was strong amplification of IgM in the
lymphoma sample, the forward primer was considered
to be clone-specific (data not shown).

RT-PCR
cDNA synthesis was carried out using a Super-
Script First-Strand Synthesis System and oligo-dT

primers (Invitrogen). Quantitative PCR for AID was
performed using a TaqMan 7000 and Quantitech
reagents (Qiagen). Primer and probe sequences were
as follows: AID forward, GAGGCAAGAAGACACT-
CTGGACACCACTATGGACAG; AID reverse, CTT-
CTGTGAGGACCGCAAGG; AID probe, CTTTCT-
GCGAGGGAACCCCAACCTC. β-Glucuronidase
(b-GUS ) served as an internal control [14]. Quan-
titative PCR for germline transcripts was performed
using Quantitech Sybr Green reagents (Qiagen) and
the primers described by Cerutti et al [13]. Quantifi-
cation was performed by the CT method as described
in the user manual [15]. In detail, the threshold cycle
for b-GUS was subtracted from the threshold cycle
of the product of interest, e.g. AID (dCT). The dCT
value of the control samples was subtracted from the
dCT of the experimental samples (ddCT). The rel-
ative expression was calculated as 2−ddCT. By this
method the value of expression of the control sam-
ple is defined as 1 and the values for the exper-
imental samples represent multiples of the control
sample. The control sample for AID expression in
MCL tissue samples was the MCL cell line NCEB-
1, for AID expression in MCL cell lines the Burkitt
lymphoma cell line Ramos and for germline expres-
sion the unstimulated cells from the corresponding
cell line. For the detection of mature IgM or class-
switched mature IgG transcripts (VH DJH -CH tran-
scripts), VH -specific primers [12] (for cell lines) or
clone-specific primers (for tissue and blood samples)
were combined with the IgM or IgG reverse primers
also used for germline transcripts [13]. All PCR prod-
ucts were analysed on ethidium bromide-stained gels
and selectively sequenced.

Switch-circle transcripts (CT) were amplified with
the primers described by Cerutti et al [16]. Gel-eluted
PCR fragments were reamplified and cloned into the
pDrive vector (Qiagen) for sequencing.

Results

Class-switched subclones can be detected in MCL

In a study using a PCR assay with limited sensitiv-
ity we recently reported the absence of AID expres-
sion in MCL [17]. Using a highly sensitive real-time
RT-PCR, we now observed low baseline expression
of AID mRNA in all MCL tissue samples analysed,
although at varying levels (Figure 1A). The levels of
AID expression were low compared to the MCL cell
line NCEB-1 and in some cases close to the detection
limit using 40 PCR cycles (Figure 1A). AID mRNA
expression has been reported to correlate with AID
protein expression [18]. Since the level of AID mRNA
expression is very low, we failed to detect AID protein
by immunohistochemistry, using a tissue microarray
containing 36 MCLs and the antibody described (data
not shown) [19]. In agreement with previous reports,
somatic hypermutations were detected in a subset of
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Figure 1. (A) Expression of activation-induced cytidine deaminase (AID) mRNA in 10 cases of mantle cell lymphoma (MCL),
measured by quantitative RT-PCR. Expression in the MCL cell line NCEB-1 was set as 1 and the tissue samples were expressed
as multiples of NCEB-1, as described above. All MCL cases expressed AID, although some only at minimal levels (cases 1, 7, 8
and 10). Somatic hypermutations are indicated as percentages of bases differing from the germline sequence. (B) Detection of
class-switched subclones in MCL by RT-PCR, using clone-specific forward primers located in VH and reverse primers located in
the constant region of the immunoglobulin heavy chain. Examples from a primary lymphoma tissue sample without detectable
subclones (case 7) and one with detectable subclones (case 3) are shown. As expected, IgM expression is strong in both cases,
indicating that the majority of cells express IgM. (C) AID mRNA expression in the 10 MCL samples shown in (A) related to the
presence or absence of detectable class-switched subclones, the presence and absence of somatic hypermutations (based on a
threshold of 2% base exchanges compared to the germline sequence), the presence or absence of germinal centre (GC) residues
and the amount of follicular dendritic cells (FDC)
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MCL, in the range 0–13% of nucleotide changes com-
pared to the germline sequence (Figure 1A). Based
on the VH sequence, clone-specific forward primers
were designed and tested for lack of cross-reactivity
on other B cells, as described in Material and methods
(data not shown). RT-PCR analysis combining these
forward primers with reverse primers located in the
constant region revealed that all MCLs expressed pre-
dominantly IgM, but that a number of MCLs contained
class-switched subclones (Figure 1B). Because these
subclones carry identical VH genes and differ only in
the constant region, they cannot be detected by con-
ventional clonality assays, which use primers located
within VH [20].

As shown in Figure 1C, MCLs with class-switched
subclones tended to express higher levels of AID than
MCL samples without detectable subclones. There was
an obvious difference in AID expression between the
group of MCLs with class-switched subclones and
MCLs without subclones, but it did not reach sta-
tistical significance (p = 0.0536; t-test, Figure 1C).
MCL cases with nucleotide exchanges of more than
2% compared to the germline sequence have been
considered ‘mutated’ in previous studies [5]. In
our study, MCLs with mutated VH displayed lower
AID expression than unmutated cases, although again
the difference was not statistically significant (p =
0.1548; t-test, Figure 1C). MCLs often contain ger-
minal centre (GC) residues and tumour-induced net-
works of follicular dendritic cells (FDC). We exam-
ined the presence of GC residues and the extent of
FDC networks by immunohistochemistry in the areas
directly adjacent to the areas that were used to study
AID expression. All MCL cases examined showed
a tumour cell content of more than 80%. The addi-
tional cells in the tumour are mainly macrophages
and T cells that we identified by staining for CD68
and CD3. Using antibodies for Ki-67 and CD23 we
were able to detect residues of germinal centres in
a subset of cases examined. These residues com-
prised by far less than 1% of the whole sample.
Nevertheless, stratifying the cases according to the
presence or absence of GC residues revealed that
the MCL samples containing GC residues tended to
express higher AID levels than cases without GC
residues (p = 0.007; t-test, Figure 1C). The extent of
tumour-induced FDC networks, on the other hand, was
independent of AID expression (p = 0.7841; t-test,
Figure 1C). These data reveal that the level of AID
expression might be influenced by the presence of
GC residues in the tumour. Nevertheless, the detec-
tion of class-switched subclones using tumour-specific
primers and analysis of the mutational status of the
tumour was independent of contaminating cells. The
mutational status, AID expression, the presence or
absence of class-switched subclones and germinal cen-
tre residues and the quantitation of networks of follic-
ular dendritic reticulum cells for all cases are shown
in Table 1.

Table 1. A summary of results for all MCL tissues examined.
The expression of AID is described as multiples of expression in
the MCL cell line NCEB-1, which was set as 1. The percentage
of VH mutations is indicated. The presence of germinal centre
residues (GC residues) and the extent of networks of follicular
dendritic cells (FDCs) within the tumour were evaluated by
immunohistochemistry

Case
number AID

VH mutations
(%) Subclones

GC
residues FDC

1 0.00002 13 No No Low
2 0.00397 1 Yes Yes Medium
3 0.00377 0 Yes Yes High
4 0.00154 1.1 Yes Yes High
5 0.00027 4.1 No n.d. n.d.
6 0.00031 1 Yes No High
7 0.00001 0 No No Medium
8 0.00001 0.5 No No Low
9 0.00463 0.5 Yes Yes Low

10 0.00007 3.1 Yes No Medium

n.d., not determined.

Class switching can be induced in MCL cell lines by
CD40L and IL-4

Class-switched subclones in MCL might have evolved
during malignant transformation and might coexist
with the majority of IgM-expressing cells. To evaluate
whether de novo class-switch recombination can occur
in MCL, we stimulated MCL cell lines with CD40L
and IL-4. Both reagents have been shown to induce
proliferation in primary MCL cells [8–10]. Because
the FACS analysis used in earlier studies failed to
detect class-switch recombination, we analysed class-
switch recombination by RT-PCR. The methods used
in our study are very sensitive and additionally allow
the analysis of intermediate stages of class switching,
e.g. increased germline transcription and switch-circle
transcripts (CT).

Expression of AID and germline transcripts are early
steps towards class-switch recombination and can be
observed within hours after the appropriate stimuli
have been provided [21]. All MCL cell lines examined
revealed increased AID expression after 24 h of stim-
ulation (Figure 2A). Immunoglobulin germline tran-
scription of γ -constant genes was detectable at base-
line in all cell lines examined and increased hours after
stimulation with CD40L, whereas IgM expression
remained unchanged (Figure 2B). Switch-circle tran-
scripts (CT) are short-lived transcripts derived from
the excised circular DNA during class-switching and
thus represent intermediate products of class-switch
recombination [22]. Since CTs are degraded rapidly,
their detection demonstrates active ongoing class-
switch recombination [22]. As shown in Figure 2C,
CTs were detectable in NCEB-1 cells after 3 days
of stimulation with CD40L and IL-4 but were not
detected in unstimulated NCEB-1 and unstimulated or
stimulated Granta 519 cells. EBV infection of B cells
has been shown to induce AID expression and class
switching, independent of any stimuli such as CD40L
[23]. Since NCEB-1 cells are EBV-positive we also
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Figure 2. (A) AID mRNA expression in MCL cell lines at baseline and after 24 h and 6 days of stimulation with CD40L and IL-4.
The level of expression is defined relative to Ramos cells, a Burkitt lymphoma cell line known to express high levels of AID [33].
(B) Immunoglobulin germline transcription in two MCL cell lines at baseline and after 3, 6, 24 and 48 h of stimulation with CD40L
and IL-4. The level of transcription is expressed as multiples of the expression detected in unstimulated cells. (C) Expression of
circle transcripts (CT) and mature class-switched IgG1 transcripts in two MCL cell lines at baseline (1) and stimulated with CD40L
(2) or CD40L and IL-4 (3) for 3 and 6 days. In NCEB-1 cells, CTs occur after 6 days of stimulation by CD40L alone and already
after 3 days of stimulation with CD40L and IL-4. Asterisks indicate bands that were sequenced to confirm the correct sequence.
Mature IgG1 transcripts were detectable in NCEB-1 cells at low levels at baseline (1) and strongly increased after stimulation with
CD40L (2) or CD40L and IL-4 (3). Expression of b-GUS served as an internal control [14]. In Granta 519 cells no CTs or mature
IgG1 transcripts were detectable
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examined EBV-negative MCL cell lines for CTs after
stimulation with CD40L and IL-4 and discovered that
SP-49 cells, a EBV-negative cell line, expressed CTs
after stimulation (data not shown). The sequences of
the CT products were amplified in several indepen-
dent experiments, cloned and sequenced (GeneBank
Accession Nos AY748 447 and AY748 448). The final
product of class-switch recombination, mature class-
switched IgG (VH DJH -CH ) transcripts, were detected
in several MCL cell lines. An example is shown in
Figure 2C. Similar to primary MCL samples, pre-
existing class-switched subclones can be detected, e.g.
in NCEB-1 cells, by their low background expression
of IgG1. Since CTs were additionally detectable in
these cells, the increase in mature IgG VH DJH -CH
transcripts in NCEB-1 cells after stimulation does not
simply reflect a transcriptional up-regulation of IgG in
a class-switched subclone, but at least partially reflects
de novo class-switch recombination.

Class switching in primary MCL cells after
stimulation with CD40L and IL-4

To evaluate whether CD40L and IL-4 can induce
class switching in primary MCL cells, we stimulated
two cases of MCL in vitro with CD40L and IL-4.
The examined samples contained more than 90%
MCL cells. In order to recover as many viable cells
as possible, the samples were not sorted to remove
minimal residual normal B cells. Thus, the AID,
germline transcripts and CTs detected after stimulation
with CD40L and IL-4 cannot be definitely ascribed
to the tumour cell population. Nevertheless, both
samples examined expressed AID. The expression
level of AID decreased after stimulation (data not
shown). This might be explained by the high rate
of cell death observed in primary MCL cultures that
counteracts the expected increase in AID expression.
Since the surviving cells might successfully undergo
class-switch, we sequenced the VH and designed
clone-specific forward primers that do not anneal to
peripheral B cells (data not shown). Case T displayed
an unmutated VH and case 46 showed 5.1% mutations
in VH . Using these primers in combination with
reverse primers located in the constant region of the
immunoglobulin heavy chain, we were able to detect
IgM mRNA derived from the tumour cells in both
cases examined (Figure 3A). One of the two cases
(case T) did not express IgG mRNA before stimulation
but clearly expressed IgG1 and IgG2 after 72 h of
stimulation with CD40L and IL-4 (Figure 3B). The
second case (case 46) displayed a subclone expressing
IgG3 at baseline without stimulation, but did not show
an increase in IgG3 or the occurrence of other IgG
mRNAs after stimulation (Figure 3B). CTs, although
not definitely ascribable to the tumour cells, were
detected only in case T, supporting the finding that
this MCL case did undergo de novo class switching
after stimulation with CD40L and IL-4 (Figure 3C).

Discussion

In line with one previous report, we describe here the
detection of class-switched subclones in MCL [6]. In
our study we used RT-PCR methods to detect class-
switch recombination, but some primary MCL cells
[6] and cell lines additionally express IgG protein
(M. Müschen, unpublished observations). Neverthe-
less, RT-PCR analysis, like that in our study, can also
detect intermediate products of class-switch recombi-
nation, such as CTs and mature class-switched mRNA.
Since RT-PCR detection of CTs and mature class-
switched mRNA is independent of protein translation,
these methods are more specific and sensitive indi-
cators of the genetic event of class-switch recombi-
nation. The information in the literature on the role
of AID expression in MCL is contradictory [4,6,24].
Generally AID expression is low in MCL, but it can
be detected by quantitative RT-PCR, as in our study.
The level of AID mRNA has been shown to correlate
with AID protein expression [18]. Our data indicate
that AID expression varies in MCL and tends to be
higher in lymphomas with detectable class-switched
subclones but low levels of somatic hypermutation.
MCL and B-CLL with low or no AID expression
display somatic hypermutation and class-switched sub-
clones more frequently and thus might arise from GC-
experienced B cells [25]. The dissociation between
class-switch recombination and somatic hypermuta-
tion in AID-expressing B-CLL and MCL, on the other
hand, favours the view that AID may act differentially
on CSR and SHM. AID expression might be neces-
sary but not sufficient for the initiation of somatic
hypermutation. Additional levels of regulation could
be required for the efficient function of this protein.

In our study the level of AID expression is higher
in samples containing GC residues, which are a rich
source of AID expression. Thus, from our experimen-
tal data it cannot at present be concluded that the
low levels of AID detected in MCL tumour biop-
sies reflects expression in MCL cells. Nevertheless,
the detection of class-switched subclones by using
clone specific primers, as in our study, and the mea-
surement of mutational status, are not influenced by
contaminating GC cells. The data also suggest that
MCL cells can interact with GC residues and perform
class-switch due to this interaction. These data have
to be confirmed in future studies using larger series
of MCL.

Our results indicate that class-switched subclones
occur in nodal MCLs in vivo and that de novo class-
switch recombination can be induced in MCL cell lines
and primary MCL cells by CD40L and IL-4 in vitro.
MCL cells have thus retained the ability to respond to
environmental class switch-inducing stimuli, such as
CD40L and IL-4. Under normal conditions, expression
of AID and class-switch recombination are initiated in
centroblasts under the control of the microenvironment
of the germinal centre, e.g. by follicular dendritic
cells. AID has been discussed as playing a role
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Figure 3. (A) Expression of IgM mRNA in cells from two patients with leukaemic MCL stimulated for 3 and 72 h with CD40L and
IL-4 in vitro using clone specific primers. An unrelated cDNA sample (control) or no template (negative control) did not result
in any PCR product, demonstrating the specificity of the primers used. b-GUS expression served as an internal control [14].
(B) Expression of class-switched mature IgG mRNA in two leukaemic MCL cases stimulated in vitro with CD40L and IL-4. Case ‘T’
displayed class-switch recombination after stimulation, as indicated by the occurrence of mature IgG1 and IgG2 transcripts. The
second case (‘46’) showed an IgG3 expressing subclone at baseline but no class switching to other IgG subtypes after stimulation.
(C) Detection of CTs in the two MCL cases stimulated in vitro. The asterisk indicates a band that was sequenced

in the development of c-myc/IgH translocations in
IL-6 transgenic mice [26], and over-expression of
AID in transgenic mice induced mutations in other
genes besides the immunoglobulin genes [27,28]. It
is tempting to speculate that the induction of AID
and the initiation of class-switch recombination in
malignant MCL cells that have escaped the control
mechanisms of the germinal centre might lead to
the accumulation of secondary genetic damage. High
levels of proliferation [29,30] or secondary genetic
abnormalities [31,32] are predictive of a poor clinical
outcome in MCL. Because CD40L and IL-4 induce
proliferation and class-switch recombination in MCL,

these stimuli might influence the clinical course of
the disease. T cells are the primary source of CD40L
in vivo. Future studies should evaluate the impact of T
cell content on proliferation, the occurrence of class-
switched subclones and the clinical outcome of MCL.
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