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The BCL-6 proto-oncogene controls 
germinal-centre formation and Th2-type 
inflammation 

Bihui H. Ye1, Giorgio Cattoretti1, Qiong Shen 1, Jiandong Zhang1, Nicola Hawe4, Rick de Waard3, 
Cynthia Leung3, Mahyar Nouri-Shirazi3, Attilio Orazi6, R.S.K. Chaganti5, Paul Rothman3, Alan M. Stall3, 
Pier-Paolo Pandolfi4 & Riccardo Dalla-Favera1- 2 

Structural alterations of the promoter region of the BCL-6 proto-oncogene represent the most frequent genetic 

alteration associated with non-Hodgkin lymphoma, a malignancy often deriving from germinal-centre B cells. The 

BCL-6 gene encodes a zinc-finger transcriptional repressor normally expressed in both B cells and CD4+ T cells within 

germinal centres, but its precise function is unknown. We show that mice deficient in BCL-6 displayed normal B-cell, 

T-cell and lymphoid-organ development but have a selective defect in T-cell-dependent antibody responses. This 

defect included a complete lack of affinity maturation and was due to the inability of follicular B cells to proliferate 

and form germinal centres. In addition, BCL-6-deficient mice developed an inflammatory response in multiple organs 

characterized by infiltrations of eosinophils and lgE-bearing B lymphocytes typical of a Th2-mediated hyperimmune 

response. Thus, BCL-6 functions as a transcriptional switch that controls germinal centre formation and may also 

modulate specific T-cell-mediated responses. Altered expression of BCL-6 in lymphoma represents a deregulation of 

the pathway normally leading to B cell proliferation and germinal centre formation. 

The BCL-6 proto-oncogene was identified by virtue of its involve­
ment in chromosomal translocations in diffuse large cell lymphoma 
(DLCL), the most common form of non-Hodgkin lymphoma 
(NHL) l-6. Subsequent studies have demonstrated that rearrange­
ments of the BCL-6 gene can be found in 30-40% of DLCLs and 
in a minority (5-10%) of follicular lymphomas (FL) 7- 9. These 
rearrangements juxtapose heterologous promoters, derived from 
other chromosomes, to the BCL-6 coding domain, causing its 
dere~ulated expression by a mechanism called promoter substitu­
tion °. The 5' non-coding region of the BCL-6 gene can also be 
altered by somatic point mutations that are detectable, indepen­
dent of rearrangements, in approximately 70% of DLCLs, in 45% 
of FLs and in AIDS-associated NHL 11•12. Taken together, rearrange­
ments and mutations of the BCL-6 promoter region represent the 
most frequent genetic alteration in human B-cell malignancies, 
suggesting that they may be important for tumorigenesis13. 

The BCL-6 gene encodes a nuclear phosphoprotein character­
ized by six Kruppel-type C-terminal zinc-finger (ZF) motifs2,5,6 

that have been shown to recognize specific DNA sequences in 
vitro14•15, and by an N-terminal POZ motif5•16 shared by various 
ZF molecules, including the Drosophila developmental regulators 
Tramtrack and Broad-Complex17,18, the human KUP19, ZID20 and 
PLZF21 proteins, by some proteins of POX viruses22 and by the 
actin-binding Drosophila oocyte protein, Kelch23. BCL-6 functions 
as a potent transcriptional repressor of promoters linked to its 
DNA target sequence14•15•24 . Recent results suggest that BCL-6 
can bind the Stat-6 DNA binding site and repress Stat-6-mediat­
ed IL-4 signaling (Chang, C.-C. et al., pers. comm.). 

BCL-6 mRNA is found at low abundance in multiple tissues; 
high levels of protein expression are found only in the lymphoid 
system25,26• In the B-cell lineage, BCL-6 protein is found only in B 
cells ~thin germin~ centres (GC), but not in rre-B cells o~ in dif­
ferentiated progemes such as plasma cells25- 7. In the T lmeage, 
BCL-6 protein is detectable in cortical thymocytes and in CD4+ 
T cells within the GC in addition to those scattered in the peri­
follicular area25- 28. 

This study elucidates the biological role ofBCL-6 by analysing 
the phenotype of mice in which BCL-6 has been inactivated. It 
shows that BCL-6 is necessary for the development of GC and a 
normal T-cell-dependent antibody response. In addition, BCL-6-
deficient mice display a characteristic inflammatory response, 
which implicates BCL-6 in the control ofTh2-mediated respons­
es. Thus, our results identify BCL-6 as a gene important in regu­
lating both B- and T-cell responses and have direct implications 
for the role of deregulated BCL-6 expression in lymphomagenesis. 

Disruption of the BCL-6 gene in the mouse germ-line 
Disruption of the BCL-6 gene was obtained by homologous recom­
bination in embryonic stem (ES) cells using two targeting vectors. 
The first generated a truncated BCL-6 allele (BCL-6b..) lacking 
sequence (exon 8-9) coding the COOR-terminal halfofthe BCL-
6 protein corresponding to four of six zinc-fingers of its DNA-bind­
ing domain (Fig. la). This allele encodes a truncated protein (BCL-
6b..ZF) that cannot bind DNA (not shown) and localizes mainly in 
the cytoplasm (Fig. 6), consistent with the observation that DNA 
binding and nuclear localization are dependent upon the COOH-
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Fig. 1 Targeted disruption of the BCL-6 gene in 
the mouse germ line. a, Schematic representation 
of the mouse BCL-6 locus before (top) and after 
(bottom) homologous recombination with the 
targeting vector (middle) generating the BCL-6~ 
allele. Expected restriction fragments and probes 
used for Southern blot analysis are also indicated. 
BCL-6 exons are indicated by boxes (slashed: POZ 
coding domain; dotted: region between POZ and 
zinc fingers; filled: zinc finger domain; empty: 
non-coding exons). The BCL-6 coding sequence 
was disrupted by insertion of a cassette 
containing the neomycin-resistance gene under 
the control of the pGK promoter (for the positive 
selection of transfected cells) and the thymidine 
kinase (TK) gene also under the control of the 
pGK promoter (negative selection against 
random integration). Restr iction sites: B, Bg/11; H, 
Hind Ill; R, fcoRI; X, Xbal. Below: Southern blot 
analysis of Xbal-digested tail DNA from offspring 
generated by mating BCL-6•16 mice showing the 
wild-type 7.8-kb and the mutated 4.6-kb 
fragments. b, Schematic representation of the 
mouse BCL-6 locus before (top) and after 
(bottom) homologous recombination with the 
targeting vector (middle), generating the BCL-6-
al lele. Southern blot analysis of fcoRl-digested 
tail DNA of offsprings generated by mating BCL-
5+tL mice shows the wild-type 11-kb and the 
mutated 8.9-kb fragments. 

terminal half of the BCL-6 molecule29. 

The second construct was targeted to 
BCL-6 exons 4-10, corresponding to vir­
tually the entire (92.5%) BCL-6 coding 
domain. It produced a BCL-6 'null' allele 
with no coding capacity (BCL-o) (Fig. 
lb; see also Fig. 5). Genotypic analysis of 
the offspring (Fig. 1) indicated that nor­
mal (BCL-~1+), heterozygous (BCL-~lt.. 
or BCr+1- ) and homozygous (BCL-6/l/!1 
or BCL-01- ) animals were born at 
expected mendelian frequencies (not 
shown) . The offspring generated from 
four independent ES clones (3 BCL-611; 1 
BCL-o) indicated that both types of het­
erozygous .animals were phenotypically 
indistinguishable from wild-type, while 
homozygous BCL-~11 and-/- mice dis­
played an identical pathologic phenotype 
(see below). Thus, similar to the fully­
deleted BCL-6- allele, the truncated BCL­
&' gene is functionally 'null'. 

Bacterial infections in BCL-6 null 
mice 
At birth, all heterozygous and homozy­
gous mice were indistinguishable from 
wild-type littermates in morphology and 
weight. However, while wild-type and 
heterozygous mice remained indistin­
guishable during a six-month follow-uR, 
the growth of BCL-611111 or BCL-6- -
mice derived from all four ES lines was 
significantly retarded (BCL-6/l/ !1: 51.7 
±5.3 % the weight of wild-type age­
matched littermates; BCL-01-: 42.8% ± 
19 %) . No gross developmental abnor­
malities were noted and the weights of 
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most organs were comparable in 
wild-type, heterozygous and BCL-
6 null mice after normalization for 
body weight; the spleen weight was 
more variable in BCL-6 null mice 
showing hyperplasia due to infil­
tration by non-lymphoid cells in 
some animals (see below) and 
occasional hypoplasia in very 
young mice ( < 2 weeks old); the 
thymus was smaller in some mice, 
particularly in those with early 
infections (see below) . As no spe­
cific developmental abnormality 
was detectable at birth, growth 
retardation was attributed to the 
infectious and inflammatory dis­
eases developed later by these ani- ' 
mals (see below), and in particular 
to oesophagitis, which may impair ,. 
their capability to intake food. 

article 

no peripheral eosinophilia was 
observed. The involved organs 
tested negative for bacteria and 
parasites and did not show patho­
logic signs of viral infection ( data 
not shown; see Methods). 

Approximately half of the BCL-6 
null mice (BCL-6ti11:,., 30/70; BCL-
6-1-, 8/18), but none of the wild­
type (0/S0) or heterozygous (0/27) 
mice, displayed infections within 
the first three months oflife. These 
infections had a variable clinical 
course ranging from subclinical 
(that is, detectable at autopsy) to 
lethal, and they most frequently 
involved the oesophagus, but also 
various other mucosa! sites in the 
upper respiratory and digestive 
tracts (orbit, ear and nose) as well 
as the lung. Pathologic examination 
of these lesions showed infiltrates 
of granulocytes and monocytes 
occasionally leading to frank 
abscesses. Histochemical staining 

Fig. 2 Infections in BCL-6 null mice. Acute suppurative inflammation of 
a lacrimal gland (top). The gland structure is effaced by numerous poly­
morphonuclear leucocytes and local abscess formation. In the inset, 
bacterial clumps are stained positive with Gram stain. Oesophageal col­
onization by bacterial colonies (bottom). Thick colonies of bacteria 
(arrows) coat the oesophageal surface. Note the absence of reactive 
inflammation in the epithelium and submucosa. 

Since BCL-6 is not exf ressed in 
eosinophils in humans2 and mice 
(Cattoretti, G. et al., pers. comm.), 
their altered regulation suggested 
a Th2-mediated inflammatory 
reaction31 . To examine this possi­
bility, we investigated whether 
BCL-6 null mice also had abnor­
mal distributions ofigG1 and IgE, 
features also ~ical ofTh2-medi­
ated responses 1. By immuncihis­
tochemical anaysis, a dramatic 
increase in IgE in eosinophil­
absorbed form was detected in the 
gut (Fig. 3b) and a significant 
number of IgE-expressing B cells 
was detectable in various organs 
includin,p the sf leen and liver in 
BCL-66./ and - - mice but not in 
control littermates (Fig. 3b). 
Markedly increased number of 
IgG !-bearing plasmacytoid cells, 
identified by double-staining with 
antibodies for IgG 1 and the 
mature B-cell marker syndecan, 
was also detectable in the perifol­
licular areas of the spleen of BCL-6 
null mice (Fig. 3b). The number of 
IgG2a- and lgG2b-positive cells 
was also increased, although less 
dramatically. No alteration in the 
expression of other immunoglob­
ulin (lg) isotypes (IgA and IgG3) 

and testing for anti-viral antibodies (see Methods) showed that 
these infections were due to bacteria (Fig. 2); infections were 
explained by the impaired antigen-specific antibody response of 
BCL-6 null mice (see below). 

BCL-6 null mice develop a Th2-type inflammatory disease 
A second disorder of BCL-6 homozygous mutant mice was rep­
resented by a systemic inflammatory disease involving multiple 
organs most frequently including the myocardium, spleen, gut, 
liver and skin. Prominent signs of inflammation in one or more 
organs were detectable in 61 of70 (87%) BCLtif/:,. mice and in 14 of 
18 (77%) BCL-o1- mice (features were macroscopically and 
microscopically indistinguishable between two types of mice), but 
in none of the heterozygous (0/27) or wild-type (0/50) animals. 
The pathologic picture was characterized by prominent 
eosinophilic infiltrates (Fig. 3a), which were first detectable as 
intraepithelial infiltrates in the gut of young animals at three 
months. These infiltrates were often accompanied or followed by 
a lympho-monocytic component (Fig. 3a). The presence of 
eosinophilic infiltrates in lung, heart and mediastinal lymph nodes 
was invariably associated with a particular mouse disease of the 
lung, called acidophilic macrophage pneumonia30, and charac­
terized by the infiltration of macrophages filled by degradation 
products of eosinophils (Fig. 3a). In these animals, the bone mar­
row showed a modest increase in eosinophilic precursors, while 
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was detectable by immunohisto­
chemical analysis on the same tissue sections. Taken together, the 
organ infiltrations by eosinophils and an increase in IgG I - and 
IgE-bearing B cells are consistent with a Th2-mediated inflam­
matory response in BCL-6 null mice. 

Normal Band T cell populations and lymphoid organ 
development in BCL-6 null mice 
The presence of bacterial infections and inflammatory disease as 
well as the fact that BCL-6 is normally expressed at high levels in 
lymphoid cells25 prompted a detailed investigation of the devel­
opment of the lymphoid tissues in the BCL-6 mutant mice. Upon 
histologic examination, both BCL-6"11:,. and-/- mice displayed 
normal development of the bone marrow, spleen, thymus, lymph 
nodes and Peyer's patches (not shown). 

Flow cytometric analysis of bone marrow, spleen, thymus, 
lymph nodes and peritoneal cavity cells indicated that BCL-6 null 
mice had normal numbers and distributions ofB cells (pro-B: 
IgM-, B22010, CD43+; pre-B: lgM-, B220+, CD43-; immature B: 
IgM+, IgD+, CD23+, B22ohi, CDs+!-, CD43+/-; resting mature B: 
IgMhi, IgD10, CD23-, B22ohi, CDs+!-, CD43+/-; Bl cells: lgM+, 
IgD+, B220+, CDS+, Mac-1+) as well as T cells (pro-thymocytes: 
CD310, CD4-, CDs-; cortical thymocytes: CD3+, CD4+, CDS+, 
peripheral T cells: CD3+, CD4+i-, CDs-1+) (not shown; see Meth­
ods for details on the characterization oflymphoid subpopula­
tions)32,33. These results show that BCL-6 is not required for lym-
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phoid-organ development or for the normal differentiation and 
expansion of the B and T lineages. 

Reduced antigen-specific T-cell-dependent lg response 
and lack of affinity maturation in BCL-6 null mice 
We analysed the ability of BCL-6 null mice to produce antibodies 
and to mount an antigen specific immune response. Basal serum 
levels of most lg subtypes were modestly decreased in naive 
healthy BCL-6 null mice (Fig. 4a). The presence of all lg isotypes 
in serum and in tissues (immunohistochemical analysis using 
anti-lgA, IgG l, IgG2a, lgG2b, IgG3 and lgE antibodies; not 
shown) suggested that these mice were able to undergo lg isotype 
switching. In order to directly assess their ability to mount an 
antigen-specific antibody response, mice were immunized with 
either a T-cell-independent (NP-Ficoll) antigen or a T-cell-depen-
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Fig. 3 Inflammatory 
disease in BCL-6 null mice. 
a, In the heart section, 
eosinophils infiltrate the 
interstitial space between 
myocytes in an early 
cardiac lesion (left panel). 
At low power, the spleen 
shows multinodular 
lesions in the white and 
red pulp (middle); these 
lesions are composed of 
eosinophils, monocytes 
and multinucleated giant 
cells (inset) . In lung, 
collections of eosinophils 
in the interstitium are 
associated with intra­
alveolar macrophages 
filled with Charcot­
Leyden type crysta Is 
(right). b, lgE staining of 
gut (ileum) sections shows 
intraepithelial lgE• 
eosinophils [identified by 

their morphology, negativity for T-cell, B­
cell, plasma-cell, and neutrophilic 
markers as well as staining with Biebrich 
scarlet63 (not shown)] in the BCL-6t,1~ 
mouse but not in the+/+ littermate (left 
panel). Similarly, an abundant lgE+ 
plasma-cell population is detected in the 
BCL-6t,1~ lymph node, while only isolated 
lgE+ positive plasma cells (arrows) are 
detected in a normal lymph node 
(middle). In the right panel, double 
staining of spleen sections with anti­
syndecan (brown) and lgG1 (blue) shows 
that the majority of syndecan-positive 
plasma cells in BCL-6t,1~ mice co-express 
lgG1, while only a few do in the 
littermate. Serial sections stained for lgM 
show that this isotype is prevalent in a 
normal spleen (not shown). 

dent antigen (NP-KLH). No sig­
nificant difference was detectable 
in NP-specific lg serum levels 
in mice immunized with the 
T-cell-independent antigen (not 
shown). On the contrary, the T­
cell-dependent antibody response 
of most lg isotypes was consis­
tently lower in BCL-6 null mice 
(Fig. 4b), ranging from a modest 
reduction in IgM level (2-fold 
compared with wild-type) to 
more significant decreases ( 4-20-
fold) for all IgG subtypes. Thus, 

the lack of a functional BCL-6 molecule caused a selective defi­
ciency in T-cell-dependent antibody responses. 

Affinity maturation is thought to be associated with the devel­
opment of GC34•35 . To determine whether affinity maturation 
takes place in BCL-6 null mice, we hyperimmunized wild-type 
and BCL-6Af/',. mice with NP-KLH and analysed the serum for the 
presence of high affinity antibodies (that is, those able to bind to 
a low haptenated protein, NPrBSA). The results demonstrate 
that while the class-switched IgGl anti-NP specific antibodies in 
wild-type mice showed progressive affinity maturation in the sec­
ondary (2°) and tertiary (3°) responses, there is no detectable 
maturation in the BCL-6 null mice even following a third immu­
nization (Fig. 4c). Thus, while the absence of BCL-6 results in a 
partial reduction in the IgG response, it leads to a complete lack 
of affinity maturation. 
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Fig. 4 Serum antibody levels in BCL-6 null mice. a, Resting serum antibody levels in the 
BCL-6 null mice. Serum samples were collected from 11-13-week-old mice and analysed by 
ELISA. P-values derived by Student's T test on the group means (indicated as short 
horizontal bars) of wild-type versus homozygous groups are given below each subclass in 
the graph. b, Reduced antigen-specific antibody responses in BCL-6 null mice. A litter of 
11-week-old mice were immunized with NP-KLH and sacrificed 11 days later for 
immunohistologica/ (Fig. 5) and ELISA analysis. The NP-specific titers for each subclass are 
relative. c, Lack of affinity maturation in BCL-6 null mice. Sibling wild-type or BCL-6,lj~ mice 
were immunized with NP-KLH on days 0, 21 and 42 and bled 5 days after each 
immunization. Sera were tested for the binding of NP-specific lgG1 antibodies to NPrBSA 
and NP2rBSA coated plates. Higher NP/ NP23 binding ratios indicate the presence of 
higher-avidity (affinity-matured) antibodies. 
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Lack of germinal centre formation in BCL-6 
null mice 
Antibody response to T-dependent antigen is largely 
dependent on the ability of the B cell to undergo clon­
al expansion and affinity maturation within GC, while 
T-independent responses are typically GC-indepen­
dent34•35. Thus, the reduced antigen-specific lg 
response of BCL-6 null mice prompted us to exam­
ine their ability to form GC. Morphologic examina­
tion as well as immunohistochemical staining for the 
GC B-cell marker peanut agglutinin36 and for the 
BCL-6 protein showed that non-immunized BCL-6"Yl1 
and-/- mice had no spontaneously formed GC in the 
spleen, although these structures were readily 
detectable in age-matched wild-type littermates (Fig. 
5, top panels; note the absence of BCL-6 protein in 
BCL-6-1- mice). Upon immunization with the T­
dependent antigen, both types of BCL-6 null mice 
failed to form GC in the spleen, lymph nodes and 
Peyer's patches, while these structures developed nor­
mally in immunized heterozygous and wild-type lit­
termates (Fig. 5, bottom panels; note the scattered 
expression of the truncated BCL-6.:lZF protein in 
BCL-6616 mice). The architecture of the lymphoid 
organs in BCL-6- null mice indicated that primary 
follicles formed, including mantle and T cell zones, 
but appeared distinctly 'empty' of GC even after 
repeated immunizations (Fig. 5). The lack of GC for­
mation in these mice is consistent with their impaired 
ability to mount an antigen-specific lg response to T­
dependent antigens and with their complete lack of 
affinity maturation (Fig. 4b-c). 

Mechanism of germinal centre defect: 
follicular B cells fail to proliferate and 
differentiate into GC 
We investigated the mechanism by which BCL-6 null 
mice fail to form GC, and in particular whether the 
defect was due to lack of proliferation, differentiation 
or increased death of B cells. Standard in vitro prolif­
eration assays using purified spleen lgM+ B cells and 
various combinations of mitogens and activators 
(LPS, IL-4 and CD40 ligand) did not identify any sig­
nificant difference between BCL-6 null and control 
mice (not shown). However, these assays could not 
adequately inform on the proliferative response of 
BCL-6-expressing cells because cells corresponding 
to the GC fraction are quite rare among total splenic 
B cells ( <5%; unpublished data, C.G.); in addition, 
BCL-6-expressing cells cannot be purified from BCL-
6 null animals, since they lack GC markers. 

To circumvent these problems, we exploited the fact 
that the truncated protein (BCL-6.:lZF) produced by 
the BCL-6!1!!1 mice is recognized by an antiserum 
raised against the amino-terminal portion of BCL-6, 
and can therefore be used to track in vivo the fate and 
phenotype of cells in which BCL-6 gene expression is 
induced. Initial studies, using double immunohisto­
chemical staining for lgD and BCL-6, showed that the 
expression of these two molecules is mutually exclu­
sive in B cells of wild-type mice (mantle zone B cells: 
IgD+/BCL-6-; GC B cells: IgD-JBCL-6+; ref. 25), while 
the same molecules are co-expressed in sparse cells in 
the primary follicles of BCL-6!1/!l mice ( data not 
shown). Triple-immunofluorescent staining for BCL-
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Fig. 5. Absence of GCs in the spleen of BCL-6 null mice immunized with a T cell-dependent antigen. 
a (four panels), serial spleen sections of BCL-6•1• and+ mice stained with the GC marker peanut lectin 
(PNA) or the N3 anti-BCL-6 antiserum (BCL-6). b (six panels), serial spleen sections of NP-KLH immunized 
BCL-6•1•, • 18 and IYd mice stained with hematoxylin/eosin (H&E), the GC marker peanut lectin (PNA), or 
the N3 anti-BCL-6 antiserum (BCL-6). The images show that the spleen of BCL-£,1· mice lack GC (PNA 
panels) as well as cells expressing BCL-6 (BCL-6 panels). The BCL-6"'8 mice also lack GC (H&E and PNA 
panels) and contain cells expressing the truncated BCL-6AZF protein which are scattered as opposed to 
organized into GC as in BCL-6•1• mice. Analogous experiments performed on BCL-6•18 mice showed that 
these mice are indistinguishable from wild-type controls. 

number of cells undergoing apoptosis was 
found to be comparable in mutant and 
wild-type mice by an ISEL (in situ end­
labeling) assay37, although apoptotic cells 
appeared to cluster within GC in BCL-~I+ 
and +/A mice, while they were uniformly 
dispersed in 616 mice (data not shown). 
Thus, the phenotype of a normal B cell that 
expresses BCL-6 is IgD-/PNA + /PCNA + 
within the GC, while the phenotype of the 
B cell that expresses the inactive BCL-6,i.ZF 
protein is IgD+/PNA-/PCNA- in the 
periphery of the primary follicle. Collec­
tively, these results indicate that BCL-6 is 
required for follicular B cells to acquire the 
GC phenotype (IgD-/PNA +) and to prolif­
erate. 

Lack of GC formation and type-2 
inflammation as a lymphoid-specific 
cell-autonomous defect 
Antibody-mediated immune responses 
within GC are dependent upon the specif­
ic cell-cell and paracrine interactions 
among various cell types, including B cells, 
T cells and follicular dendritic cells 
(FDC)34. Thus, the abnormalities detected 
in BCL-6 null mice, including infections 
and inflammatory infiltrates, could be due 
to defects in the function oflymphoid cells 
and/or other cell types. To address this 
issue, we generated BCL-6 null ES cells by 
high-dose neomycin selection of BCL-6+/t,. 
ES cells in vitro, and injected these cells 
into the blastocysts of RAG-1 -t- mice, 
which lack both mature Band T cells38. 

The resulting chimeric [BCL-61:,./t,.!RAG­
J-1-J mice contained lymphoid cells 
derived exclusively from BCL-61:,./t,. ES cells 
(Fig. 7a). These mice appeared identical to 
control mice [BCL-6+1+/RAG-r1-, 
obtained by injection of wild-type ES cells 
into RAG-1-1- blastocysts] with respect to 
the development oflymphoid organs and 
the number and distribution of B and T 
cells (not shown). However, as with BCL-
61:,./t;. mice, BCL-6Mt,/RAG-J-1- mice failed 
to produce any detectable GC upon 
immunization with the polyclonal activa­
tor sheep red blood cells (SRBC), while 
control mice produced prominent GC in 
most lymphoid organs (Fig. 7b). Upon 
histopathologic examination, two of six 
[BCL-6Mt.;RAG-1-1-J mice showed signs 
of infection. Thus, the defect in GC for-
mation in BCL-6-deficient mice is due to 
an intrinsic defect in the lymphoid com­
partment rather than to a defect in FDC 

6, the B-cell marker B220, and PNA (Fig. 6a) showed that BCL-
6~ZF-expressing B cells are dispersed in the follicular area of the 
spleen in BCL-61:,.;1:,. mice and fail to express PNA. In addition, 
triple-immunofluorescent staining for BCL-6, the B-cell marker 
B220 and the proliferation-associated marker PCNA (Fig. 6b) 
showed that BCL-6~ZF expressing B cells fail to express PCNA 
and therefore do not proliferate. In the same tissue sections, the 

or in soluble molecules produced by non-lymphoid cells. In addi­
tion, all [BCL-6,1;,1/RAG-1-1-1 animals displayed intraepithelial 
eosinophilic infiltration of the gut, an early sign of Th2-type 
inflammation in BCL-6-1- animals. Thus, the abnormal inflam­
matory response also reflects a lymphoid-restricted defect con­
sistent with the hypothesis that it may be due to the lack of BCL-
6 function in lymphoid cells. 
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Fig. 6 B cells expressing the inactive BCL-6&F protein fail to proliferate and acquire the germinal-centre phenotype. Spleen sections from BCL-6+1+ and "'"' mice 
stained for BCL-6, the 8-cell marker 8220 and the GC marker PNA (a) or the proliferation marker PCNA (b). The triple stainings show that most B cells express 
BCL-6, PNA and PCNA in the GC of control mice. Conversely, BCL-6&F expressing B cells lack both PNA and PCNA expression in BCL-6"'"' mice. Note the abnormal 
cellular distribution of the BCL-MZF protein. 

Discussion 
In an attempt to understand the biological role ofBCL-6 in lym­
phomagenesis we studied the phenotype of mice lacking a func­
tional BCL-6 protein. In general, our results indicate that the main 
function ofBCL-6 is in the lymphoid system as no primary patho­
logic feature was detectable in other tissues and all abnormalities 
were shown to be lymphoid-derived in the RAG-r1- complemen­
tation study (Fig. 7). Based on the results obtained from the study 
of four independent BCL-6 null mouse lines, a lack of functional 
BCL-6 appears to lead to two major phenotypes: a systemic inflam­
matory disease, suggesting an unexpected role of BCL-6 in the con­
trol ofTh2-dependent responses and a specific defect in GC for­
mation, with direct implications for a role ofBCL-6 in the patho­
genesis of B-cell lymphoma. 

Role of BCL-6 in Th2-type inflammation 
The lymphoid-dependent phenotype of RAG-J-i-/BCL-6Mt. mice 
suggests that the inflammatory response of BCL-6 null mice is due 
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to the function ofBCL-6 in T and/or B cells. The pathologic fea­
tures of the inflammatory disease, including organ infiltration by 
eosinophils and hyper-production oflgG111;J:E-bearing B cells, are 
typical ofTh2-mediated hyper-responses2 · Combined with the 
fact that BCL-6 is expressed in a subset ofCD4+ T cells, this phe­
notype suggests that BCL-6 modulates Th2 cell differentiation or 
function. Th2 cells are the critical regulators of allergic responses 
because they produce IL-4, which causes the r,referential lg switch 
of B cells toward the IgGl and IgE isotypes 9.4°, as well as IL-5, 
which leads to the stimulation of eosinophils41 . In strong support 
of a role for BCL-6 in Th2 responses, we recently observed that 
BCL-6 can bind to the DNA target sequences of Stat-6, repress 
Stat-6-activated transcription and therefore cause the repression of 
Stat-6 mediated IL-4 responses (Chang etaL, manuscript in prepa­
ration), the main effectors ofTh2 function and IgGl/IgE isotype 
switch in B cells39,40 . Thus, it is possible that the inflammatory 
phenotype of BCL-6 null mice may be due to a lack of BCL-6 
modulation of IL-4 signalling, which, in turn, would cause a 
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Fig. 7 Absence of GC in immunized RAG-1--1- mice reconstituted with BCL-6"1A ES cells. a, Representative 
Southern-blot analysis of DNA derived from bone marrow (BM), thymus (Thy), spleen (Spl) and 

peritoneal cells (Per. Q, showing variable presence of the disrupted BCL-6 allele (4.6 kb) in a BCL-
6"10/RAG-1_,_ mouse. Note that the representation of the disrupted BCL-6 allele is higher in lymphoid­

rich organs (Thy and Spl) consistent with the reconstitution of the lymphoid compartment by BCL-6"16 

ES cells. b, To analyse GC formation, six BCL-66'6 /RAG-7--1- chimeric animals (6/t,.) and three control 
(BCL-6•1+/RAG-1--1-, +/+) chimeras were immunized with SRBCs. Spleen sections of these mice stained 
with the GC marker PNA show that the spleen of BCL-6"16/RAG-1--1- mice lack GC. 

and lymphotoxin-cx47, as well as in mice lacking 
the B-cell surface molecule CD19 (ref. 49), the 
signal transducer Lyn50, the !kB-type molecule 
BCL-3 (ref. 51), and the B-cell-specific tran­
scription coactivator OCA-B52•53. However, in 
all these cases the GC defect was part of, and 
probably secondary to, broader defects in B-cell 
lineage development (CD19, OCA-B and Lyn), 
the result a general disturbance in lymphoid 
organ development (in the mice lacking lym­
photoxin-cx, type-I TNF receptor or BCL-3), or 
was only partial, with scattered clusters of cells 
displaying a typical GC phenotype (in mice lack­
ing co40-1- and CD40L; unpublished data, 
C.G.). In contrast, BCL-6-1- mice displayed a 
selective and complete defect in GC formation 
in the absence of qualitative or quantitative alter­
ations oflymphoid organ or overall B-cell lin­
eage development. This phenotype, together 
with the specific pattern of expression ofBCL-6 
in GC B cells25, suggests that BCL-6 may trigger 
a signal essential for GC formation. Because 
BCL-6 downregulates IL-4 signaling (Chang, C.­
C., pers. comm.) and is downregulated by CD40 
activation26, it is conceivable that it may play a 
central role in integrating various signals that 
regulate GC formation and GC-dependent B­
cell-mediated immune responses. 

The precise mechanism by which BCL-6 con­
trols GC formation remains to be elucidated. 
Since BCL-6 is normally eXf ressed in T cells as 
well as in B cells within GC2 , the lack of GC may 

hyper-response of Th2 cells to IL-4, leading to increased 
eosinophilic and IgG 1/IgE B cell stimulation. Verification of this 
model and, in particular, of the role of BCL-6 in regulating Th2 
lineage commitment and/or function, will require additional stud­
ies including the analysis of BCL-6 null T cells in Th-cell differ­
entiation assays in vivo and in vitro42. 

Role of BCL-6 in T-cell-dependent antibody response 
The presence of bacterial infections is explained by the defect in T­
cell-dependent antibody response and the complete defect in affin­
ity maturation in BCL-6 null mice. In fact, bacterial clearance is 
dependent on humoral immunity, and several human hereditary 
hypogammaglobulinemia or hyper-IgE syndromes are associated 
with a marked susceptibility to bacterial infections43,44• The defect 
in T-cell-dependent antibody response is, in turn, explained by the 
inability ofBCL-6 null mice to form germinal centers, the main 
site for lg isotype switching and affinity maturation. Our results 
show that although there is a weak primary antigen-specific lg 
response with some class switching, no high-affinity antibodies are 
produced (Fig. 4). This result supports the notion that GCs may 
be absolutely necessary in this regard, but not for lg-class switch­
ing. The high morbidity ofBCL-6 null mice in the presence oflow 
dose bacteria present in a 'barrier' animal facility45 suggest that 
these animals may be severely immunodeficient. 

BCL-6 as a specific regulator of germinal-centre formation 
Based on morphological evidence as well as on the absence of B 
cells expressing the GC marker PNA, BCL-6 null mice displayed a 
complete inability to form GC. Variable defects in GC formation 
have been observed in mice lacking the related receptors CD40 (ref. 
46) and type-I TNF receptor47 , or their respective ligands CD40L 48 
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be due to inadequate T-cell priming and/or 
decreased B-cell responsiveness. This question 

can be addressed by analysing GC formation in chimeric mice 
obtained by injection of BCL-6 null ES cells into the blastocysts of 
mice lacking either the B or T cell lineage54,55. Regardless of the cel­
lular components involved, the fact that the B cell expressing the 
inactive BCL-6 molecule does not acquire PNA and PCNA markers 
demonstrates that BCL-6 controls both proliferation and differen­
tiation ofB cells into GC. 

Implications for lymphomagenesis 
Our data provide direct insights into the role ofBCL-6 in the patho­
genesis ofDLCL, tumors thought to derive from GC B cells56. Of 
the DLCLs in which BCL-6 function is perturbed, appoximately 
30% carry BCL-6 translocations which deregulate BCL-6 expres­
sion by promoter substitution 10• In most of the remaining fraction 
of D LCL and in 45% FL, the BCL-6 promoter region is affected by 
mutations that, at least in some cases studied, have also been shown 
to deregulate its expression ( our unpublished results. Therefore, 
in most B-cell lymphomas, the switch off of BCL-6 expression 
normally associated with exit from GC failed to occur. The obser­
vation that BCL-6-deficient B cells fail to form GC because they 
fail to undergo activation and rapid proliferation, implies that a B 
cell carrying a deregulated BCL-6 gene may be altered in these func­
tions. Thus, alterations of BCL-6 expression by chromosomal 
translocation may contribute to lymphomagenesis by triggering 
an uncontrolled clonal expansion of the GC precursor cell. 

Methods 
Targeted Disruption of the BCL-6 Gene in the Mouse Germline. The 
murine BCL-6 genomic locus was cloned from a genomic library con­
structed from mouse strain 129/Sv DNA using a human BCL-6 cDNA 
clone as a probe. The exon-intron organization was determined by restric-
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tion endonudease and DNA sequencing analysis. The first targeting vector 
was constructed from plasmid pPNT57 by inserting a 6.5-kb EcoRI-BgnI 
BCL-6 genomic fragment upstream and a 2.8-kb HindIII fragment down­
stream of the pGKNeo cassette which, after homologous recombination, 
replaces the BCL-6 exons 8-9 coding four of six BCL-6 zinc-fingers2 (Fig. 
la). The second pPNT-derived targeting construct contained a 2.0-kb 
Hind III-EcoRI fragment containing the BCL-6 exon 3 region and a 6.9-kb 
Sad fragment downstream of the BCL-6 encoding region. This contruct 
replaced BCL-6 exons 4-9 as well as the coding region of exon JO (Fig. I b). 
The targeting vectors were linearized and electroporated into CJ7 ES cells 
as described before58. G418 and gancyclovir-resistant clones were screened 
for homologous recombination by Southern blot analysis using diagnostic 
digestions and probes as shown in Fig. l. Generation of chimeras and 
breeding of mutant mice were essentially as described58• Genomic DNA 
was extracted from mouse tail tissue, digested with XbaI, and hybridized 
to the HXl.2 probe shown in Fig. la, or digested with EcoRI and 
hybridized to the Saeli probe shown in Fig. lb. 

Histology and immunohistochemistry. Spleen, thymus, lymph nodes 
(popliteal, axillary, submandibular and mesenteric), liver and Peyer's 
patches were fixed in 10% buffered formalin overnight at RT and embed­
ded in paraffin. The remaining carcass was fixed as above, decalcified in 
CalEx (Fisher Diagnostics, Fairlawn, NJ), serially sectioned and embed­
ded in paraffin. Four µ.m-thick, dewaxed and antigen-retrieved (0.00JM 
EDTA pH7.5 for 15 min at 100 C0 ) paraffin sections were stained for H&E 
and immunostained25. 

The antibodies used were polyclonal rabbit anti GST-BCL-6 fusion pro­
tein (N3; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit (rb) anti-TdT 
(Sera-Lab), Ki-67 (Novocastra Laboratories), rabbit anti-CD3, myeloper­
oxidase, lysozyme, S-100, mouse anti-PCNA (PCl0) (Dako), goat (gt) 
anti-mouse IgE, IgD (ICN), IgGl, IgG2a, IgG2b, IgM (Southern 
Biotechnology Associates), goat anti-peanut lectin (Vector), rat anti­
mouse CD45R/B220 (RA3-6B2), CD43 (S7) and syndecan (281-2) 
(Pharmingen), gt anti mouse IgA, mouse ascites (MOPC21) (Sigma). 
Biotinylated Arachis Hypogea lectin (PNA) was purchased from Sigma 
and used at 5 µg/ml. Primary antibodies were counterlabelled with 
species-specific biotin- or AP-conjugated antibodies. Avidin-AP and -HRP 
were purchased from Dako. For single colour immunohistochemistry, the 
antibodies were revealed with peroxidase-conjugated avidin and AEC 
(Sigma) brown precipitation. Slides stained for BCL-6 were then restained 
for PNA in two colour immunostaining and developed in AP with Fast 
Blue (Sigma) diazonium salts25• Double and triple stainings were per­
formed with species-specific secondary antibodies conjugated with FITC, 
TRITC and biotin (Southern Biotechnology Associates; these latter coun­
terstained with Avidin-AMCA, Vector). 

Bacterial, parasite and viral diagnostics. Bacterial and parasitic infections 
were evaluated by morphologic microscopic examination of the lesions, 
the mucosa! surfaces (gastrointestinal tract, respiratory mucosa), and the 
gastrointestinal tract content. In addition, special stains were employed: 
Acid Fast (to detect mycobacteria), Gram (to detect Gram+ and Gram­
bacteria) and Whartin-Starry silver stain (to detect fusospirillar organ­
isms, CARbacillum, fungi, pneumocystis and helminths). Circulating 
antibodies against 19 murine viral pathogens were tested by Charles River 
Laboratories (MA). 

Flow cytometry analysis. Spleen, thymus, bone marrow and peritoneal 
cavity lavage (PerC) were obtained from at least two 4-week-old homozy­
gous mice per ES line and from at least three wild-type and three het­
erozygous littermates. Single-cell suspensions were prepared and stained 
using standard procedures, with appropriate combinations of fluo­
rochrome and/or biotin-labelled monoclonal antibodies, and analysed on 
a five-colour FACStar Plus flow cytometer (Beckton-Dickinson) with PI 
exclusion of dead cells as previously described60. Fluorochrome-conjugat­
ed antibodies for flow cytometry were: FITC-anti-IgM (331.12), biotin-
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anti-IgD (AF6-122.2), FITC- or APC-anti B220 (RA3-6B2), biotin-anti­
CD23 (B3B4), PE-anti-CD43 (S7) , APC-anti-Mac-1 (Ml/70), APC-anti­
CDS (53.7.8), biotin-anti-CD3 (2Cll), APC-anti-CD4 (GKl.5) and 
FITC-anti-CD8 (53.7). Antibodies to CD23, CD3 and CD43 were pur­
chased from PharMingen (San Diego). All other antibodies were purified 
and conjugated as previously described61 . 

Immunization and ELISA. The mice used in the anti-NP response studies 
were the progeny of (B6xl29)F2 inter-crosses. Both the 129 and B6 strains 
carry the IgH-C/Vb haplotype and are good responders to NP-conjugates. 
I I-week-old mice were immunized intraperitoneally with NP20-KLH ( I 00 
µg per mouse) in complete Freund's adjuvant (CFA). Eleven days later, all 
immunized animals were bled and sacrificed and their spleens removed for 
immunohistochemical and ELISA analyses. For reconstituted RAG- I 
mice, 12-week-old animals were immunized intraperitoneally with 1 x I 05 

SRBCs in PBS and sacrificed 11 days later for analysis. Resting-level serum 
immunoglobulins were measured by sandwich ELISA using unlabelled 
anti-mouse lg antibodies as capture reagent, AP-labelled anti-mouse lg 
subclass-specific antibodies as developing reagents (Southern 
Biotechnology Associates) and 4-methyl umbelliferyl phosphate (Sigma, 
St Louis, MO) as AP substrate. Serum values were measured against con­
trol mouse lg isotype standards. NP-specific serum antibodies were mea­
sured similarly except that NP 14-BSA was used as plate coat and the rela­
tive titre of NP-specific antibodies are expressed as the relative of dilutions 
that gave fluorescence counts within linear range of the assay. 

Measurement of affinity maturation. Mice were immunized intraperi­
toneally with 100 µg NP20-KLH in CFA on day 0 and bled on day 5. On 
days 21 and 42, the mice were boosted with JO µg NP20-KLH in incom­
plete Freund adjuvant and bled 5 days after each immunization. NP-spe­
cific IgG 1 antibodies of high and low affinities were assayed by their rela­
tive binding to NP3-BSA- and NP23-BSA- coated plates62 . Low-affinity 
antibodies will bind to the highly haptenated protein (NP2r BSA), but not 
to the lightly haptenated protein (NPrBSA), while high-affinity antibod­
ies bind equally to both the high and low haptenated proteins. Thus, the 
ratio of binding to NP3-BSA and NP2rBSA is a measure of relative avidi­
ty of the anti-NP antibodies. Each antiserum was titrated on both NP3-

BSA and NP2rBSA coated plates. The NP3/NP23-BSA ratio is calculated as 
the ratio of the amount of antibody (I/serum dilution) required to give 
equal binding (fluorescence counts) on each protein-coated plate. 

RAG-1-1-complementation assay. BCL-{Sl-16 ES cells generated by homol­
ogous recombination were subjected to selection with increased neomycin 
concentration59 and the resistant clones were screened for BCL-6 status by 
Southern blot analysis. BCL-6/'Jt. ES cells derived from two distinct BCL­
(S+-16 clones were injected into RAG-i-1- blastocysts (Jackson Laboratories). 
The resulting chimaeric mice were screened for ES cell-reconstitution by 
both Southern blot analysis of tail DNA and CD3 staining of circulating T 
cells (data not shown). Passage-matched BCL-(S+-1+ ES cells were also 
injected as a positive control for lymphoid reconstitution. To analyse GC 
formation, 6 BCL-(51!.16 /RAG-J-1- chimaeric animals (derived from 2 BCL-
6+/t. ES clones) and 3 control (BCL-6+1+/ RAG-1-1- ) chimaeras were immu­
nized intraperitoneally with 1 X 105 SRBCs in PBS and sacrificed 11 days 
later for analysis. 
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