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MECHANISMS OF B-CELL
LYMPHOMA PATHOGENESIS

Ralf Kiippers

Abstract | Chromosomal transtocations involving the immunoglobulin foct are a hallimark of

many types of B-cell ymphoma. Cther factors, however, also have important roles in the
pathogenssis of B-cell malignancies. Most B-cell iymphomas depend on the expression of a
B-cell receptor (BCR) for survival, and in several B-cell malignancies antigen activation of
lymphoma cells through BCR signalling seems to be an important factor for lympnoma
pathogensasis. Recent insights into the lymphomagenic role of factors supplied by the
microenvironment also offer new therapeutic strategies.

In the Western world, about 20 new cases of lymphoma
are diagnosed per 108,000 people per year'. About 25%
of the lymphomas are of B-cell origin, the rest are T-cell
malignancies. This might be surprising at {irst glance,
given the similar frequency of B and T cells in the
human body, but is understandable considering the spe-
cific factors that influence the pathogenesis of B-cell
Iymphomas. About 15 types of B-cell lymphoma are
distinguished in the current World Health Organization
lymphoma classification? (TABLE 13. The distinction of
these lymphomas is not only relevantin terms of lym-
phoma pathogenesis, but also regarding the conse-
quences for treatment of the patients. This is because
the various types of B-cell ymphoma can have very dif-
ferent clinical behaviours, and therefore require diverse
treatment strategies.

Exciting progress has been made in the past 20
years to elucidate the cellular origin of human B-cell
Iymphomas and the identification of key transforming
events, in particular the role of chromosomal translo-
cations in lymphoma pathogenesis. However, it is
becoming clear that B-cell tumours are not as
autonomous as previously thought — key factors that
are crucial for normal B-cell differentiation and sur-
vival are also required for the malignant growth of
most B-cell lymphomas. What is the cellular origin of
B-cell lymphomas and what are the main transform-
ing events? How do antigen activation of the B-cell
receptor (BCR) and the cellular microenvironment
contribute to the pathogenesis of B-cell lymphomas?

Cellular origin of B-cell lymphomas

B-cell devdopment takes place in distinct differentiation
steps that are characterized by the specific structure of
the BCR. The BCR is composed of two identical heavy-
chain and two identical light-chain immunoglobulin
(1g) polypeptides that are covalently linked by disul-
phide bridges. Other components of the BCR are the
cD73a AND cD79s ol ecules, which contain cytoplasmic
immunoreceptor tyrosine-based activation motifs.
These motifs transmmt signals tollowing BCR crosshink-
ing. The intracellular signalling components activated
by BCR crosslinking include several tyrosine kinases.
Depending on the differentiation stage of the B cell that
recognizes an antigen and on the activation of other
B-cell surface receptors that modulate BCR signalling,
the activated B cell might be induced to proliferate
and/or undergo further differentiation steps™.

Early B-cell development, which occurs in the
bone marrow, concludes when a B-cell precursor suc-
cesstully rearranges Ig heavy- and light-chain genes
and 1s equipped with a functional surface antigen
receptor (FIG. 1). Cells that express a functional (and
non-autoreactive) BCR differentiate into mature
naive B cells and leave the bone marrow, whereas
B-cell precursors that fail to express a BCR undergo
apoptosis®. Mature naive B cells can be activated by
antigen binding to the BCR and participate in
immune responses. In T-cell-dependent immune
responses, antigen-activated B cells undergo clonal
expansion in structures called ‘germinal centres’
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< A hallmark of many types of B-cell lymphemais reciprocal chcomosomal
translocations mveolving one of the immunosiobulin loct and a proto-oncogenc. Asa .
consequence of such translocations, the sncogene comes under the control of anactive
immunoglobulin locus, causmg deregulated constitutive expressmn of tha

translocated sene.

< Nornul B cells depend on B-cell receptor (BCR) expression for susvival The selection
for expression of a BCR ulso seerns to operate in most malignunt B cells.

« Althouch there is strong evidence that most B-cell lvmphomasdepend on BCR
cxpression, there are a few exceptions — namely classical Hodskin’s ymphoma, ‘
primary mediastinal Bocell hemphoma, some post-transplant vimphomas, and the rare
primary efhusion ivmphomas, :

+ In several lvmphamas theveis g strong mdlcatmn that the lmphoma L@‘IES recognize
an antigen and that stimulation by artigen binding contribules to the survival dnd
proliferation of lymphoma cells.

* In sy byrnphomas, such as follicalar lrmaphonta, mivicosa-associated Iymphoid tssue
Baiphonias and dassical Flodskins rmiplioma the tumour microenvivonment seems
tobeil important for the survival and/or proliferation of t}lc E)«mphoma cells,

“the recogmtion that the survival and/or pmhferatum of nrany B-eell lvmp?mma& L
depenids on their interaction with other cellsin the microenvivenment, as well as on
evpression of the B-coll réceptor and, sometimes, antigen activation, misht lead to
novel treatment options for B-cell rphomas.

(GCs), where the the Ig genes are modified by somatic
hypermutation and de..» switch recombination FIGS1.2).

As distinct stages of B-cell development and differ-
entiation are characterized by the particular structure of
the BCR and expression patterns of differentiation
markers, and as thesc processes often take place in spe-
cific histological structures, analysis of these features
was used to deterrmine the origin of the variouws human
B-cell lymphomas*® ¢zapre 1. The rationale for such a
classification of B-cell lymphomas is based on the
observation that malignant B cells seem to be ‘frozen’ at
a particular differentiation stage, which reflects their ori-
gin'%’. One of the main concepts emerging from these
studies is that most types of B-cell lymphoma are
derived from GC or post-GC B eclls™ mox 1).

The cellular origin of B-cell lymphomas was further
clarified, and previously unrecognized distinct lym-
phoma subtypes were also identified, by gene-expression
profiling of hurman B-cell lymphomas and normal B-cell
subsets. Such studies identified, for example, a GCB-cell
gene-expression signature that is associated with follicu-
lar lymphoma, Burkitts lymphoma and a subset of dif-
fuse large B-cell lymphomas®. These findings supported
the GC B-cell origin of these tumours. Gene-expression
profiling studies of other malignancies also revealed
unexpected relationships, in terms of gene-expression
patterms. For examiple, in addition to B-cell chroniclym-
phocytic leukaermia {(B-CLL) cells with mutated Tg vari-
able (V)-region genes, B-CLL cells with unmutated Ig
V-region genes showed greatest similarity to memory
B cells that had undergone somatic hypermutation, indi-
cating that both subtypes of B-CLL are related to mem-
ory B cells®. Moreover, a subset of diffuse large B-cell
Iymphomas was identified that, among the various B-cell
subsets included in the analysis, most closely resembled

in-vitro-activated B cells®. In these cancer cells, the trans-
formation process might have been associated with an
alteration of the gene-expression profile, masking the sig-
nature of the cell of origin, as seems to be the case in clas-
sical Hodglkins lymphoma (see below). Tt is also possible
that the normal B-cell counterpart of some cancer types
might not have been identified yet. In the activated B-cell
type of diffuse large B-cell lymphoma, the normal coun-
terpart could be a poorly defined, simall subset of GC B
cells that is undergoing plasmacytoid differentiation, ora
post-GC immunaeblast population’.

Transforming events
Reciprocal chromosomal] translocations involving one
of the Ig loci and a proto-oncogene are a hallmark of
many types of B-cell lymphoma'™'! (1as1E2). Asa con-
sequence of such translocations, the oncogene comes
under the control of the active Iglocus, causing a dereg-
ulated, constitutive expression of the oncogene. Three
types of breakpoints can be distinguished 1n the Igloc.
Some translocations, such as the BCL2-I¢H transloca-
tion associated with follicular lymphoma, have break-
points that are directly adjacent to Ig heavy chain
J-region (J) gene segments or that are adjacent ta
regions where the Ig heavy chain D-region (D, ) joins
the J-region: (D, ]],,) (F1G:. 1), As the breakpoints also often
showloss of nudeotides at the end of the ] or D seg-
ments and the addition of non-germline-encoded
nucleotides — typical features of V(D)] recombination
—itis likely that these translocations happen as mis-
takes during V(D}] recombination in early B-cell devel-
opment in the bone marrow' %, In other translocations,
the breakpoints are found within or adjacent to
rearranged V(D) genes, und these V-region genes are
always somatically mutated. These and additional fea-
tures indicate that such translocations occur as byv-prod-
ucts of the somatic hypermutation process'™*, which is
associated with DNA strand breaks™ ™. The third type of
translocation is characterized by breakpoints in the IgH
constant regien switch regions, in which DNA breaks are
introduced during class switching. This indicates that
ese events oocur during class-switch recombination.
The causes for the generation of DNA strand breaks
in the ancogenes involved in Ig-associated transloca-
tions are less clear'. Some of these genes, however,
undergo aberrant somatic hypermutation, and there-
fore acquire DNA strand breaks in the same regions
where the chromosomal breakpoints are located (see
below) . Regarding the BCL2—igH translocations asso-
ciated with follicular lymphoma, it was recently shown
that the DNA in the major breakpoint region of the BCE2
gene often acquires an altered structure that is cutby the
RAG nucleases, which mediate V{D)] recombination.
This finding indicates that in these translocations, RAG-
mediated DNA cleavage is responsible for the DNA
breaks in both partners involved in the translocation®
RAG enzymes might also be involved in chromoscmal
translocations through another mechanism — RAGs
have been shown to possess transposase activity; so some
translocation events could be explained by double-ended
transposition events™™,
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Table 1 | Human mature B-cell lymphomas

Lymphoma Features Frequency among: Proposed celiular origin
lymphomasi%*

B-cell chronic lymphocytic  Leukaemia of small B cells that express the CB5 antigen, involving 7 Memory B call? Naive B cell?

leukaemia (B-CLL) peripheral-blood and bone-rnarrow cells, Common in elderly Marginal-zone B celi?

patients. Called ‘'small iymphocoylic vmphoma® when vmph-node
cells are predominantly involved. Patients with leukaemia cells that
lack variable (\}-region gene mutations have a worse prognosis than
patients with mutations in V-region genes.

Mantle-cell Ivinphiorna viriphiorad arises fromicells that populate the manlle zone of 5 CES manile-zane B cell

ollicies, express CDS and show alberration in oyalin-11 fegsion,

lsarly al cases are assooiated with BCL g tanslocation.
B-cell prolymphocytic Chronic B-cell malignancy related to B-CLL. Over 50% of cancer <1 Memory B cell
lekasmia cells represent prolymphocytes (large lvmphocytes with clumiped

chromatin and prominert nucieolus).
Follicular vmphoma nadal vmohama with a folicular growth patiem: Lymphoma eslls 20 GO Eodl

norprolagically and phenotypically resemble GC Bicalls.

oot cases are assoel yith BECL2-gH translocation.

Hairy-cell leukaemia Cnronic B-cell malignancy involving scleen and baone marrow. <1 Memory B cell

Very Tew croulating leukaemia cells. Tumour calls forrm ‘hainy’
projactions.

MALE lymiphormas s drarodal marginal:zone BEcall vmphioma: Developsimostiy in: i i i Margnabzone Bl
aguirad vy phiod structures.

Nodal marginal-zone Lymphoma with primary presentation in lymph nodes. 2 Marginal-zone B call?
ymphoma Lymphoma cells resemble marginal-zone or monooyioid B cells, but Maonocytoid B cell?
often have heterogenous cytalogy, which ranges from small to large
lymphocytes and includes plasma cels.
Splenic margnalizone Micronocularhvmphoidinfiltration:is the splenic wihite pulp: Mosth 1 ubset of naive B cells that
lyrmphotna stall gD vmpharma calls that replace nommal follicles and the have pattizly differentialed
roarginal-zone region. Freguentlyinvolves infiltralion into tor o marginalzore B cells?
rrarrow and cireliistion.
Burkitl's lymphoma Fast growing. Moslly extranodal. Characterized by a MYC-lg 2 GC B cal
translocation. Patients with endemic form are EBV-positive in nearly
all cases. Patients with sporadic form are FBV-pasitive in about 30%
of casss.
Biffuse large B-cell sterogenous group of mphomas chiaracterized by largs B cells. 30-40 pos-GU B el
brnphioma ral sublyoes are recognized. Morphologlcal variants nck
centroblasts andl imniunoblasts,
Primary mediastinal Suotype of diffuse large B-cell iymphoma located In the mediastinum, 2 Thymic B cell
B-cell lymphoma Tumour cells are large B cells but also show a number of similarities
to Reed-Starnberg cells of dlassical Hodgkin's lymphorma. Most
frequently ocours in young wormen,
Post-frensplent Viosily of the diffuse large-cell rmphomea byp 1 G Fooal
hmphoma Lyimphomas that atise in patients afier organ ransplactation.
: : Slmmunosuppressive reatmertconfers Fsk of Ui rolled
profiferation of EBVMnfected B cells that can devalos into
mphicmas:
Prirnary effusion Frequently occurs in patients with AIDS or patients who have <0.5 {Post) GG B celt
ymphoma received organ transplants. Lymphoma cells are found as effusions in
serous cavities, such as pleura, pericardium or peritoneurn.
Lymphcplasmacytic Invelves mph bodes, bone marrow and spleen. 1 (Posti GG B call
Wriphoma The tumaotscelpopulation’s nposedof small B
cells, plasmacyioid amohe slasma celis,
Most patients present with a serum mongoelonal
roteln usually of the Igh tyoe
Multiple myelorma Meoplastic proliferation of plasma cells in the bone marrow. 10 Plasma cell
Classical Hodgkin's Ghigracterdzad by bizare, large tumour cells Hodgkln and 1 Detective GC Bcelt
rmphoma Read-Starnberg cells account for less than 1% cf cells in the tumour,
and are admixed with various non-necplastic cell tvoes, Tunmowe
¢ oells show g ghenotype not characterstic of anyincrmal :
haematopaietic celtvps,
Lymphocyte-predominant  Rare indolent subtype of Hodgkin's lymphoma. 0.5 GO E cdll

Hodgkin's lymphoma Lymphoma cells show a B-cell phenotype, represent a small
population in the tissue, and grow in association with follicular
dendritic cells and T-helper calls.

Good prognosis.

“These numbers refer 1o the fraquendies in Euroge and North America, AIDS, acquirad immune deficiency syndrome; EBY, Epstein-Berr virug; Ig, iImmunoglebuling MALT,
mucosa-associated lymphoid tissue; GG, germinal centre.
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CD95
Cell-surface receptor that
mediates apoptosis signalling.

B Somatic hypermutation € Class switch
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a VD recombination

Figure 1 | Molecular processes that remodel immunoglobulin genes. mmunogloulins dgs) are sxpressed by B oells and
consist of variable (V) regions, which interact with antigen, and constant (O) regions, which mediate the effector functions of i
creats afunctional lg, B cells must rearrange DINA segments that encods the haavy (H)- and light-chain (not shown) regions of the
variable genes. a | First, through a process called VD). recorncination’, trvee gene segmeants, V,,, D, and J,, are joined 1o encods the
H-chain variable region. The V regiors of the x- and A-light chains, altematively, are each encodad by two gane segments — the V|
and J, genes (ot shown), B-cell precursors firet carry out D J,, rearrangements in H-chaln genes. These D, ~J rearrangements ars
ollowed by v, D, rearrangaments, resulling in the exprassion of a pre-B-call receplar if tre rearrangement is productive’. About 50
functional v, gene segments, 27 D, segmsants and 6 J,, segmenits ars available in the germiine, allowing the generation of a diverse
repertoirs of V,, gene rearrangements. The diversity is further increased by the eddition or remcval of nuclestides at the joining sites cf
the gene segments’®. The calls then carry out rearrangements at their L-chair loci {not shown). The V-region of the Ig gene is uliimately
sonnected o the G-region of the Ig gene (Cu of IgM in diagram) b | The process of somatic hypermutation is activated when B cells
reach the germinal centre ((3C, shown in more datalls in FI1G. 2). | his process leads to the introduction of point mutations, deletions or
duplications in the rearrangad V-region of Ig genss (denoted by "Xs’ in the figure)t®2. These mutations ocaur in the V-region of Ig genas
— ot in the downstream Cu region. ¢ | Class switching results in the replacement of the originally expressed H-chain G-region gene
with that of another Ig gene. In the diagram, the C-region for IgM (Cu) and 1gD (C¥8) ars exchangad for the C-region of IgG {Cyli by

recombination at the switch regicrs for these genes (Su and Syl respectively). This results in an antioody with diferent effector

functions but the same antigern-kinding domain.

The process of somatic hypermutation contributes
to lymphoma pathogenesis not only by causing chro-
mosomal translocations, but probably alsc by targeting
non-Ig genes. Two situations have to be distinguished.
The genes encoding BCL6 and coss (also known as FAS)
were found to contain mutations in a considerable frac-
tion of normal GC and memory B cells, indicating that
these genes are often targeted by the hypermutaton
machinery in normal B cells” 2! Tn rare instances, such
mutations might promote the development of lym-
phomas. For example, inactivating mutations of €395
are found in about 20% of (post) GC B-cell lymphomas
and could protect lymphoma cells from death induction
by CD95-ligand-cxpressing cclls®. In the casc of the
BCL6E gene, the frequent occurrence of hypermutation
might also cause translocations of this gene into Ig-as
well as non-Ig-encoding loci. This possibility was indi-
cated by the finding that the 5’ region of BCL6, which
1s the site of hypermutation, is also the region where
chromosomal-translocation breakpoints are mostly
found™*. In diffuse large B-cell lymphomas, aberrant
hypermutation of multiple oncogenes has been
reported, which might also represent an important
rmechanism of pathogenesis'®.

Two of the molecular processes that could cause chro-
mosome transiocations or mutations in non-Ig genes
occur excusively {or at least mainly} in the GC
somalic hypermutation and dass-switch recombination™.
This could be ane of the reasons that most B-cell lym-
phomas derive from GC B cells or their descendents.
Class switching and somatic hypermutation do not
occur in the DNA of T cells, which could alse partly
explain why B cells are more prone to undergo malignant
transformation than T cells.

Whereas chroemoesome translocations involving Ig
loci are clearly a hallmark of many types of B-cell lym-
phoma, many other transforming events have also been
implicated in the pathogenesis of lymphomas, such as
mutations in tumour-suppressor genes (such as 7P53
and the gene encoding TxBa), genomic amplifications
(such as REL) und translocations not involving Tg loci
(APIZ-MALTT) (TABLE2).

Finally, viruses might also be involved in the trans-
formation of B cells. The most well-known example is
Epstein-Barr virus (EBV), which is found in nearly all
endemic Burkitt’s lymiphomas, in many post-trans-
plant and primary effusion Iymphomas, and in about
40% of cascs of classical Hodgkin’s lymphoma (sce
REFS 27-30 for reviews) (TABLE 2). Another member of
the herpes-virus family, human herpes virus §, is
implicated in the pathogenesis of primary effusion
Iymphomas®'. The oncogenic features of herpes virus §
are not well understood, but 1t was recently shown
that the viral protein FLIP activates the transcription
factor NF-«¥B, which is an important survival factor in
primary effusion ymphoma cells®.

Role of the BCR in B-¢ell hymphomas

Role of the BCR in the survival of normal B cells.
Throughout their lives, B cells undergo stringent selec-
tion for expression of the appropriate BCR. Pre-B cells
are selected for a pre-BCR {composed of Ty heavy chains
and surrogate light chains), and immature B cells are
selected for expression of a non-autoreactive, functional
BCR. After these steps, GC B cells ave only able to survive
the GC reaction and differentiate intoe memory or
plasma cells if somatic mutations in their V-region genes
result in expression of a BCR with increased affinity fora
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Figure 2 | B-cell differentiation in the germinal-centre reaction. Mature (naive) antigen-activated B cells that receive signais
known as “T-cell helg’ are driven inlo primary B-cell follicles in secondary lymphoid orgars such as lymph nodes, where thay
establish germinal centres (G0s; lightest vellow region) '®. The naive Igh*lgD* B cells that constitute the primary B-celt folicle are
replaced by the prdliferating GC B cells and displaced to the outside of the Tollicle, where they form a mantle zone around the GC. In

the GC, a dark zone and alight zone can be

inguished {left and right sides, respectively). The dark zons mainly consists of
proliferating GC B cells, whereas the GG B cells in the light zone are resting '’

. In profiferating GG B cells, the process of somatic

hypenmulation is activated, which leads o the introduclion of mutations at a high rate into the rearranged g varigble [(Vi-region geres
of the B calls'™. Most mutations are disadvantagous for the cells— slch as those that iead to reduced affinity of the BCR for antigen
and cause cells to undergo apoptosis. & few GO B cells will acguire mutations in the BOR that increase thelr affinity for antigen, and
those colls will be positivoly scloctod. The scloction prososs prosumably takes mainly place in the light zono, whoro the GC B oolls arcin
close contact with CD4+ T celis and follicdar dendritic cells (FDCs). Afraction of these GO B cells undergo class-awitch
recombination'?, Finally, G5 B cells differentiate into memory B salls or plasma cells and leave the GG microenvironment.

cognate antigen”. Even mature resting B cells are con-
stantly under selective pressure to express the BCR —
ablation of BCR expression in mice leads to the apoptotic
death of BCR-negative B cells*>*. So, it seerns that this
BCR dependency is amain determinant of B-cell sur-
vival. It is still debated whether the survival signal sup-
plied by the BCR 1s an autonomous signal or 1s inttiated
by low-level BCR activation by antigen.

BCR dependency of B-cell lynphomas. The selecton for
expression of a BCR also seems to occur in malignant B
cells. Indeed, most B-cell lymphomas still express a BCR,
although sometimes at relatively low levels™7 (rox ).
The proposal that there is a need for BCR-derived sur-
vival signals is indirectly supported by the observation
that translocations into the Ig-lodi are virtually always
found on the non-productively rearranged Igloci, with a
few exceptions™. As the three Ig-gene-remodelling
processes that are implicated in the generation of these
translocations — V-region gene recombination, class
switching and somatic hypermutation (FIG. 1} — princi-
pally occur in both [g alleles, translocation events should
happen at nearly equal frequency on the expressed Tg
allele and the non-expressed allele. However, as the
expressed Ig alleles are not found to be inactivated by
translocation events, it seems that at least at the time
that the translocations happened, the inability to forma
BCR was incompatible with survival of the cells and
development into a B-cell tumour.

Further evidence that the BCR supplies important
survival signals to B-cell lymphoma cells is provided by
the observation that treatment of patienls who have fol-
lcular lymphoma with antramtoryeic antrsontss did not
resultin the emergence of BCR-negative lymphoma
variants — either through downregulation of BCR
expression or by selected outgrowth of clones with inac-
tivating [g V-region gene mutations™*". Finully, several
types of lymphoma show ongoing V-region gene muta-
tion during tumour clone expansion™*=*_As a consid-
erable fraction of mutations would interfere with BCR
expression or function, such as nonsense mutations or
replacement mutations that prevent proper heavy- and
hight-chain pairing, it is notable that such lymphomas
also retain BCR expression™. Indeed, it has been deter-
mined that two types of destructive somatic mutation
- nonsense mutations and deletions or duplications
causing reading-frame shifts — account for nearly 10%
of mutation events, if mutations accumulate under
non-selective conditions'**. So, the rare occurence
of BCR-loss variants of lymphomas with ongoing
somatic liyperinutation, such as follicular lymphoma,
Burkitt’s lymphoma, lymphocyle-predominant
Hodgkin’s lymphoma or mucosa-associated lym-
phoid tissue (MALT) lymphomas, is a strong indica-
tion that lymphoma cells undergo selection for BCR
expression. Therefore, the survival signals supplied by
BCR expression i normal B cells might also promote
survival of B-cell lymphoma cells.
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A cell-surface glycoprotein that
is evpressed by virtually all

T cells and a subset of B cells.

ariginally functional V-region gene rearrangements
non-functional were detected in 25% of cases™. As
only a small fraction of inactivating mutations that
occur in mulating GC B cells can easily be identified
(for example, nonsense mutations and deletions), it is

Exceptional B-cell lymiphomas that do not express the
BCR. Although evidence is strong that most B-cell lym-
phomas depend on BCR expression, there are a few
exceplions (80X 21. In classical Hodgkin’s lymphoma,
inactivating Ig V-region gene mutations that render

Box 1| Cellular origin of human B-cell lymphomas

Human B-cell lymphomas are aﬁ‘ngned to their proposed normal B-cell counterpare Most lymphomas are derived from

ge l-centt €1 Bcellse e B cells that bave pacsed through the GO indivating its vole 1 the pathagenesic of
1 phoma: As shown in the figure, the GO s surrounded by a mantle zane of naive B eells, most of which express

¢ oo marker ——these mightcomprise adisting el subset. The marginal zone is a B-cell-rich zone ted between
B ] es andd the Trcell areain the spleen (a similar region is present in Peyer’s paiches, but usually notin byrnph
node origin of marginal-rone B cells is debated, and probably indudes post-GC memory Beells snd naive Beclls
ively Fecellind dent imnune rest Sxtranodal t sciated phoid & IMALT) han Ha
and nodal mavginal-zoiie B-cell lymphomas (not shown) are presummably derived from marginal-zone B eells Splenie
marginal-zone B-cell lymphomas comprise both follicular and margmal-zone B cells, and often carry unmutated

ese lymphiomas maght thercfore be derived from naive Beells pronctoundergo marpinal:
iphomasiare belicved to be derived rom G5 {naive) Beells

variable (Vi-region gencs:
zonc B-cell differentiation'” . Whercas mast mantlescell Iy

af the mantle zone, about 20-30% of cases carry mutated V-region genes; indicating that they have passed through the:
G The ongin of B-cell chronic lvmphocyticileoukaerna {B-CLL) cells has been debated. About half of the cases of B-
CLL carryanutations in Viregion genes. subs -CLL have been proposed erive either from CD5' B cells,
men cells or marginal- zone B cells'™ t-transplant lymphomas, which often develop in patients afler orga
transplantatio e feri mantigen-selected, BOR-expressing GO B cells, whereas nithers might be der
from pre-apoptotic &0 B celle™ Gene-expression profiling identified twomain subtypes of diffuse large B-cell
hymphoma (DLBCLY, one with 4 profileresermbling GO B cells (GU-type), and the other resembling in- vatro-activated

B cells [ABC-type ). Primary mediastinal B-cell lymphomas are believed to be derived from post-(C B cells of the thymus,
Solid arrows denote B-cell differentiation sieps and broken arrows assign the various lymphomas to their proposed
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possible that Hodgkin and Reed-Sternberg (HRS)
cells — the tumour cells in patients with classical
Hodgkin’s lymphoma ~— in most if not all cases are
derived [rom pre-apoplotic GC B cells that have lost
the capacity to express high-affinity BCR. How can
HRS cells escape selection to evade apoptosis? In
about 40% of cases of classical Hodgkin's lymphoma,
HRS cells are infected by EBV and express the EBV-
encaded latent membrane protein 2A (LMP2ZA)?%
LMP2A harbours an immunoreceptor tyrosine-based
activation motif, which is also found in the CD79A
and CD798 {also known as Igo and Igf, respectively)
molecules of the BCR and is required for BCR-medi-
ated survival signalling®. Studies of transgenic mice
that express LMP2A in B cells have shown that
LMP2A expression can replace the BCR-rmediated sig-
nals®™*, So, expression of LMP2A in an EBV-infected
GC B cell that is undergoing hypermutation might
rescue the cell from apoptosis following acquisition of
unfavourable somatic V-region gene mutations. Atter
acquisition of additional transterming events {other

than EBV infection), that cell could, in rare instances,
give rise to an ITRS tumour clone™. The role of
LMP2A in the established HRS cell dene, however, is
less clear, because HRS cells have downregulated
expression of central components of the BCR sig-
nalling cascade™, including spleen tyrosine kinase
{SYK) and S1.P65, which seem to be essential for the
function of LMP2A as a BCR surrogate® -~

Indeed, HRS cells have lost expression of nearly ail
B-cell-typical genes® % Whether this lost B-cell phe-
notype’ is directly related to pathogenesis and/or the
presumed derivation from crippled GC B cells is
unclear. Perhaps, for a GC B cell, which because of dis-
advant;ige()us somatic mutations does not receive
appropriate survival signals and would therefore nor-
mally undergo apoptosis, it is advantageous to lose its
B-cell identity as a means of becoming independent
from the stringent selection for expression of a (high-
affinity) BCR. Such a phenotypic change might be
promoted by, or depend on, transforming events
mvolved in HRS-cell generation. Alternatively, the loss

Table 2 | Mechanisms of B-cell lymphoma pathogenesis
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of the B-cell phenotype might be largely unrelated to
derivation from crippled GC B cells, and might instead
reflect transforming events in HRS-cell pathogenesis
that render the cells mdependent from expression of a
BCR. As a consequence, the HRS cells would no longer
be under selective pressure to maintain their B~cell-
specific expression programme and could adopt
another phenotype.

Lymphoma clones with inactivating V-region gene
mutations have also been observed in a fraction of
cases of post-transplant lymphomas®™=7. These are
usually EBV positive and express all latent EBV genes,
so it is possible that LMP2A promotes the survival of
these crippled lymphoma cells.

The requirermnent for BCR expression is undear in pri-
mary mediastinal B-cell lymphomas. These lymphomas
lack detectable BCR expression and have downregulated
expression of components of the BCR signalling cascade
and activity of the internal IgH enhancer, but no samples
with inactivating V-region gene mutations have been
described™ ., Recent gene-expression studies revealed,
surprisingly, that primary mediastinal B-cell lymphomas
are i many aspects closely related to HRS cells of classical
Hodgkin's lymphoma, and are more similar to this lym-
phoma than to other diffuse large B-cell ymphomas. But
unlike Hodgkin’s lymphoma, mediastinal lymphomas
have largely retained a B-cell gene-expression pattern and
are not associated with FRV infection®t2%

In the rare primary effusion lymphomas, BCR
expression is usually very low or undetectable, but
no cases with inactivating mutations have been
reported® ", Notably, these lymphomas also lack
expression of the transcription factors PU.T, OCT2 and
BOBI, which are important regulators of Ig transcrip-

G5

tion®. The loss of these transcription factors could
explain the downregulation of [g expression in primary
effusion lymphoma cells. These lymiphomas also usu-
ally lack detectable expression of other B-cell markers,
such as co1s and co, indicating a loss of the B-cell phe-
notype in the effusion lymphomas that is similar to
that of classical Hodgkin’s lymphomas, although sev-
eral aspects of their phenotype are also compatible with
a plasmablastic differentiation®.

Antigen activation of B-¢ell lymphomas

Is the ability of the BCR to transmit survival signals, or
its ability to interact with antigen to activate lymphocyte
profiferation, required for lymphormagenesis? Studies in
several different lymphoma types have indicated that
tymphoma cells recognize antigen, and that stimulation
by anrigen binding contributes to survival and prolifera-
tion of lymphoma cells (BOX 2). This concept was first
proposed more than 40 years ago®.

In B-CLL cells, the BCR has been frequently shown
to bind avtoanTicENs™". In some cascs, however,
B-CLL cells show specificity for foreign antigens, such
as viral proteins — this is the case in B-CLL that is pos-
itive for human T-lympheotropic virus type T (REE. 71).
Moreover, seven subgroups of B-CLL have recently
been identified that show strikingly similiar V and V.
gene-rearrangement sequences among members of a
group’ ™. Altheough it {s possible that this finding is
due to derivation of the lymphoma cells from a so-far-
unrecognized B-cell subset with a highly restricted
V-region gene repertoire, it is more tkely that this
reflects selection and activation of these cases by a
restricted set of avricenic errrorss. In Hine with this view,
five of the seven groups identified belong to the sub-
class of unmutaled B-CLIL, which has a phenotype
reminiscent of antigen-activated B cells™.

Restricted V-region gene usage is also a hallmark of
primary central nervous system lymphoma. However,
unlike the situation with B-CLL, this restriction only
holds true for the expressed 'V, gene segment, which is
the same in about half of the cases™™”. This indicates
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AUTOANTIGEN

A component of the body that is
recognized by antibodies of the
individual's own B cells.

ANTIGENEC BFTTOPES
Sites on an antigen thatare

recognized by an antibody.

SUFERANTIGEN
DBinds to conserved region of the
the B-cell receptor, and theretore

stimulates many B cells.

Ch4

Co-receptor for major
histocompatitibility complex
class 1T on T-helper cells.

Ch4o
Receptor for co-stimulatnry
signals for B cells.

CD4dL
Tigand for CLI40, expressed on
T cells.

binding of an antigen exclusively to the V, gene
segment, and that antigen might therefore be a sures-
ANTIGEN. So, stimulation of B cells by a superantigen
might be involved in the pathogenesis of primary
central nervous system lymphomas.

Studies also indicate a role for antigen activation in
the pathogenesis of follicular lymphoma. First, lym-
phoma cells from several patient samples were found to
express BCR with autoreactivity’. Second, follicular
Iymphoma cells show ongoing somatic hypermutation
during tumour-clone expansion, and the pattern of
these mutations is indicative of their selection by
antigen’. Third, about 80% of follicular lymphomas
carry somatic V-region gene mutations that resultin the
generation of carbobydrate-linking motifs™. Such muta-
tions were also found at a similar frequency in endemic
Burkitt’s lymphoma, but are presentin less than 10% of
cases of multiple myelorma, MALT lymphoma or normal
B cells®®!. The strong selection for the acquisition of car-
bohydrate modifications to the BCR V region of follicu-
lar and endemic Burkatt’s lyraphoma cells imdicates that
these moieties are important for lymphoma formation.
Itis unclear whether the carbohydrates are involved in
the recognition of antigens or in the interaction of the
Iymphoma cells with stromal elements.

Hepatitis C virus {HCV)-~associated B-cell lym-
phomazgenesis has been associated with viral antigens.
One study demonstrated the direct binding speciticity
of the BCR for a viral-envelope protein®. Importantly,
treatment of several patients with HCV-associated
splenic B-cell lymphomas with anti-viral interferon
therapy not only eliminated the virus, but alsc caused
regression of the lyvmphoma®. The fact that several
HCV-unrelated splenic B-cell lymphomas did not
respond to interferon therapy supports the idea that
the regression of the lymphoma is indeed caused by the
elimination of the stimulating antigen, rather than sen-
sitivity of the lymphoma cells themselves to interferon®™.

Foreign antigen seems to have an indirect role in acti-
vating B-cell-lvmphoma clones in gastric MALT lym-
phomas. Here, ncarly all cascs arc associated with
chronic infection of the gastric mucesa by the bacterium
Helicobacter pylori™. However, it is not the lymphoma
cells that recognize the bacterium, but T-helper cells,
which stimulate the proliferation of the lymphoma
cells®. Notably, some studies have indicated that the lym-
phoma B cells recognize autoantigen(s)***, and a recent
analysis showed that a considerable fraction of gastric
and salivary-gland MALT lymphomas (20—-40% of
cases) express autoantibodies with specificity for Iz
{that 15, theumatoid factors)®. Foreign and autoantigens
therefore seem to synergize in the pathogenesis of gastric
MALT lymphomas.

Roie of the lymphoma microenvironment

In many lymphomas, the tamour microenvironment is
likely to be important for the survival and/or prolifera-
tion of the tumour cells. In follicular lymphoma, the
tumour cells reside and proliferate in follicular structures
in close association with T-helper cells and follicular
dendpritic cells, as is typical for normal GC B cells. Some

B cells belonging to the lymphoma clone can also be
found in the interfollicular areas, but these cells show Lit-
tle proliferative activity™. So, the lymphoma cells scem
to require the cellular interactions in the GC-like envi-
ronment for their proliferation. This is supported by
studies that showed that follicular lymphoma cells can
proliferate in vitro only if they are cultured together with
cout T cells, or with stromal cells and an antibody
against the cpao receptor™. CD44 is expressed by follic-
ular-lymphoma cells, and its activation is a main sur-
vival signal for normal GC B cells. Notably, it was
recently shown that the survival of patients with follicu-
lar lymphoma is correlated with characteristic features
of non-tumour cells in the lymphoma tissue®. So, it
seems that follicular lymphoma cells retain key featuves
of normal GC B cells, including the dependency on
BCR expression and activation, as well as the interaction
with T cells and follicular dendritic cells in the follicular
microenvironment.

Low-grade gastric MALT lymphomas also depend
on the interaction with tumour-infiltrating T cells.
These lymphomas are closely associated with H. pylori
infection. fre vitro, H. pylori stmulates the proliferation
of tumoeur-infiltrating T cells, but not of the lymphoma
B cells directly®™® . These T cells then provide contact-
dependent help to promote the survival and prolifera-
tion of the lymphoma cells®®. The fact that elimination
of H. pyloriby antibiotic treatment often leads to regres-
sion of the lymphoma highlights the importance of this
interaction in lymphoma progression®.

In B-CLIL, the leukaemic cells in the peripheral blood
show very little proliferative activity, indicating that the
expansion of the tumour clone might take place in
other tissues affected by the ymphoma. Tndeed, prolif-
eralion of B-CLL cells is largely restricted to prolifera-
tion centres in lymph nodes and bone marrow, where
the cells are in intimate contact with CD4' T cells and
dendritic cells™. The #x vitro survival of B-CLL cells can
be significantly extended by culturing the leukaemic
cells with stromal cells, and B-CLL cell proliferation can
be induced by triggering the CD40 receptor™ . As cpast
is expressed by a fraction of T cells in the proliferation
centres™, it is intriguing to speculate that the T cell-
B-CLL interaction in that particular microenvironment
provides important survival and proliferation signals for
the malignant done.

Histological analyses of classical Hodgkin’s lym-
phoma cells have also indicated an important role of the
cellular microenvironment in the pathogenesis of this
B-cell malignancy. The HRS cells usually account for
less than 1% of cells in the tumour tissue, and most of
the cellular infiltrate is composed of T cells, eosinophils,
macrophages, B cells, plasma cells and other cells.
Although this cellular infiltrate could party represent an
(unsuccessful) inflammatory response against the HRS
cells, there is evidence that at least a large fraction of the
non-tumour cells is actively attracted by the HRS cells.
For example, HRS cells attract CD4* T cells by the secre-
tion of large amounts of the cytokine TARC (thymus
and activation-regulated chemokine), which is normally
only expressed by dendritic cells”. Indeed, HRS cells
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Do are usually in direct contact with T-helper cells.
Importantly, although TTRS cells have lost expression of
most B-cell~specific genes, molecules important fox

interaction with T-helper cells {tnajor hislocompalibil-
ity complex class T, CD40, cngo and cres) are still
expressed®, indicating that this interaction with CD4'

T cells is important for the survival of the HRS cells. The
dependency of HRS cells on their typical microenviron-

ment is turther supported by the difficulty of maintain-

ing these cells in culture, by the inability of primary
HRS cells to survive in immunodeficient mice, and by
the observation that HRS cells only rarely disserninate to
the peripheral blood?”

Co-stimulaiory molecule

expressed on B cells. Tnteracts

with ligands expressed by T cells.

CDes

Co-stimulaiory molecule mainly
expressed nn activated B cells
Tntcracts with ligands cxpressed
by T cells

Implications and fulure divections

In an emerging picture of B-cell malignancy, tamour
progression not only depends on transforming events,
such as chromosomal translocations, but also on sur-
vival signals mediated by the expression of a functional
BCR and cellular interactions in the lymphoma
microenvironment. In many lymphomas, BCR binding
of foreign or autoantigens to stimulate proliferation
might also be involved. Other than pathogen-derived
antigens that cause chronic infections, certain autoanti-
gens can also stimulate reactive B cells. This concept is
also supported by the observation that several autoim-
mune diseases, such as Sjogren’s syndroms,
avthritis and awtoimmune lymphoproliferative syn-
drome are commonly associated with an increased risk
of lymphoma®®. Moreover, autoantigen specificity for
the BCR expressed by the lymphoma has been reported
for some patients with autoimmune disease who devel-
oped lymphoma'®. However, it could be that in some
cases, antigen activation provides a chronic prolifera-

rheumatoid

tive stimulus to B cells that only increases their risk of
malignant transformation, and that antigen activation
does not have an important role in progression of
established lymphomas.

The finding that many lymphomas seem to arise from
B-cell precursors that were “frozen’ at a particular stage of
ditferentiation could reflect key features of lymphoma
pathogenesis. For example, lymphoma-associated
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translocations that disrupt the BCL6 gene result in con-
stitutive expression of this transcription factor, keeping
the cells in 4 proliferative, GC B-cell-like stage, and pre-
vents their differentiation into a resting post-GC B-cell
stage. The dependency of lymphomas on BCR expres-
sion, antigen triggering and microenvironmental sur-
vival signals might contribute to the relatively close
similarity between many B-cell lymphomas and their
normal B-cell counterparts in terms of phenotype and
gene-expression pattern. The dependency on such fac-
tors would sclect for a tumour phenotype that still
resembles normal B cells in many aspects. In other
instances, if the transforming events release the cells
from such a dependency, the ymphoma cells would be
free to acquire a markedly different phenotype. This
might be best exemplified in classical Hodgkin’s lym-
phoma, where the BCR-deficient HRS cells have lost
most features of normal B cells.

Can new treatment options for B-cell lymphomas
be developed from our current understanding of the
role of the microenvironment in lymphoma progres-
sion and of antigen as the driving force for prolifera-
tion of lymphoma cells? Lymphomas might be treated
by unconventional approaches, such as by interfering
with survival or proliferation signals from other cells
in the lymphoma microenvironment, by eliminating
antigens that promote expansion of tumour cells, or
by interfering with the BCR signalling pathway. The
success in treating patients with FH. pplori-associated
gastric MALT lymphomas, or patients with HCV-
associated B-cell lymphomas, by ¢liminating the
infectious agents are the first promising examples of
this approach. Finally, the gene-expression profiling
studies of bymphomas might reveal previously unrec-
ognized mechanisms of pathogenesis in B-cell lym-
phomas that could lead to novel therapeutic strate-
gies. For example, the recognition that a subtype of
diffuse large B-cell lymphoma expresses an active NE-
®B signature led to the identification of a dependency
of these lymphomas on constitutive NF-xB activity —
making this transcription factor an attractive target
for therapy'*.
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