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Abstract

IRF4 and 8 are members of the interferon regulatory factor family of transcription factors and have
been shown to be essential for the development and function of T cells, macrophages and dendritic
cells. A series of recent studies have further demonstrated critical functions for IRF4 and 8 at several
stages of B cell development including pre-B cell development, receptor editing, germinal center
reaction and plasma cell generation. Collectively, these new studies provide molecular insights into
the function of IRF4 and 8 and underscore a requirement for IRF4 and 8 throughout B cell
development. This review focuses on the recent advances on roles of IRF4 and 8 in B cell
development.

Introduction

The interferon regulatory factor family of transcription factor (IRF) consists of nine
mammalian members that are important regulators of both immunity and other physiological
processes [1]. Two members of this family, IRF4 (also known as Pip, LSIRF, LCSAT and
MUM1) and IRF8 (also known as ICSBP) are unique in that they are highly homologous to
each other rather than to other IRF family members and they are expressed exclusively in the
immune system. IRF4 and 8 interact with other transcription factors to either stimulate or
repress gene expression in the immune system. The best characterized interacting partners of
IRF4 and 8 are the Ets transcription factor family members PU.1 and Spi-B. It has been shown
that IRF4 and 8 dimerize with PU.1 or Spi-B and bind to the Ets-IRF composite element (EICE;
GGAANNGAAA) located in immunoglobulin (1g) light chain « 3’ (EKk3”) and A gene enhancer
regions [2-4]. More recently, another IRF-Ets composite sequence {IECS; GAAANN(N)
GGAA} has also been identified on the target genes of IRF8[5]. The presence of EICE or IECS
sites on many putative targets of IRF4 and 8 suggests that interactions of IRF4 and 8 with PU.
1 and Spi-B are likely to be common regulatory mechanisms in the immune system. In addition,
IRF4 and 8 have also been found to interact with the other key transcription factors E2A, NFAT
and as well as other members of the IRF family [6-8]. The roles of IRF4 and 8 in immune
system development and function have been well-documented. For example, IRF4 is critical
for Th2 and Th17 cell development whereas IRF4 and IRF8 together are essential for
macrophage and dendritic cell (DC) development and function [9-12]. Recently, a series of
studies have established an additional role for IRF4 and 8 as essential regulators of B cell
development, in which they have been shown to be critical for pre-B cell development, receptor
editing, germinal center (GC) reaction and plasma cell differentiation (Figure 1)[13-21].

IRF4 and 8 function redundantly to control pre-B cell development

The identification of IRF4 and 8 as the transcription factors that bind to an EICE motif located
in the immunoglobulin Ek3’ and A gene enhancer regions provided the early evidence that
IRF4 and 8 might play an overlapping role in pre-B cell development[3,4]. Indeed, B cell
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development is almost completely blocked at the large pre-B cell stage in IRF4 and 8 compound
mutant mice (IRF4,87/7)[18]. Moreover, IRF4 and IRF8 were found to be sufficient
individually to rescue the development of IRF4,87/~ pre-B cells, confirming that they function
redundantly in pre-B cell development[15]. Interestingly, IRF4,8~/~ pre-B cells are
hyperproliferative, suggesting that IRF4 and 8 negatively regulate pre-B cell proliferation.
Indeed, recent findings from both ourselves and others have demonstrated that IRF4 and 8 are
critical not only for light chain rearrangement but also for limiting pre-B cell expansion (Figure
2)[15,17,20,22].

IRF4 and 8 orchestrate the transition from cycling pre-B to small, resting pre-B by inducing
the expression of Ikaros and Aiolos

Pre-B cells consist of two subsets: large pre-B and small pre-B (see Box 1). Recent studies
have demonstrated that IRF4 and 8 orchestrate the transition from large pre-B to small pre-B
by inducing the expression of the Ikaros family transcription factors Ikaros and Aiolos[17].
Ikaros and Aiolos have been shown to downregulate the pre-B cell receptor (BCR) by
suppressing the expression of the surrogate light chain (SLC) ([23,24]. Expression of Ikaros
and Aiolos is known to be elevated in pre-B cells and at least, expression of Aiolos has been
shown to be induced by pre-BCR signaling[23,25]. Interestingly, the expression of Ikaros and
Aiolos is induced by IRF4 and 8 in pre-B cells and expression of IRF4 itself is also induced
by pre-BCR signaling[23]. Thus, pre-BCR signaling induces the expression of IRF4 which in
turn stimulates the expression of Ikaros and Aiolos (Figure 2). Downregulation of the pre-BCR
was originally thought to be critical in limiting pre-B cell expansion, however, a recent study
has indicated that this is not essential for terminating pre-B cell expansion and that pre-BCR
signaling likely only plays a role in the expansion of IL-7 receptor (IL-7R) expressing large
pre-B cells[26]. That said, IRF4,87~ pre-B cells undergo cell cycle arrest in the presence of
IRF4, indicating that IRF4 does play a role in limiting pre-B cell expansion[17]. The growth
inhibitory effect of IRF4 is also found to be dependent on Ikaros and Aiolos[17]. These findings
suggest that besides targeting pre-BCR, Ikaros and Aiolos must use other means to inhibit pre-
B cell expansion. Indeed, it has been shown that Ikaros directly inhibits the cell cycle's G1-S
transition in lymphocytes[27]. The molecular mechanisms through which Ikaros inhibits cell
cycle progression remain to be determined. It has been suggested that the effects of Ikaros on
the cell cycle are achieved either directly through inhibiting DNA replication or indirectly by
inducing the expression of cell cycle inhibitors[25,28]. Thus, IRF4 and 8, by inducing Ikaros
and Aiolos, target two critical events to limit pre-B cell expansion: downregulation of pre-BCR
and inhibition of the G1-S transition (Figure 2).

IRF4 and 8 promote light chain locus activation and rearrangement

Besides limiting pre-B cell expansion, IRF4 and 8 also promote immunoglobulin light chain
rearrangement and transcription during pre-B cell development[15,20]. The importance of
IRF4 and 8 in Igk (kappa) loci activation is demonstrated by the findings that reconstituting
the expression of IRF4 and 8 in IRF4,87~ pre-B cells induces the expression of the k germline
transcript and promotes light chain rearrangement and transcription[15]. Igk loci undergo
dynamic changes in B cell development (see Box 2). A recent study [20] has suggested that
IRF4 might play a role in positioning Igk allele away from pericentrometic heterochromatin.
Results of this study has shown that both Igx alleles are associated with pericentromeric
heterochromatin in a high proportion of IRF4,87/~ pre-B cells, however, in the presence of
IRF4, the percentage of IRF4,8—/— pre-B cells that are biallelic associated with pericentromeric
heterochromatin was dramatically reduced. IRF4 and Ikaros appear to play opposite roles in
the positioning of the Igx loci to pericentromeric heterochromatin. Paradoxically, IRF4 and 8
induces the expression of Ikaros and Aiolos in pre-B cells. The reason why IRF4 and 8 play
this dichotomic role in Igx rearrangement is not clear however one study has demonstrated that
only about 5 % of Igx alleles are active and undergo rearrangement in pre-B cells[29]. They
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proposed that Igx rearrangement is controlled by a variegated expression of one or more rate-
limiting transcription factors. IRF4 could be one of those developmentally regulated rate-
limiting factors except that the amount of IRF4 might not be limiting in pre-B cells, as its
expression is significantly induced by pre-BCR signaling. Should IRF4 be the rate-limiting
factor that controls light chain rearrangement, a much higher proportion of pre-B cells would
be expected to undergo light chain activation and rearrangement. Therefore, one possible
explanation for this apparent paradox would be that pre-B cells use elevated levels of Ikaros
and Aiolos to dampen activity of IRF4 on the activation of light chain loci so that only a small
percentage of pre-B cells can undergo light chain rearrangement in the presence of IRF4 at any
given time.

IRF4 attenuates IL-7 signaling

IL-7 signaling is essential for pre-B cell survival and proliferation, however, attenuation of
IL-7 signaling is also needed for efficient light chain rearrangement. Activation of the Igx locus
is controlled by two redundant enhancer complexes, namely Ek3’ and the kappa intronic
enhancer (Eki)[30]. The transcription factor E2A has been found to bind to both enhancers and
thus is critical for Igx rearrangement[31]. Recent evidence has indicated that IRF4 also
regulates the activity of both enhancers to promote light chain rearrangement[20]. IRF4 directly
binds to and activates the Ek3’ enhancer. In addition, IRF4 attenuates IL-7 signaling which
induces the expression of recombinase activating genes (RAGs) and the activation of EKki,
presumably through enhancing the binding of E2A to the RAG promoter and Eki. IRF4 was
found to induce the expression of the chemokine receptor CXCR4 in pre-B cells[20]. CXCL12,
the ligand of CXCR4, is mainly expressed by bone marrow stromal cells that are localized
away from IL-7 producing stroma[32]. Therefore, it has been suggested that attenuation of
IL-7 signaling in pre-B cells is actually achieved indirectly viaa CXCL12 mediated chemotaxis
in which pre-B cells expressing CXCR4 would migrate along the CXCL12 gradient away from
IL-7 producing stroma[20]. It should be noted that CXCL12-mediated chemotaxis does not
appear to be necessary for terminating pre-B cell expansion, as induction of Ikaros and Aiolos
by IRF4 and 8 is alone sufficient to shut down pre-B cell proliferation. Thus, in pre-B cells,
IRF4 and 8 induce the expression of Ikaros, Aiolos, and CXCR4 to attenuate the effects of IL-7
signaling: Ikaros and Aiolos directly antagonize the effect of IL-7 signaling on cell cycle
progression, whereas CXCR4 triggered chemotaxis nullifies the inhibitory effect of IL-7R
signaling on light chain rearrangement by moving the B cells away from sources of IL-7 (Figure
2). The molecular mechanism through which IL-7 signaling interferes with the binding of E2A
to Eki remains to be determined. In addition, it is also possible that IRF4 might regulate, either
directly or indirectly, the binding of E2A to EKki in pre-B cells independent of IL-7 signaling.
This notion is supported by a recent study which showed that knockdown of IRF4 expression
in a pre-B cell line also reduces the binding of E2A to Eki [22].

IRF4 and the sequential rearrangement of Ig heavy and light chain loci

Ig heavy (H) and light (L) chain loci are sequentially rearranged in B cell development. Recent
studies have established IRF4 as key components of a regulatory circuit that orchestrates the
sequential Ig H and L chain rearrangement. At the pro-B stage, IL-7 signaling promotes Ig H
rearrangement but inhibits light chain rearrangement[20,33]. In addition, a low level of IRF4
at the pro-B stage fails to activate Ek3’, which also disfavors light chain rearrangement. At the
pre-B stage, expression of IRF4 is rapidly induced by pre-BCR signaling, which in turn, binds
and activates Ek3’. Elevated IRF4 further promotes light chain rearrangement by inducing cell
cycle exit and by attenuation of IL-7 signaling[17,20]. Thus, IL-7 signaling and IRF4 together
orchestrate the sequential rearrangement of Ig H and L chain in B cell development.
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Role of IRF4 and 8 in receptor editing

Although IRF4 and 8 function redundantly to control pre-B cell development, IRF4, but not
IRFS8, is uniquely required for receptor editing[21]. Receptor editing is the primary means
through which B cells revise antigen receptors and maintain self-tolerance. Receptor editing
at the immature B cell stage can be induced by a self-reactive BCR[34]. Interestingly,
expression of IRF4 but not IRF8 is rapidly induced by self-antigen in immature B cells
suggesting that IRF4 plays a unique role in receptor editing[21]. Indeed, the secondary
immunoglobulin gene rearrangements triggered by membrane-bound antigen during receptor
editing were defective in IRF4 but not IRF8 deficient mice[21]. Importantly, induction of
RAGs by self-reactive BCR was minimally affected in the absence of IRF4. BCR signaling at
the immature B cell stage not only induces the expression of RAGs but could also promotes
and maintains the activation of light chain loci for efficient receptor editing[35]. Accordingly,
the expression of light chain germline transcripts is low in immature B cells deficient for IRF4,
indicating that the impairment of secondary immunoglobulin gene rearrangements in IRF4
deficient mice is caused by defect in the activation of light chain loci[21]. Moreover, in the
absence of IRF4, the defect in secondary rearrangement appears to be more severe at the A than
at the « light chain loci[21]. This finding is consistent with a recent report showing that
rearrangement of Ig\ loci is more dependent on IRF4 than the Igk loci[20]. Thus, IRF4 functions
as a nuclear effector of a BCR-initiated signaling pathway that promotes secondary
rearrangement of immunoglobulin genes during the immature B cell stage. Therefore by
initiating receptor editing, IRF4 plays an important role in the maintenance of B cell self-
tolerance.

Role of IRF4 and 8 in the germinal center reaction and plasma cell
differentiation

Germinal centers (GC) are transient structures existing in the secondary lymphoid organs that
are critical for T-cell dependent immune responses (see Box 3). Recently, a series of studies
have demonstrated that IRF4 and 8 regulate the expression of the transcription factors Bcl-6,
AID and Blimp-1 and therefore play a critical role in the GC reaction and plasma cell generation
[13,14,16,19]. In contrast to their role in pre-B cell development where IRF4 and 8 function
in an overlapping fashion, IRF4 and 8 appear to play critical and non-redundant roles in the
GC reaction and plasma cell development (Figure 3).

IRF8 directly induces Bcl6 and AID to promote GC formation

Expression of IRF8 is high in centroblasts but low in plasma cells, suggesting that IRF8 might
play a role in the GC reaction [16,36]. Supporting this notion is the finding that IRF8 directly
regulates the expression of Bcl-6 and AID in GC B cells. In its absence, the expression of Bcl-6
and AID in GC B cells is reduced [16]. However, the GC, although structurally disorganized,
can still be generated in the absence of IRF8, indicating that IRF8 modulates but is not essential
for the GC reaction.

IRF4 is critical for class switch recombination

Early evidence linking IRF4 with the GC reaction and plasma cell development came from
studies analyzing IRF4 germline mutant mice; the IRF4 germline mutant mice fail to form GC
and are defective in the generation of plasma cells[37]. In a subsequent study, the IRF4 gene
was conditionally deleted in GC B cells by the Cre recombinase whose expression is driven
by the promoter of IgH C; 1 switch transcript[19]. This elegant model demonstrated that IRF4
is critical for class switch recombination (CSR) in GC B cells and further showed that the
impaired CSR is a result of failed induction of AID. Independently, another study [13]
demonstrated that CSR is impaired in the IRF4 germline mutant B cells, a defect which could
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be rescued by ectopic expression of AID. Surprisingly, GC can be readily detected in mice
where IRF4 is deleted specifically in GC B cells, suggesting that IRF4 is dispensable for GC
formation [19]. Consistent with this view, immunohistochemistry shows that IRF4 protein
expression cannot be detected in the majority of GC B cells[36,38]. Thus, the failure to form
GC in IRF4 germline mutant mice is most likely due to defects in the generation of the naive
B cell pool which supply the GC.

IRF4 downregulates Bcl-6 in GC B cells

Expression of Bcl-6 is downregulated in post GC B cells concomitantly with the induction of
plasma cell development. A recent study has identified IRF4 as transcriptional repressor that
directly downregulates Bcl-6 expression in GC B cells[14]. Furthermore, CD40 signaling was
found to directly induce the expression of IRF4 in GC B cells which in turn, binds to the
promoter region of the Bcl6 gene to repress its expression. Thus, induction of IRF4 at the end
stage of the GC downregulates Bcl-6 and likely contributes to the termination of the GC
reaction. Constitutive expression of Bcl-6 gene caused by chromosomal translocation or
mutations is often found in diffuse large B cell lymphoma (DLBCL). Interestingly, in subsets
of DLBCL, the chromosomal translocation or mutations disrupt the binding motif for IRF4 on
the Bcl-6 regulatory region[14].

IRF4 is essential for plasma cell development

Recent studies have established IRF4 as a critical regulator of plasma cell development[13,
19]. Analyzing lipopolysaccahride-induced plasma cell differentiation, one study [13] revealed
that IRF4 directly induces the expression of Blimp-1 to promote plasma cell development.
Interestingly, expression of IRF4 can also be induced by Blimp-1 in plasma cells[39]. This
autoregulatory loop between IRF4 and Blimp-1 is suggested to be necessary for overcoming
Bcl-6 mediated repression of the Blimp-1 gene, an important event for initiation of plasma cell
development[13]. This study further revealed that a higher level of IRF4 is required for plasma
cell development and led to the proposal that low levels of IRF4 induce the expression of AID
and CSR whereas high levels of IRF4 induce Blimp-1 to facilitate plasma cell development
(Figure 3). Plasma cell differentiation is regulated by BCR affinity and in that regard, graded
levels of IRF4 established by BCR of different affinity would coordinate BCR signaling
strength with the GC reaction and plasma cell generation[13,40]. It should be noted that
expression of Blimp-1 was not found to be affected in a separate study using GC specific IRF4
mutant B cells[19]. The findings of this study instead suggest that IRF4, working in parallel
with Blimp-1, induces the expression of Xbp-1 to promote plasma cell development. The
reason for this discrepancy is not clear, however, the detection of binding by IRF4 to the
Blimp-1 gene by a chromatin immunoprecipitation assay strongly suggests that IRF4 regulates
Blimp-1 expression[13]. Finally, expression of IRF4 in B cells can be negatively regulated by
MITF (microphthalamia-associated transcription factor) through an unknown mechanism
[41]. MITF mutant B cells express high levels of IRF4 and undergo spontaneous plasma cell
differentiation, indicating that MITF is a negative regulator of plasma cell development.

Concluding remarks

The past couple years have witnessed tremendous progress in our understanding of IRF4 and
8 in B cell development. It has become clear that IRF4 and 8 are essential transcriptional
regulators throughout B cell development. Numerous putative targets of IRF4 and 8 in B cells
have been identified and the lists of genes are sure to increase in the coming years. Additional
efforts, however, are required to determine which of those targets are directly regulated by
IRF4 and 8. Furthermore, it would be important to distinguish the genes that can be regulated
by both IRF4 and 8 from those that are regulated independently by IRF4 and IRF8. IRF4 and
8 functions are known to be regulated by factors with which they interact. The proteins that
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have been found to interact with IRF4 or IRF8 in B cells so far include PU.1, Spi-B, E47,
NFAT, Stat6, Bcl-6 and Blimp-1[4,6,42-44]. Efforts to identify the stage specific interacting
partners of IRF4 and 8, and to understand how they modify the function of IRF4 and 8 at
different stages of B cell development would provide valuable insights towards our
comprehension of the roles of IRF4 and 8 in B cell development.

Box 1. Large pre-B and small pre-B cells

After a productive immunoglobulin heavy chain rearrangement at the pro-B stage, heavy
chain protein p pairs with the surrogate light chain (SLC) A5 and Vpre-B. Together with
the signaling molecules Iga and 1gp, they form the pre-B cell receptor (pre-BCR) on the B
cell surface[45]. Pre-B lymphocytes consist of two distinct cell populations: large pre-B
cells are newly generated pre-B cells that express pre-B cell receptor (pre-BCR) on the
surface and are highly proliferative; small pre-B cells are derived from large pre-B cells
that have downregulated pre-BCR and withdrawn from cell cycle. Light chain
rearrangement, transcription, and receptor editing take place primarily in these quiescent
pre-B cells.

Box 2. Dynamic changes of Igk loci during B cell development

At the pro-B stage, Igk loci move away from the nuclear periphery and become centrally
localized, an event that is believed to facilitate light chain rearrangement[46]. However, at
the pre-B stage, one Igk allele becomes associated with pericentromeric heterchromatin,
which represses V(D)J rearrangement on this allele and instead favors rearrangement on
the allele located away from pericentromeric chromatin[47]. The Ikaros family of
transcription factors have been shown to inhibit Igx rearrangement in pre-B cells via
targeting lgx loci to pericentromeric heterochromatin through a the cis-acting element Sis,
an event that has been linked to monoallelic silencing of Igx loci[48].

Box 3. Germinal center reaction and its essential regulators

Upon engaging cognate antigen, naive B cells enter primary follicles of secondary lymphoid
organs such as spleens, lymph nodes, Peyer's patches and tonsils, undergo very rapid cell
proliferation, and form a microscopically distinguishable structure called a germinal center
(GC) [49]. The GC consists of dark and light zones; the proliferating cells also known as
centroblasts mainly reside in the dark zone whereas the nonproliferating cells also called
centrocytes are concentrated in the light zone. Somatic hypermutation (SHM) of the
immunoglobulin genes mainly takes place in the dark zone centroblasts, whereas the later
stages of the B cell response e.g. class switch recombination (CSR), affinity maturation and
initiation of plasma cell development occur in the light zone centrocytes. Prior to the
initiation of plasma cell development, GC centrocytes compete for binding to antigen
associated with follicular dendritic cells (FDC) and for T cell help to undergo affinity
maturation and CSR[50]. Post GC plasma cell development is initiated in a small subset of
GC centrocytes.

Bcl-6, a member of POZ/BTB zinc finger protein family of transcriptional repressors, is a
master regulator of the GC reaction[50]. Within the B cell lineage, expression of Bcl6
protein can only be detected in the GC B cells. Mice lacking Bcl-6 cannot form GC and fail
to mount the T cell dependent immune response. In GC B cells, Bcl-6 is required to suppress
apoptosis and promote proliferation of centroblasts.

AID (activation-induced cytidine deaminase) catalyzes the targeted deamination of
deoxycytidine residues on DNA. The expression of AID is induced in GC B cells and is

Trends Immunol. Author manuscript; available in PMC 2010 February 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lu

Page 7

essential for SHM and CSR of immunoglobulin gene in centroblasts and centrocytes
respectively.

Blimp-1 (B lymphocyte induced maturation protein 1; also known as PRDI-BF1 or
PRDML1) is a zink figer containing transcriptional repressor. Expression of Blimp-1 is
induced in subsets of GC centrocytes and in plasma cells. Blimp-1 promotes plasma cell
development by suppressing genes associated with the GC program and induces the
expression of those essential for plasma cell development [51].

XBP-1 (X-box binding protein 1) is a bZip transcriptional activator. Expression of XBP-1
is induced by ER stress response (unfolded protein response). Xbp-1 is expressed at a high
level in plasma cells and is essential for maintaining the secretory phenotype of the plasma
cells.
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Figure 1. IRF4 and 8 are required throughout B cell development

IRF4 and 8 function redundantly during pre-B cell development. However, IRF4, but not IRF8,
is uniquely required for receptor editing at the immature B cell stage. IRF4 is likely also
required for the generation of mature B cells. IRF8 promotes the early stages of the germinal
center (GC) reaction whereas IRF4 is critical for later stages of GC reaction and the
development of plasma cell. IRF4 and 8 show distinct expression pattern in B cell development.
Expression of IRF4 is low in pro-B cells but its expression is significantly elevated in pre-B
cells. The expression of IRF4 is moderate/low in naive B cells but is induced significantly by
BCR and CD40 signaling in GC B cells. The expression of IRF4 remains high in plasma cells.
The expression of IRF8 remains stable throughout B cell development but its expression can
be further induced by BCR signaling.
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Figure 2. IRF4 and 8 limit pre-B cell expansion and promote light chain rearrangement

IRF4, whose expression is turned on by pre-BCR signaling, induces expression of Ikaros and
Aiolos to suppress surrogate light chain (SLC) expression. Besides downregulating the pre-
BCR, Ikaros and Aiolos also limit pre-B cell expansion by directly inhibiting the G1-S
transition. In addition, IRF4 and 8 also promote light chain rearrangement and transcription,
either through direct activation of 1g light chain enhancers or indirectly through attenuation of
IL-7 signaling, the latter of which is achieved via a CXCL12 mediated chemotaxis which
requires an IRF4-dependent induction of CXCR4 in pre-B cells. Expression of IRF8 is not
induced by the pre-BCR; however, it is still possible that the activity of IRF8 can be modulated
by pre-BCR signaling.
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Fig. 3. IRF4 and 8 regulate the germinal center reaction and plasma cell development

IRF8 modulates the germinal center (GC) reaction by inducing the expression of Bcl-6 and
activation-induced cytidine deaminase (AID) in centroblasts. IRF4, whose expression can only
be detected in subsets of centrocytes, is critical for CSR and the downregulation of Bcl6 at the
end stage of the GC reaction. Expression of IRF4 can be induced in GC B cells by signals
emanating from the B cell receptor (BCR), CD40, and cytokines. It is proposed that a low level
of IRF4 induces AID to promote CSR whereas a high level of IRF4 turns on Blimp-1 to favor
plasma cell development. Blimp-1 is also found to induce IRF4. This autoregulatory loop
between IRF4 and Blimp-1 is suggested to be necessary for overcoming Bcl-6 mediated
repression of the Blimp-1 gene.
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