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Abstract
B cell developmental pathways in teleost fishes are poorly understood. In the absence of
serological reagents, an alternative approach to dissecting teleost B cell development is to use
transcription factors that are differentially expressed during B cell development. This review
discusses the structure and function of six transcription factors that play essential roles during
teleost B cell development: Ikaros, E2A, EBF, Pax5, Blimp1, and XbpI. Research on alternative
splicing of both the Ikaros and Pax5 genes in rainbow trout is presented, including their functional
significance. An application is discussed that should aid in elucidating teleost B cell development
and activation, by using transcription factors as developmental markers in flow cytometric
analysis. Possible future studies in teleost B cell development are suggested in the context of gene
regulation. Lastly, broader impacts and practical applications are discussed.

1. Introduction
With the introduction of the jaw, the capacity to efficiently respond to infections increased
greatly in vertebrate animals, and this correlates with the emergence of adaptive immunity
(Matsunaga and Rahman, 1998). Consequently, the lymphocytes of fishes, including teleost
species, are highly diverse, similar to what is seen in mammals. However, teleosts lack bone
marrow, the mammalian site for lymphocyte development or lymphopoeisis; instead, they
use the anterior kidney. Because, presumably, teleost species have not changed the location
for lymphopoiesis over the past several hundred million years, the anterior kidney must
provide an excellent site. To date, in the absence of serological tools, the process of
lymphopoeisis in the anterior kidney remains quite elusive. Exploring the expression of
(lymphoid-specific) transcription factors in anterior kidney cells should shed light on the
processes that drive teleost lymphoid development. In this regard, it is of interest that many
of the transcription factors that drive lymphocyte development in jawed fish are already
present in jawless fish and even invertebrates, well before the emergence of adaptive
immunity. Hence it appears that the structure, but not necessarily the function, of
transcription factors is highly conserved. This review will focus on teleost transcription
factors expressed during B cell development, by comparing extensive knowledge of the
mammalian system with the limited information available in the teleost.
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2. B cell development
After birth, mammalian hematopoiesis takes place exclusively in the bone marrow, a
complex tissue that has been studied extensively. The bone marrow environment is
necessary and sufficient to generate all immune cells, including hematopoietic stem cells,
lymphoid and myeloid progenitors, as well as their more differentiated immune cell
descendents, with the exception of T cell development, which takes place in the thymus.
Mature, surface-IgM expressing B cells are generated through the B lymphopoiesis
pathway; earliest progenitors include the common lymphoid progenitor (CLP), followed by
pro-B cell, pre-BI, large and small pre-BII, and immature B cell stages, as shown in Figure 1
(reviewed in Melchers and Kincade, 2004). Immature B cells leave the bone marrow, and
travel through the blood to the spleen to complete maturation (Melchers and Kincade, 2004).
Small populations of (long-lived) Ig-secreting cells are stored in the bone marrow (reviewed
in Rajewski and Radbruch, 2004) where they provide long-term humoral protection.

In the rainbow trout, the entire kidney contains immune cells: the anterior kidney has the
highest concentration of developing B lymphoid cells, and also contains low levels of
antibody-secreting cells (ASC) (Bromage et al., 2004; Zwollo et al., 2005, 2008, 2010),
interdigitated with adrenal-like tissue, and has no renal function (it lacks nephrons) (Zapata
and Cooper, 1990, Milano et al, 1997). In contrast, posterior kidney possesses both renal and
immune tissue (Zapata and Cooper, 1990, Zwollo et al. 2005, 2008). The terms anterior and
posterior kidney are often poorly defined in the scientific literature. In order to more
accurately define teleost kidney function, we have proposed a nomenclature for rainbow
trout, which can be applied to all Oncorhyncus species (Zwollo, unpublished observations)
as follows: the kidney is (arbitrarily) divided into five segments of 7 vertebrate lengths each,
named K1-K5, with K1 being the most anterior section, and K5 the most posterior (Zwollo
et al., 2005). Hence, K1 is equivalent to head kidney or anterior kidney, but with a highly
defined border.

The teleost spleen functions as a major secondary immune organ, as in mammalian species,
with abundant IgM+ mature B cells; IgM-secreting cells are generated in LPS-activated
cultures derived from splenic B cells (Zapata and Cooper, 1990, Kaattari and Irwin, 1985,
Bromage et al, 2004, Zwollo et al., 2005, 2008). The blood of the rainbow trout also
contains mature, LPS-sensitive IgM+ B cell populations (Bromage et al, 2004, Zwollo et al.,
2005), however, ex vivo induction in PBLs is moderate compared to that of the spleen.

One approach to begin dissecting the molecular pathways of teleost B cell differentiation is
to examine developmentally regulated expression of B cell-specific transcription factors in
teleost immune tissues. This approach has proven fruitful in studies of mammalian B cell
development (reviewed in Northrup and Allman, 2008). Importantly, the structure of
transcription factors shows a remarkable level of conservation between vertebrate species.
The most highly conserved region of transcription factors is typically the DNA binding
domain, with inter-species sequence homologies often close to 100%. Hence, use of
transcription factors as developmental markers in less well-studied animals such as the
teleost provides an attractive comparative approach.

3. Transcription factors during vertebrate B cell development and
activation

Transcription factors are proteins that interact with specific DNA sequences within the
enhancers or promoters of target genes, and can modify the chromatin structure surrounding
a target gene to change accessibility for transcription. Ultimately, transcription factors
regulate the rate of transcription into RNA, either increasing it or decreasing it. The typical
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transcription factor consists of separate functional domains, including a DNA binding,
activation/repressor, and, if it functions as a dimer, dimerization domain. Transcription
factors are classified based on the type of DNA binding domain they possess, including the
homeodomain, zinc-finger, leucine zipper, helix-loop helix, or winged-helix proteins.

The major transcription factors that play roles in vertebrate B cell development, and which
have been characterized at least to some extent in teleosts, include Ikaros, E2A, Early B cell
Factor-1 (EBF1), Paired box-5 (Pax5), B lymphocyte-induced protein-1 (Blimp1), and X-
box binding protein-1 (XbpI). This review will begin by briefly discussing each transcription
factor separately below. The expression pattern for each transcription factor during B cell
maturation is shown in Figure 1, while the organization of each transcription factor,
including its functional domains, is shown in Figure 2.

Ikaros
In mammals, Ikaros is first expressed during the earliest stage of immune cell development,
in hematopoeietic stem cells (HSCs) and is necessary for T, B, and NK development
(reviewed in Georgopoulos et al 1997). Within the B cell lineage, Ikaros is highly expressed
in CLP, pro-B, and pre-B cells (Figure 1; Liberg et al. 2003). Other members of the Ikaros
gene family include Aiolos, Helios and Eos. Ikaros is a zinc-finger type transcription factor
and forms homo-and heterodimers with its family members, leading to highly diverse
functions (Hahm et al., 1994, Georgepoulos et al. 1992). Ikaros commonly functions as a
gene silencer, and regulates proliferation and maturation of lymphocytes through chromatin
remodeling complexes and histone deacetylation interference (reviewed in Liberg et al.,
2003; illustrated in Figure 3). Ikaros has a total of 6 zinc fingers, 4 N-terminal, and 2 C-
terminal (Hahm et al.,1994, and Georgopolous et al, 1992), as shown in Figure 2. The N-
terminal Zn-fingers are necessary for DNA binding, and the C-terminal fingers for
dimerization (Georgeopolous et al. 1994). Zinc-finger containing Ikaros genes are present in
all vertebrates (Haire et al., 2000). Ikaros is extensively alternatively spliced, as will be
discussed in the next section.

The first teleost Ikaros homolog was isolated and characterized in the rainbow trout (Hansen
et al., 1997). Comparison between mouse and trout Ikaros cDNAs revealed a strong
conservation of the DNA binding domain (98% homology) as well as conservation of the
relative location of the other functional domains, and the number of exons (Figure 2). Trout
Ikaros has been detected in both primary immune tissues (thymus, anterior kidney) and
secondary immune tissues (spleen) of juvenile trout (Hansen et al., 1997), and as such Ikaros
expression is highly conserved between mouse and trout.

An Ikaros homolog has also been isolated in zebrafish. During embryonic development,
Ikaros is expressed in the ventral side of the dorsal aorta (the hematopoiesis site in birds and
mammals), and near the forming thymus (Willett et a., 2001). In adult zebrafish, transcripts
have been detected in primary immune sites anterior kidney and thymus, while low and
varying levels were detected in spleen (Willett et al., 2001). One study investigated the
function of Ikaros using zebrafish that made a mutant form of the Ikaros protein, lacking the
two C-terminal Zn-fingers and as a result, no longer able to dimerize with other Ikaros
proteins (Schorpp, et al., 2006). Previously, it had been suggested that zebrafish and rainbow
trout have two different B cell lineages, one expressing IgM, and the other IgT (Danilova et
al, 2005, Hansen et al., 2005) and recently it was shown that these B cell lineages have
functionally different properties (Zhang et al., 2010). Interestingly, the zebrafish expressing
the mutant Ikaros protein lacked IgT expressing cells. Low levels of IgM+, oligoclonal B
cells were detected in the anterior kidney, although these cells formed later during
embryonic development and had a lower frequency of productive Ig HC rearrangements.
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Hence, at least in zebrafish, proper dimerization of Ikaros is required for IgT-rearrangement,
and facilitates IgM-rearrangement.

E2A
This gene is one of three mammalian E protein family members, which also include HEB
and E2-2. All 3 genes encode helix-loop-helix type transcription factors (reviewed in Engel
and Murre, 2001). E-proteins can form homo- and heterodimers with each other and with
other members of the HLH family (Engel and Murre, 2001). Transcriptional activity of E
proteins, specifically the ability to bind target DNA, is inhibited through heterodimerization
with Id proteins (Engel and Murre, 2001). The E2A gene encodes two proteins, E12 and
E47, through alternative splicing of the HLH domain (Figure 2; Murre et al., 1989). In
developing B cells, the main functional E-protein is the E47 homodimer (Murre et al.,
1991).

E2A drives early B cell development and regulates expression of Lamda5, EBF1, TdT and
RAG1 genes (Kee and Murre, 1998; Figure 3), but is also essential for Ig rearrangement and
expression during terminal differentiation, and plays a role during class switching (Murre et
al., 2001, Quong et al., 1999). Not surprisingly then, high expression of E2A is seen during
early B cell development and then again in proliferating germinal center B cells (Murre et
al., 2001, Quong et al., 1999).

Of the many important scientific contributions by Greg Warr, sorting out the structure and
function of teleost E-proteins was just one. His work, in collaboration with others, showed
that while mammals only have three E-protein genes, puffer fish have five, including HEB,
E2-2, E2A1, E2A2, and EX (Hikima et al., 2005a). While puffer fish possess two different
E2A homologs, E2A1 (the E12/E47 homolog shown in Figure 2), and E2A2 (which lacks
alternative splicing), only one E2A gene sequence has been isolated for catfish (Hikima et
al., 2005a, 2005b).

Interestingly, while in mammals E2A is the major E-protein in B cells, in catfish it is
CFEB1, the catfish homolog of HEB (Hikima et al., 2005b). Also, a teleost-specific
difference is found in the coding region of teleost E2A, which has a 17 aa insertion in its
inhibitory domain (which functions in preventing homodimerization), shared with zebrafish
and Xenopus but not mouse, human or chicken (Hikima 2005b). Differences in this domain
likely result in important changes in target gene expression. As Greg Warr emphasized
throughout his work on teleost E-proteins, the latter underscores the importance of
comparative molecular studies in elucidating B cell developmental pathways.

Early B cell factor 1 (EBF-1)
This transcription factor, like E2A, also drives B lineage commitment and B cell
determination, and is considered an epigenetic pioneer factor, directing chromatin
modifications for transcriptional activation (reviewed in Lukin et al., 2008 and Northrup and
Allman, 2008). EBF1 is a member of the Collier/Olf-1/EBF family (COE) family, which
includes EBF1-4, Collier/knot, and Unc-3 (Lukin et al. 2008). The EBF proteins contain a
highly conserved DNA binding domain at the N-terminal region of the protein (Figure 2),
which contains an atypical Zn-binding motif. EBF binds to DNA as a homodimer through
HLH domains, and has a transactivation/multimerization domain at its C terminus (Figure
2).

Mammalian EBF1 expression is high during early B cell development, particularly in CLPs,
pro-B cells, and (im)mature B cells (Figure 1). EBF1 is also expressed in non-lymphoid
tissues such as adipocytes, forebrain neurons, plasmacytoid dendritic cells, BM stromal
cells, and osteoblasts (Lukin et al., 2008). EBF1 and another B cell-specific transcription
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factor, Pax5, regulate each other’s expression during B cell development (Roessler et al.,
2007;Figure 3); in cooperation with E2A, EBF1 also regulates expression of components of
the (pre)BCR (CD79α and Vpreβ1), while in cooperation with E47 it regulates VDJ
recombination (Sigvardsson et al., 1997,Lukin et al. 2008,Northrup and Allman 2008).
Lastly, EBF1 cooperates with both E2A and Pax5 on several other target genes (Lukin et al.,
2008). EBF has also been shown to reprogram myeloid progenitors, and as such, enforces B
cell specification, blocking alternative differentiation pathways (Pongubala et al. 2008). This
complex transcriptional circuitry underlying B cell fate is illustrated in Figure 3 (Lukin et al.
2008,Northrup and Allman, 2008).

EBF1 gene orthologs have been identified in zebrafish (GenBank XM680898) and a
cartilaginous species, clearnose skate (Anderson et al, 2004). The DNA binding domain of
EBF1 is highly conserved, with close to 100% homology between zebrafish, skate and
mouse (Anderson et al., 2004). In the skate, EBF1 is expressed in spleen, Leydig and
epigonal tissues, thymus, and adipose tissue (Anderson et al., 2004). In the rainbow trout,
EBF1 expression has been detected using a mouse EBF1-specific antibody: EBF1 is
expressed both in kidney tissue and PBLs. In K1, EBF1 is expressed in HCmu–but not
HCmu+ lymphoid cells, often co-expressed with RAG-1 (Zwollo et al., 2010).

The Pax5 gene encodes a homeodomain type transcription factor, the B cell-specific
activator protein (BSAP), and has been extensively studied by several groups including our
own (reviewed in Hagman and Lukin, 2007, and Cobaleda et al., 2007). Pax5 has been
identified in both mammalian and non-mammalian species and contains a highly conserved,
N-terminal paired domain (Figure 2). Pax5 is expressed in the vertebrate B cell lineage as
well as in adult testis, while during embryonic development, it is expressed in the brain
(reviewed in Cobaleda et al., 2007). In lower vertebrates including zebrafish and Xenopus,
Pax5 is faintly expressed in the developing inner ear, but mammals lack expression at this
site (Heller and Brandli,1999). Within the mammalian B cell lineage, Pax5 is expressed
from the pro-B cell through mature and activated B cell stages, is downregulated during
terminal differentiation and absent at the plasma cell stage (Figure 1; Cobaleda et al, 2007).
Recently, Pax5 was also shown to regulate the adhesion and migration properties of murine
B cells (Schebesta et al. 2007).

Pax5 directs B cell fate: it represses both macrophage-colony-stimulating factor receptor
(M-CSFR) expression, thereby blocking myeloid cell fate, and Notch1 expression, thereby
constraining T cell development (reviewed in Northrup and Allman, 2008). Additionally,
downregulation of Pax5 correlates with the (reversible) trans-differentiation of a B
lymphoma cell into a macrophage upon in vitro culturing with M-CSF (Hodawadekar et al.,
2007). This is quite fascinating since teleost B cells reportedly have phagocytic properties
(Li et al., 2006), although it is unclear whether such cells simultaneously share both myeloid
and B lymphoid characteristics or rather fluctuate between the two states.

Pax5 binds to DNA as a monomer. A large number of potential target genes have been
identified for Pax5, with Pax5 acting either as activator or repressor. For example, Pax5 is
an activator of EBF1, and acts as a repressor for XbpI, Blimp1, and IgHC (shown in Figures
3 and 4, and reviewed in Cobaleda et al., 2007). Pax5 induction in pro-B cells is dependent
on expression of E2A and EBF1, while Pax5 itself can further activate EBF1 expression
(Northrup and Allman, 2008; Figure 3). Both the activation and repressor domains of Pax5
are present at the C-terminus of the protein (Figure 2) and are common targets for alternative
splicing, as discussed below.

During B cell activation, suppression of Pax5 is necessary to complete terminal
differentiation into a plasma cell, and this is done through the transcriptional repressor
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Blimp1 (Kallies and Nutt, 2007), as shown in Figure 4. In addition, in resting, mature B cells
Pax5 directly represses the transcription factor Xbp-1, thereby blocking terminal
differentiation until the B cell is induced into terminal differentiation through engagement
between its BcR and antigen (Reimold et al. 1996).

Pax5 cDNA has been isolated from the B cells of three teleost species, including rainbow
trout, puffer fish, and zebrafish (Zwollo et al., 2008, Ohtani et al. 2006, Pfeffer et al. 1998).
The locations of functional domains of the Pax5 gene are highly conserved between species.
Additionally, teleost Pax5 paired domain shares almost one hundred percent homology with
that of mouse, hence, as for the other transcription factors reviewed here, the DNA binding
domain is highly conserved. Two interesting differences were discovered between teleost
Pax5 (rainbow trout, puffer fish, and zebrafish) and non-teleost Pax5 (mouse, human,
chicken, and Xenopus): all teleosts share a 25 aa (in-frame) deletion of their partial
homeodomain, resulting in a truncated version of the domain (Zwollo et al., 2008). Two
regulatory proteins, TATA-binding protein and retinoblastoma (Rb), have been shown to
interact with the partial homeodomain (Eberhard and Busslinger, 1999) and hence, a
shortened version of it likely correlates with unique functions in teleost Pax5 activity. A
second difference concerns a 30 aa in-frame insertion at the C-terminus of all 3 teleost Pax5
proteins, which is lacking in non-teleost Pax5. (Zwollo et al., 2008). This insertion expands
the repressor domain of teleost Pax5, and likely affects expression of target genes.

Blimp1
The Zn-finger type transcription factor Blimp1 is a master regulator of cell differentiation,
including both terminal B cell and macrophage differentiation (reviewed in John and
Garrett-Sinha, 2009). The five Zn-finger-containing, C-terminal DNA binding domain of
Blimp1 (see Figure 2) is highly conserved among vertebrates, with more than 93%
homology between zebrafish, Xenopus, pufferfish, and mouse (Ohtani et al., 2006). Blimp1
functions as a transcriptional repressor and associates with Groucho and histone
deacetylases (John and Garrett-Sinha, 2009). Together with XbpI, Blimp1 is sufficient to
trigger terminal differentiation of B cells. Blimp1 expression is induced in B cells through
downregulation of BCL-6 (Figure 4); Blimp1 not only represses both Pax5 and c-myc
directly but also regulates the shift from membrane to secreted forms of Ig RNA in activated
B cells (Figure 4). Of interest, Blimp1 expression is directly repressed by Pax5, (Kallies and
Nutt, 2007), possibly providing the cell with a mechanism to regulate its rate of terminal B
cell differentiation

Maturation from transient plasmablasts to long-lived ASC in the bone marrow has been
shown to correlate with quantitative increases in Blimp1 expression in individual cells, as
studied using heterozygous Blimp1gfp mice (Kallies et al., 2004). In these mutant mice, Ig-
secreting, Pax5− plasma cells contained the highest levels of Blimp1; plasmablasts had
intermediate Blimp1 levels, while PBLs had the lowest Blimp1 expression per cell. These
data are especially promising for future studies in teleosts, because they show that nuclear
Blimp1 levels can be used as tools to determine terminal differentiation state of B cells.

Blimp1 cDNA has been isolated from two teleosts, zebrafish and pufferfish and a highly
conserved location of Blimp1 functional domains was noted (Ohtani et al., 2006). Partial
Blimp1 cDNA sequence (covering exons 6–7) has also been isolated from rainbow trout
spleen tissue (Zwollo, unpublished data). Comparison between Blimp1 DNA binding
domains from mouse, zebrafish, pufferfish and rainbow trout showed a highly conserved
sequence, with >92% homology between species.
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XbpI
This basic leucine zipper type transcription factor is, together with Blimp1, necessary for
terminal B cell differentiation (Figure 4) (Reymold et al., 1996). Because XbpI is directly
repressed by Pax5, XbpI expression levels are opposite to those of Pax5 (Reymold et al.,
1996; Figures 1 and 3). Hence the ratio of Pax5 to XpbI provides a indicator for B cell
differentiation state.

XbpI is a key regulator of the unfolded protein response (UPR) (Yoshida et al., 2001). In
response to ER stress, 26 ribonucleotides are removed from the XbpI (U) transcript, which
results in a frame-shift, translating into a more potent transcription factor (XbpI (S) with a
different C-terminus (Yoshida et al., 2006, Hu et al., 2007; Figure 2). XbpI-S translocates to
the nucleus where it activates certain UPR genes and plays essential roles in cell survival.
This is particularly important for the plasma cell, which is in a state of “acute stress” (Lenci
and Sitia, 2007), synthesizing tremendous amounts of antibodies as part of the humoral
immune response. XbpI-S levels increase during differentation from plasmablasts into
plasma cells, and this induces a (apparent paradoxical) decrease in proteosome capacity,
which in turn induces apoptosis in plasma cells (Lenci and Sitia,. 2007). Hence, XbpI-S
plays important roles in regulating the half-life of plasma cells (Lenci and Sitia, 2007).

Teleost XbpI cDNA sequences have been determined for pufferfish, Atlantic salmon, and
zebrafish (Ohtani et al., 2006, Hu et al, 2007, Leong et al., 2010), but not much else is
known about the factor in teleosts. Again, the DNA binding domains are highly conserved
among the vertebrate species, and share almost 100% homology at the protein level

4. Alternative splicing of transcription factors
Alternative RNA splicing is a commonly used, but poorly understood mechanism that adds
an additional level of regulation of gene expression (De la Grange et al. 2007). Not
surprisingly, the great majority of genes encoding transcription factors use alternative
splicing to regulate their activity. Alternative RNA splicing leads to mRNAs that lack one or
more exons. Hence, in alternatively spliced transcription factors, one gene can generate
multiple, partially identical, proteins with different, and often opposite, functions.
Alternative splicing can reduce DNA binding strength of the resulting protein (through a
modified or absent DNA binding domain), reduce interaction with co-repressors or -
activators, or change interaction with basal transcription factors. In other words, alternative
splicing of a transcription factor directly affects the expression patterns of its target genes.
As such, alternative splicing likely plays important roles during B cell differentiation.

For most of the six transcription factors discussed here, examples of alternative splicing can
be found in vertebrate species. One transcription factor that relies heavily on alternative
splicing is Ikaros. In mammals, eight Ikaros splice forms have been reported, which differ in
the number of Zn-fingers they possess (Hahm et al.,1994, Georgopolous et al, 1992, Sun et
al. 1996). Splice variants that do not include at least three of the four internal zinc fingers do
not bind single Ikaros binding sites and functionally interfere with the activity of the longer
isoforms (Hahm et al.,1994). Differential expression of Ikaros isoforms has been observed
during mammalian lymphoid development; for example, expression of the smallest isoform,
IK6 (which lacks exons 4–7 and is unable to bind to DNA), is associated with the onset of
lymphoid commitment (Klug et all 1998).

The Ikaros gene in rainbow trout has at least 8 isoforms, six of which are shared with the
mouse homolog, and two that are unique to trout: both isoforms lack exon 7, while one also
lacks the the most N-terminal Zn-finger; both isoforms retain ability to bind DNA (Hansen
et al. 1997). Zebrafish have several Ikaros isoforms in common with the mouse, but also
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express one of the trout-specific isoforms (lacking both exon 7and Zn-finger 1) (Willett et
al., 2001).

Like Ikaros, the Pax5 gene is also extensively alternatively spliced. Mouse splenic B cells, in
addition to expressing the full-length (Pax5a) isoform, express at least three alternatively
spliced forms, including one that lacks exon 2 and is unable to bind DNA, one that lacks
both the partial homeodomain and transactivation/repressor domains, and one that lacks all
three domains (Zwollo et al., 1997). Two of those isoforms (5d and 5e) have been shown to
have opposing roles in B cell growth, supporting their functional significance (Lowen et al
et al., 2001). In human PBLs, five alternatively spliced Pax5 isoforms have been reported.
All have deletions around the transactivation/repressor domains, resulting in changes in
transactivating potential (Robichaud et al., 2004). Studies on alternative splicing for Pax5 in
the rainbow trout have also revealed multiple isoforms, with deletions in the DNA binding
domain and/or the activation/repressor domains (Zwollo, unpublished data). Xenopus Pax5
has at least four isoforms that lack either DNA binding or activation domains (Heller et al.,
1999).

Although beyond the scope of this review, several of the genes described here have two
active promoters in B cells resulting from alternative usage of exon 1, and hence, their
expression maybe regulated by two (overlapping) sets of transcription factors.

From the limited number of studies on alternative splicing in teleost B cells, it appears that
the mechanism is conserved among vertebrate species. Interestingly, while some isoforms
for a particular transcription factor are shared between species, others appear unique to
teleost. However, such differences may turn out to be quantitative rather than qualitative,
reflecting tissue or stage-specific differences in isoform abundance. Whether or not teleost-
specific isoforms exist, only future studies will tell.

So far, all reported studies on alternative splicing of transcription factors have used RNA or
protein from pooled cells as their source for analysis. Hence, the frequency of cells
containing a particular isoform, or the level of expression for a given isoform in individual
cells, cannot be determined using such an approach. It is possible that during vertebrate B
cell development, individual cells within each developmental stage express distinct sets of
isoforms, and that such isoforms are essential for proper progress through the B cell
developmental program. For now, this hypothesis remains untested.

5. Using expression patterns of transcription factors to dissect teleost B
cell maturation; B cell signatures

To be able to determine the frequency of distinct B cell subsets during teleost immune
development, our laboratory has developed an approach to analyze single cells using flow
cytometric analysis. The approach is based on the presence or absence of two differentially
expressed transcription factors in individual B cells, with the goal to identify the
developmental stage of each cell, and hence, the frequency of cells with specific
“transcription factor-phenotypes” within an immune tissue. By using carefully selected
combinations of markers based on the developmental state of the B cell (Figure 1) one can
distinguish between early B cell progenitors, late developing B cells, resting B cells,
activated B cells, plasmablasts, and plasma cells. Based on the highly conserved nature of
transcription factors, as reviewed herein, this approach can be applied to any teleost species,
with the advantage that antibodies against mammalian transcription factors are readily
available. We recently proposed use of the term “B cell signatures” to refer to the specific
patterns of transcription factor expression in a given immune organ or tissue (Zwollo et al.,
2010).
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This approach is illustrated in Figure 5. The figure shows contour graphs derived from flow
cytometric analysis of fixed and permeabilized trout immune cells. It shows the distribution
of cells in a given tissue based on the expression of two different transcription factors (or
other B cell markers) in individual cells. For example, the hematopoietic tissue of rainbow
trout, K1, was analyzed for patterns of both developing and IgM-secreting B cell subsets.
Two sets of antibodies were used: to transcription factors Pax5 and EBF1 (Figure 5A, left
panel), or to cytoplasmic IgM (cHCmu) and RAG-1 (Figure 5A, right panel). The contours
show the frequency of developing B cells (including CLPs, pro-B cells/early pre-B cells, and
late developing B cells), as well as IgM-secreting plasmablasts and plasma cells, all of
which can be quantified (Zwollo et al., 2010). Each contour represents one B cell signature
for a given tissue, in a given fish. Fish have different B cell signatures if they differ in the
relative abundance of their CLP, early progenitor, late progenitor, PB, or PC cell population.

A second example shows the validity of this approach as a way to measure the level and rate
of trout B cell activation in a secondary immune tissue. Splenic B cells can be induced with
LPS ex vivo. In this case, the level of expression of both XbpI-S and cytoplasmic IgM in
individual splenic B cells identifies the state of terminal B cell differentiation (Figure 1).
This can be measured at specific timepoints after LPS-induction, for example, on day 4
(Figure 5B). A different rate for XbpI-S and HCmu induction translates into a different B
cell signature for that fish (Zwollo and Barr, unpublished data).

6. Future directions
To increase our understanding of the teleost antibody response, future studies should include
the identification of all relevant transcription factors expressed during the B cell
developmental program for each teleost species of interest, including expression of
alternative spliced isoforms. Additionally, it will be important to focus on identification and
function of cis-acting elements for each transcription factor, including comparative studies
in other teleost and non-teleost species.

In this regard, Greg Warr has been a true inspiration in the field, using similar approaches to
dissect the complex regulation of the teleost IgH locus by E-proteins, particularly the
functional interaction of catfish and pufferfish E-binding proteins with the Emu enhancer
(Hikima et al., 2005a, b, 2008). By first identifying novel E-protein members for catfish, and
then using this information to revisit the mammalian model of IgH regulation, his work
showed clear evidence of the diversity, similarities, and differences in gene regulation
between mammalian and teleost species.

This review emphasizes the conserved nature of transcription factors throughout vertebrate
evolution, especially the high similarity of the DNA binding domain. However, it will be
equally important to focus on species-specific differences in cis-acting regulatory sequences
outside of the coding regions, as such elements drive species-specific developmental
programs. In the end, as Greg understood so well, it is the differences in number, relative
position, and/or orientation of cis-acting elements that lead to the right amount of gene
product, at the right time, and in the right place. Ultimately, this is what makes a rainbow
trout a rainbow trout, and a catfish a catfish.

From the data already available, it seems that studies on transcription factor function in the
teleost B cell would benefit from information on alternative splicing. Alternative splicing for
Pax5 and Ikaros is particularly extensive and commonly used in the teleost, but few studies
have focused on it so far. If it can be determined when during B cell development certain
isoforms are expressed, then that information can be integrated into the teleost B cell
signature. For example, if specific combinations of Pax5 isoforms correlate with specific B
cell stages, then we could use the “Pax5 signature” of a fish to define its immune state, and
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similarly, we could use “Ikaros signatures” for the same purpose. The advantage of this
approach would be that only one gene (Pax5 or Ikaros) would have to be identified for each
teleost species, providing a powerful tool to explore humoral immunity in less well-known
fish species.

In spite of our very limited knowledge in the area of transcriptional regulation of the teleost
B cell, much progress has been made over the past 10 years. Furthermore, we now have the
ability to determine frequencies of B cell subsets in teleost, allowing for some important
practical applications. These could include measuring effects of environmental stress (global
warming, pollution) on teleost B cell maturation and antibody responses, or monitoring
vaccination efficiencies in farmed fishes. No doubt future studies will lead not only to a
greater appreciation of the complexity of gene regulatory circuits during fish B cell
development, but also to an increased understanding of the vertebrate B cell response.
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Figure 1.
Defining the major stages of B cell development in vertebrate species based on the
combinatorial expression of (B cell-specific) transcription factors Ikaros, E2A, EBF1, Pax5,
Blimp1, and XbpI, the recombinase RAG1, cytoplasmic immunoglobulin heavy chain mu
(cHCmu), cell proliferation (BrdU), and cell size or forward scatter (FSC).
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Figure 2.
Organization of six transcription factors expressed during teleost B cell development.
Coding regions for six transcription factors are shown. The species from which the sequence
information was used, is indicated on the right. Arrows indicate approximate intron-exon
boundaries. Colors indicte the functional domains. Dotted arrow: undetermined boundary.
U: unspliced, S: spliced form of XbpI. Grey boxed: spliced form of XbpI (XbpI-S) has a
frame-shift starting in aa position 165.
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Figure 3.
Functional relationships between transcription factors during vertebrate B cell development.
Transcription factors are shown in light grey boxes, the recombinase RAG1 in dark grey.
Arrows indicate activation, T indicates repression.
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Figure 4.
Functional relationships between transcription factors during vertebrate B cell activation.
Transcription factors are shown in grey boxes. Pax5 inhibits full expression of the
immunoglobulin heavy chain (Ig HC) in mature B cells. Membrane immunglobulin, mem
Ig; secreted immunoglobulin, sec. Ig. XbpI-U: unspliced, XbpI-S, spliced form of XbpI.
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Figure 5.
Contour graphs from flow cytometric analysis of freshly isolated, fixed and permeabilized
primary and secondary trout immune tissues for the establishment of B cell signatures. CLP,
Common Lymphoid progenitor; PB, Plasmablast; PC, plasma cell, act. B, activated B cell,
late dev. B, late developing B cell. A. Contours of trout K1 cell suspension, using either
EBF and Pax5 (left panel) or HCmu and Pax5 (right panel) antibodies. B. Contour graph of
trout spleen cell suspension 4 days after LPS-induction (Day 4 LPS), using XbpI-S and HC-
mu antibodies.
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