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INTRODUCTION

Antibody production is the key factor in the humoral defense against invading
pathogens and other potentially harmful substances that may be introduced into the
body. Antibody-forming cells (AFC) are derived from specialized lymphocytes
named B cells, which are individually differentiated to produce antibody molecules
that have distinctive antigen-combining sites (specificities) and functional com-
ponents (isotypes).

The enormous diversity of antibody reactivities required to protect against the
wide variety of antigens that an animal may encounter throughout life is generated by
a complex differentiation process consisting of two basic stages. The variable region,
which defines the antigen-combining site of the unique immunoglobulin molecule
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that cach B cell produces, is initially determined by the developmentally-controlied
Jjuxtaposition of V., D and J,, elements of the heavy chain and V, and J, elements of
the light chain. Variable-region rearrangement occurs during the early stages of B
cell differentiation in the bone marrow and fetal liver. The first constant region
domains (1 and &) used in B cell development are determined by differential
processing of the RNA transcripts. Later, as mature B cells in the periphery

encounter specific antigens, the antibody molecules they produce may be further
diversified by mechanisms that enable ‘switching’ of constant region (isotype)
concomitant with somatic mutation of variable-

region genes. This latter process,
which can ultimately yield antibodies with highe

r affinities for the antigen, matures
from a series of cell clones producing distinct but related immunoglobulin (Ig)
molecules that often have markedly different binding affinities for the antigen.

The differentiation stages through which B cells and their progenitors pass on their

way to becoming AFC initially appeared to follow a single developmental pathway.

However, phenotypic and cell transfer studies begun in the early 1980s identified at
least two independent B cell development pathways (lineages) whose progenitors are
now distinguishable at an early developmental stage (pro-B cell), when the first Ig
(D-J,) rearrangement begins (Hayakawa er al., 1984, 1985). T celis have now also
been shown to differentiate along similarly separable developmental lineages,
suggesting that the commitment to give rise to particular T and B lineages reflects the
activity of distinctive lymphoid stem cells (Ikuta ef al., 1990).

In this chapter, we focus primarily on the features that distinguish the develop-
mental pathways of the two most well-established B cell lineages, commonly
referred to as the B-1a (earlier designated Ly-1 or CD5* B) and conventional (or B-
2) lineages (Kantor et al., 1991). We begin with a relatively brief description of the
phenotypic and functional characteristics of the developmental stages of B cells.
Then, starting with the most mature B cells and working back towards the early
stages of B cell development, we detail the differences between the cells in each
lincage at these various stages of development. Finally, we discuss the features that
potentially distinguish additional B cell developmental lineages and discuss the

evolutionary and functional consequences of these multiple layers of functionally
related cells in the immune system.

FEATURES OF B-CELL DEVELOPMENT

The progressive Ig gene rearrangements that occur as cells move along the B cell
developmental pathway are accompanied by differentiation events that alter the size
and surface phenotype of the developing cells (summarized in Table I). This process
has been well studied for conventional B cell development in adult bone marrow
(Hardy et al., 1991; Rolink and Melchers, 1991). In essence, the initial Ig heavy
chain rearrangement, which joins a D and a Ju element is accompanied by a shift
from the pro-B cell to the early pre-B phenotype. The rearrangement that joins this

Table | Phenotypic changes during B-cell development
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D-J, segment to a variable-region (V,,) gene is accompanied by a shift to the late pre-
B stage. Transcription and splicing of the RNA creates an expressible pt heavy chain
that is found in the cytoplasm and probably on the surface in association with the
pseudo-light chain proteins, A5 and Vs (Rolink and Melchers, 1991). The
rearrangement of the light chain and the expression as surface IgM move the cell to
the immature B cell stage. Finally, B cells migrate to the periphery where they are
selected into the long-lived pool of recirculating B cells. This is marked by an
increasc in 1gD expression and additional phenotypic changes that define the cell as
a mature conventional B cell.

Hardy and Hayakawa have defined distinctive FACS (Fluorescence Activated Cell
Sorter) phenotypes of the pro-B and pre-B cell developmental stages (see Table 1)
(Hardy et al., 1991). These differences primarily involve coordinated quantitative
changes in the expression of several surface molecules, notably leukosialin (CD43/S7),
B220/6B2, and heat stable antigen (HSA; 30-F11), as well as the IgM molecule itself.
As conventional B cells are selected into the mature pool, they can be distinguished
by surface expression of IgM, IgD, CD23 and low levels of HSA. Following antigen-
specific activation, the mature B cells can undergo additional differentiation steps to
become AFC/plasma cells or memory B cells. Plasma cells are the differentiated effec-
tor cells responsible for producing large amounts of secreted g, while memory B cells,
which persist for long periods and can later give rise to plasma cells, are crucial for the
immune system’s ability to mount an accelerated and enhanced response upon its
second encounter with a particular antigen (Gray, 1993; Parker, 1993).

B-CELL SUBSETS AND LINEAGES

Early studies of lymphocyte subsets focused largely on the T cell compartment.
Antibody-mediated cytotoxicity and FACS studies showed that expression of the
Lyt-2 (CD8) surface molecule distinguishes the suppressor/cytotoxic subset from the
helper/inducer subset (Cantor and Boyse, 1975, 1977). The expression of Lyt-1
(CD5) was initially used ir. antibody-mediated cytotoxicity studies to identify and
deplete the helper/inducer subset (Herzenberg et al., 1976); however, subsequent
FACS studies with monoclonal anti-CD5 antibodies showed that the difference in
CD5 expression between the subsets was quantitative rather than qualitative
(Ledbetter et al., 1980). The use of anti-CDS5 in T cell subset studies terminated with
discovery of the CD4 surface antigen, whose expression on the helper/inducer subset
definitively distinguishes this subset. Ironically, the expression of CDS later proved
to distinguish the B cell subsets/lineages (Lanier ef al., 1981; Hardy er al., 1982;
Manohar et al., 1982; Herzenberg et al., 1986).

B cells were initially thought to be much more homogeneous than T cells, differ-
ing principally with respect to the isotype and specificity of the Ig molecules they
produced. Phenotypically distinct subsets of B cells were recognized; however, these
subsets tended to be viewed as consisting of B cells at different stages of differentia-

Development of B-cell subsets 81

tion (e.g. naive and memory B cells) that have li.nearly dgs;ended or a.lll.e'mauvl?ll); :]h,f( )
ferentiated from the same progenitors to provide specialized capabilities rcla
i iti i tion.
a“t}i‘:: r:‘;:gingl:lo?v:; :::I:gdeglg;?:::ed by the recognition that B cell .proge'nilors
are com[:)nitted to differentiate along developmental patll\\"ays lh?t cultfnll;‘alc |tn l:lce
development of different functional subsets. Py now, a wide variety of p 'et:oBy;c)eli
anatomical, developmental and functional fhfferences between these ma;«;d B cel
lineages have been verified. Two major linecages are genera]‘ly rccofgmz ;0 o
ventional B cells (also called B-2 cells), which devglop predominantly rom ([I) fgmm
itors in the adult bone marrow; and B-1a cells, which devel(?p pre(;ozun;nde); from
fetal progenitors (Kantor and Hemenberg, 1993). 'I“hc gen.etncall:;l | e n:bilmes a:d
mental program of these lineages is crucial to deﬁ.nmg the.lr overal c;xp‘ ities a2
has an important, possibly decisive, influence in df:(:::tl:fn :he" asic y
i e specific roles they play in immune . ‘

fep;;:::;:;;l‘\:’i lt:catip::al and functional differences between the two m::or l?)rceeil;
lineages can be found at every stage of development; however, consndet::\ ly ;Inre A
known about these differences amongst the mature B cells. Thus, we "gm de e |)|’-
defining the developmental and functional sub‘sets of m?xturc B cells an 1 e
progeny within each lincage and contrasting the lineage to lincage vanation o

mature subsets.

DISTRIBUTION AND PHENOTYPIC CHARACTERISTICS OF B CELLS
IN PERIPHERAL LYMPHOID ORGANS

1 lymphocytes that express surface Ig molecules. }n gene.ral.. they do
:o(t:csl::t: ::‘;lut <y:an be st);tmulated to differentiate ipto phenotypn‘cal'ly dlfs:llr;cl; A::I(;
responsible for performing this function. In adult animals, the majonty o o cer,s
located in the peripheral lymphoid organs (i.e. spleen, lymph nodesfal;\l 1'?; ore
patches) belong to the conventional B cell lineagg. Small numbers of B- lmdige :
cells can be found in these organs, most notably in splqen; howev;r, mo:t s! e
characterizing B-1 cells draw these cells from the peritoneal cavnity. wi ertc):e ! e):
represent the predominant B cell population (Hayakawa et al., 1985; Herzenberg
al., 1986; Kantor and Herzenberg, 1993).

Conventional B cells

The major conventional B cell subset (follicular B cells? contains cells that r::«;
relatively small and found predominantly in lymphoid _fol}ncles. where uu\'cy e:;r)f ac;
low levels of IgM, high levels of IgD and charactgnstnc !evels of o ef sB e
molecules (Table 11, Figs 1 and 2). These B cells constitute virtually the enltlr.e o
population in lymph nodes; however, in the spleen, the overall B cell population al
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Table H Phenotype of peripheral B-cell subsets

Follicular Immature Marginal zone B-1
IgM Intermediate High High High
gD High Negative/low Low Low
D45 High High High High
B220 (6B2) High High Intermediate Low
B220 (2C2) High High High High
HSA (Jlid) Intermediate ? High Intermediate
HSA (M1/69) Low High Intermediate Intermediate
HSA (53-10) Negative ? Intermediate Intermediate
CcD23 High Negative Negative Negative
CD22 High Low High High
L-selectin (MEL-14) High Low ? Low Negative
CTLA-4lg-binding Negative Negative Negative Low
CD43 (S7) Negative Low Negative Intermediate
MAC-1 (CDI tb) Negative Negative Negative Spleen: negative
PerC: low
CbDs Negative Negative Negative B-1a: low
B-1b: negative
Size Small Small Small Large
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tion of anti-l'gM (331) and anti-ThB (49H4) which were prepared in ou
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" contains marginal zone (MZ) B cells, which constitute a small, clearly distinguishable
subset (roughly 5-10% of total splenic B cells) that expresses higher levels of surface
IgM, less 1gD, more HSA and does not express CD23 (see Table I) (Kroese ef al.,
1990a; Waldschmidt er al., 1992). As their name implies, MZ B cells are found in
arcas called marginal zones, which surround the follicles. Thus the MZ subset is phe-
notypically, anatomically and functionally distinct from the follicular B cell subset.

Adult spleen also has a small number of immature conventional B cells. Although
the phenotype of these cells, which are most likely recent immigrants from the bone
marrow, readily distinguished them from follicular B cells, they were not initially
distinguishable from either B-1 or MZ B cells. Cancro and colleagues solved this
problem by demonstrating that, like immature B cells in the bone marrow, these
putative recent immigrants express distinctively high levels of HSA (M1/69)

(Waldschmidt er al., 1992; Allman er al., 1993; Wells et al., 1994). In addition,
Waldschmidt and colleagues have recently shown that immature B cells express
lower suHace levels of CD22 than mature cells in the spleen, including both the

follicular and MZ B cell subsets (T. Waldschmidt, personal communication).

B-1 cells

Unlike conventional B cells, B-1 cells are seldom found in lymph nodes and Peyer’s

patches and represent only 1-3% of the total B cells in the adult spleen (Herzenberg -

et al., 1986; Kantor et al., 1992; Kantor and Herzenberg, 1993; Wells et al., 1994).
Anatomically, B-1 cells are not concentrated in one particular area of the spleen and
tend to be found most frequently in the red pulp, occasionally in the follicles, and
rarely in marginal zones (Kroese et al., 1990b, 1992). Phenotypically, the B-1
population in the spleen, as in the peritoneal cavity (see below), is similar to MZ B
cells with respect to expression of IgM, IgD and HSA and the failure to express
CD23. However, B-1 cells typically express CD43 (leukosialin) whereas neither
follicular nor MZ B cells express this antigen. Furthermore, they tend to be larger in
size than most MZ and conventional B cells (Wells et al., 1994).

Although B-1 cells are rare in spleen and lymph nodes, they represent the
predominant B cell population in the peritoneal and pleural cavities and are most
readily characterized when taken from this source. In a BALB/c mouse, B cells
typically represent more than 80% of the roughly 7-8 x 10° lymphocytes recoverable
from the peritoneal cavity. B-1 cells typically comprise 60-80% of these B cells
(depending upon strain). Conventional B cells that are phenotypically identical to the
follicular B cells found in the spleen and lymph nodes comprise the remainder
(Herzenberg ez al., 1986; Kantor and Herzenberg, 1993).

Peritoneal and splenic B-1 cells are phenotypically identical with one major
exception: splenic B-1 cells do not express MAC-1 (CD11b), whereas peritoneal and
pleural B-1 cells express detectable levels of this surface antigen. Curiously, this
difference in MAC-1 expression appears either to be environmentally determined or
to determine the migratory behavior of the B-1 cells on which it is expressed: FACS-
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sorted splenic B-1 cells, which lack MAC-1, reconstitute peritoncj,al :—ll celllls ::a:
express MAC-1 in transfer recipients; and, conversely, peritoneal B- h.cc s[. d"
express MAC-1 reconstitute splenic B-1 cells that do not express this antige
(K;'jtloz:l:sa \f\./;zrl:zrsi)g:inally called Ly-1 B cells. This earlier name reflected their lmtn.al
recognition as a subset of B cells that expresses CDS, a pan T cell surface glycppro t:nln
formerly called Lyt-1 or Ly-1 (see above). The current name (B-1) was prowsmlg[)g
selected to allow inclusion of another subsel/lineagc f’f f:cll§ that do not expr::s; o
but are otherwise phenotypically and locationally m<.i|st1.ngu|shab‘le from tl(:eB : ";
1 cells (Kantor et al., 1991). In this terminology, which is now widely :r: , \ - crec g;
that express CD5 are referred to as B-1a cells and the B-1 cells that dn; ::;p‘ |.|§
CDS5 are referred to as B-1b cells. Other differences betweeq B-1a an -f cells:
include differences in antibody repertoire (Kantor et al., 1994), in frequency'owocl::ur;
rence in different mouse strains (Herzenberg ef al., 1986; Stall er al., 1?92;3“ ells ;
al., 1994), and in the time at which they develop (Kantor et al., 1992; S " :;; al.;
1992). These differences, particularly at the dcvelopmefxml level, suggest that B-
and B-1b cells belong to distinct, albeit closely related lineages (se‘e below).ho ‘
The surface phenotypes of the adult splenic B cell subset‘s described arcfs w;o ::
details in Figs 1 and 2 and summarized in Table II. Follicular B cells from "
spleen and lymph node are most easily identified as small lymphocytes u;; ;glerez
CD?23, low surface levels of IgM, high levels of lth and high levels of 206 f
MZ, immature and B-1 cells, in contrast, all express hfgh levels of ISM, low levels o
IgD and no CD23. These latter three populations, which are found in the sp:icznl.):?
distinguished by their differential expression of 'HSA, 32201682, CD22 Ian CD22.
immature B cells express high levels of HSA, mtt;rmedwtg B220/6B2, o:lvSA d
and do not express CD43; MZ B cells express mterynednatc levels ?f > Barllb
B220/6B2, high CD22, and also lack CD43 exgressnon; B-'la (CD§ ) a:n Is— b
(CD5") cells in both the spleen and peritoneal cavity express 1ntermed|zfte e\;c o
HSA, low B220/6B2, high CD22 and, in contrast to follicular, MZ and |mmahurc
cells, low levels of CD43. Finally, splenic B-1 cells do not express MAC-1 w here:;s:
peritoncal B-1 cells express low levels of MAC-1 (Kantor ef al., 1992; Waldschmi
et al., 1992; Alilman et al., 1993; Wells et al., 1994).

SELF-REPLENISHMENT OF B-CELL SUBSETS

ition to the unique phenotypic and anatomical characteristics of I_B-l and
::l(l)ni:/(:ll::il::al B cells, digtinc:)functional differences further define these lwo'lmea‘gesé
A feedback mechanism regulates development of the Bfl population fromilmma ulr(s
progenitors. Decreasing B- 1a progenitor activity plus lhls.feedback regulan.on res'l:ile
in the inhibition of newly emerging B-1 cells into the periphery after weaning, W e
still allowing conventional B cells to continue to develop from Ig progemtors:i ll;\ B
adult bone marrow (Lalor er al., 1989a,b; Watanabe, L.A. Herzenberg and A.B.
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Kantor, i." prcparation). Data demonstrating that B-1 and conventional B cells turn
over at similar rates (Forster and Rajewsky, 1990; Deenen and Kroese, 1993), and
that adoptively transferred peritoneal B-1 cells completely replenish the pen'pileral
B-1 population (Hayakawa et al., 1986) demonstrate that the B-1 lineage is mainly
self-replenished from Ig* cells. In contrast, adoptive transfers of splenic or lymph
no(!c conventional B cells indicate that although these cells may persist for long
periods, they have little or no capacity for expansion or self-replenishment (Sprent et
al., 1991; Kantor and Herzenberg, 1993: Kantor, 1995).

A number of experiments suggest that the preferential expansion/self-replenish-
ment of the B-1 cells may be the result of ongoing receptor stimulation, possibly due
to the low-affinity self-reactive specificities common within the population. Analysis
of B-1 ce!l hyperplasias in NZB/W mice show that individual clones within the same
mouse utilized the same V,, D, and V., genes, indicating that the expansion was
assocla_ted with a given specificity or idiotope (Tarlinton et al., 1988). Similarly, the
expansion of anti-phosphatidylcholine reactive B-1 cells, which account for l()~i 5%
of peritoneal B-1, has been attributed to antigenic selection and expansion (Pennell
et al., 1988, 1989, 1990). This is supported by the fact that a large fraction of B-1
cells specific for phosphatidylcholine (bromelain-treated mouse erythrocytes) appear
to have their membrane immunoglobulin (mlg) occupied by antigen (Carmack et al.
1990). However, these data, which indicate antigenic stimulation, do not undermme
the lineage distinction between B-1 and conventional B cells, which is based on

developmental differences that are manifest very early in the B cell developmental

pathway.

DIFFERENTIATION OF B CELLS IN RESPONSE TO
STIMULATION ANTIGENIC

anary immune responses to both T-independent (TT) and T-dependent (TD)
antigen are characterized by a relatively weak, short-lived burst of antibody
(generally IgM) production. TD antigens are also able to elicit secondary or
anamnestic responses resulting in a more rapid rise in antibody level and a signifi-
cantly higher steady-state level that persists long after first contact with the antigen
The cells responsible for the antibody production in the secondary response have.
pndcrgone affinity maturation in order to produce antibodies that are more effective
in clearing the invading antigen.

' Secondary responses are also characterized by a switch to the production of
1sotypes other than IgM. Each Ig heavy chain isotype exhibits a unique pattern of
§ffeFtor functions that participate in these host-defense responses. B-1 cells express-
ing isotypes other than IgM have been found in vivo (Herzenberg et al., 1986; Forster
and Rajewsky, 1987; Kroese et al., 1989; Solvason et al., 1991). Furthermore in vitro
studjcs (Braun and King, 1989; Waldschmidt e/ al., 1992; Tarlinton ef al., 1994:
Whitmore ef al., 1992) have shown that isotype switching can occur in B-1 cellsj

Development of B-cell subscts 93

However, conventional B cells participating in antibody responses tend to switch to
certain isotypes more frequently than do B-1 cells, resulting in quite distinct isotype
profiles in antibody responses produced by these two lincages (Herzenberg et al.,
1986). The significance of this difference in isotype profiles between B-1 and
conventional B cells is not yet known, but understanding these differences will be
important in determining the role of B-1 cells in immune responses.

In addition to isotype switching, antigen-stimulated cells undergo affinity
maturation, which is characterized by production of Ig whose combining site
structure has changed due to somatic hypermutation. This somatic hypermutation
process, which characteristically occurs during the generation of memory B cells,
appears to occur substantially less frequently in B-1 cells than in conventional B-
cells. Analysis by Hardy and colleagues of B-1 cells that produce anti-phosphatidyl-
choline antibodies demonstrated that both the variable heavy chain (V,)) and variable
light chain (V,) remain totally unmutated (Hardy, 1989). Shirai ef al. (1991) in
contrast, have found evidence of somatic mutation in neoplastic B-1 cells. These
findings suggest that B-1 and conventional B cells differ with respect to somatic
mutation; however, data are too sparse at present to determine whether these differ--
ences reflect inherent differences in the ability to undergo somatic mutation os
whether they stem secondarily from other differences between the two types of B
cells, e.g. the local environment in which the antibody response develops; the basic
antibody repertoire from which the response is drawn; or the nature of the T cell help
evoked by the antigen and/or the responding B cell.

Generally, B cells give rise to two distinct cell types in primary responses to TD
antigens: AFC or plasma cells that secrete predominantly low-affinity IgM anti-
bodies and are located in the periphery of the periarteriolar lymphoid sheaths (PALs)
of the spleen and lymph nodes (van Rooijen et al., 1986); and memory B cells, which
(according to current understanding) are generated in the germinal centers of
peripheral lymphatic organs and upon later stimulation yield the plasma cells
responsible for the high-affinity, predominantly non-IgM antibodies produced
during secondary responses (Coico et al., 1983; for review see Gray, 1993.

Several theories have been proposed to account for the simultaneous generation of
these two populations. The most widely accepted explanation holds that an unequal
division or differentiation of primary B cells following antigen-specific activation
results in the formation of both AFC and memory B cells (Williamson ef al., 1976).
In support of this, Jacob and Kelsoe (1992) have shown that the cells responsible for
early antibody production in the primary response to (4-hydroxy-3-nitro-
phenyl)acetyl (NP) share a common clonal origin to germinal center B cells arising
in the same response. Other studies by Klinman and colleagues, however, strongly
suggest that there are two distinct populations of B cells responsible for the primary
response (J11d*~) and secondary responses (J11d*) (Linton et al., 1989, 1992; Linton
and Klinman, 1992) These ‘separate populations’ and ‘unequal division’ theories,
however, are not mutually exclusive. Properties of the antigenic response being
studied (dose, route of injection, etc.) as well as the B cell subsets involved may

favor one model over the other in a given situation.
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DIFFERENCES IN REPERTOIRE BETWEEN B-CELL SUBSETS

Unlike conventional B cells, the B-1 population has a repertoire that seems to be
skewed .toward the production of antibodies reactive with self antigens such as
bromelz.un—treated mouse red blood cells and DNA (Hayakawa et al., 1984;
Mcr'colmo et al., 1986, 1988). B-1 cells also respond well to many TI a;ntigens’
panlculfxrly those associated with microorganismal coat antigens such as lipopoly-‘
saccharide (Su et al., 1991), phosphorylcholine (PC) (Masmoudi et al., 1990; Taki et
al., 1992), o(1-33) dextran (Forster and Rajewsky, 1987) and a(1->6) 'dextran
(Wang et al., 1994); however, they do not respond to all TI antigens and they do
rcspf)nd to certain T-dependent (TD) antigens (see below). Similarly, although con-
ventional B cells usually produce the high-affinity (affinity-matured) memory
responses to TD antigens, they also can produce low-affinity primary responses to
certain TL antigens. Thus, although some general trends exist, the responses of B-1
and conventional B cell responses cannot be definitively categorized according to the
nature of the responses in which they participate.

- The unique repertoire and responsiveness of the B-1 population has generated con-
snd.erable speculation on the idea that B-1 and conventional B cells can be distin-
gmsl?e‘d‘by their ability to respond to TI and TD antigens, respectively. Indeed, the
acquisition of the B-1 phenotype itself has been proposed to result from the ir’ner-
action of a resting conventional B cell with a T antigen (Rabin er al., 1992; Haughton
f” al., 1993). This theory, however, is inconsistent with data, alluded to ab:)ve show-
ing that the responses of B-1 and conventional B cells cannot be categorimd' solely
as TD or TI. For example, B-1 cells do not respond well to many TD antigens, includ-
ing sheep erythrocytes, Trinitrophenol (TNP) and NP haptens, presented in TD forms
(Forster and Rajewsky, 1987; Hayakawa and Hayakawa et al., 1984; Hardy, 1988);
howT:ver’ they produce virtually the entire primary TD response to phos’phoryl-'
chqlmc-keyholc limpet hemocyanin (PC-KLH) (which is composed of Ti5id*
antibodies) (Masmoudi et al., 1990; Taki et al., 1992). Furthermore, although they do
rcspond to certain TI antigens, B-1 cells do not respond at detectable levels to
antigens such as TNP or NP presented in a TI form, i.e. coupled to ficoll (Hayakawa
et al., 1984; Forster and Rajewsky, 1987; Hayakawa and Hardy, 1988).

l?ala from studies suck: as those outlined above suggest that response to a given
an!ngen will often be produced by either the B-1 or the conventional B cell popu-
lation, but not both. However, Hayakawa et al. (1984) showed many years ago that
presenting Dinitrophenol (DNP) on Brucella abortus elicited antibody responses
from both B-1 and conventional B cells. In a more extensive series of experiments
Wc.lls et al. have recently shown that the immune response to al—6) dextran'
unlike the vast majority of the antibody responses studied thus far, is elicited by bo(l;
B—. | and conventional B cells (S.M. Wells, D. Wang, E.A. Kabat and A M. Stall, sub-
mitted). These latter data demonstrate conclusively that the B-1 and conventio;lal B
cell populations can respond to the same antigen and that, following challenge with
a defined antigen, both are capable of eliciting an antibody response that is similar
with respect to kinetics and isotype profile.
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Structural studies that characterize the repertoires of B-1 and conventional B cell
populations at various locations in adult and neonatal animals arc in their carly
stages. Differences in V, gene usage have been reported; however, although the
overall picture from these studies is most likely correct, the methodology used leaves
some room for question concerning the conclusions reached. Current technology,
which allows definitive sequencing of Ig heavy and light chains from individual B
cells, will provide a clearer view of these repertoire difference. For example, Ig
heavy chain sequence data from individually sorted B cells from the adult peritoneal
cavity indicate that the fraction of cells that produce antibodies lacking N-region
additions is significantly higher in the B-la subset that in the conventional B cell
subset. The B-1b subset is more similar to conventional B cells. The differences
found are consistent with the idea that B-1 cells present in adults tend to have been
generated early in development, when pro-B cells do not express terminal deoxy-
nucleotidyl transferase (TdT) and thus are not able to increase antibody diversity by
the addition of N-region nucleotides (Kantor et al., 1994; A.B Kantor, C.E. Merrill,
L.A. Herzenberg and J.L. Hillson, in preparation).

ORIGINS OF THE B-CELL LINEAGES

The initial separation of B cells into two lincages was essentially based on differ-
ences in how the lincages maintain their number in adult animals. Conventional B
cells, being the predominant B cell population in spleen and lymph nodes, are
continually replenished by de novo differentiation of progenitors in the bone marrow
(Hayakawa et al., 1985, 1986). In addition, they can be readily reconstituted in
irradiated recipients by transfers of relatively undifferentiated (B220) adult bone
marrow cells but not by transfers of mature conventional B cells in bone marrow or
in the periphery (A.B. Kantor, AM. Stall, S. Adams, K. Watanabe and LA.
Herzenberg, submitted).

B-1a cells, in contrast, are well reconstituted by transfers of fetal and neonatal
sources of lymphoid progenitors but not by transfers of adult bone marrow
(Hayakawa et al., 1985; Solvason et al., 1991; Kantor et al., 1992). Furthermore,
they can be readily reconstituted by transfers of mature Ig* B-1 cells from the
peritoneal cavity (Hayakawa ef al., 1986). Thus, unlike conventional B cells, the B-
1 population has a substantial capacity for self-replenishment (see above) and there-
fore is able to maintain its numbers in adults in the absence of continued de novo
differentiation from early progenitors. The selective lack of B-1a progenitor activity
in adult bone marrow indicates that the progenitors for B-1a cells are distinct from
progenitors for conventional B cells and hence that these cells belong to separate
developmental lineages.

The expression of several ‘activation markers’, such as CD43, on B-1 cells, the
restriction of a particular antibody response to either B-1 or conventional B cell
populations, and the apparent skewing of B-1 cell antibody production towards
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auto- and anti-bacterial specificities have led others (Rabin ef al., 1992; Haughton ez
al., 1993) to propose that B-1 cells are conventional B cells that have differentiated
to the B-1 phenotype in response to activation with a particular type of antigen (i.e.
Tt type I1). This idea has been strongly advocated by Wortis and colleagues, who
demonstrated that stimulating conventional B cells in vitro with anti-IgM and IL-6
induces expression of CD5 and certain other markers associated with B cell activa-
tion (Ying-zi et al., 1991). The authors view this anti-IgM stimulation as a model of
Tl I responses and interpret the phenotypic shift towards the B-1 phenotype in vitro
as evidence that the B-1 population seen in vivo is generated by stimulating con-
ventional B cells with T1 Ii antigens.

The demonstration that B cell progenitors in bone marrow fail to give rise to
more than a few B-la cells while progenitors from fetal and neonatal animals
readily generate these cells would appear to negate this hypothesis. However,
proponents of the T type Il hypothesis rationalize these developmental differences
by postulating that, unlike B-1 cells, bone marrow-derived B cells arise relatively
late in life and do not tend to make antibodies that react with TI type II antigens.
This selective non-reactivity is ascribed to the N-region insertions that the TdT
enzyme introduces into the Ig heavy chains produced by the bone marrow-derived
cells (Haughton ef al., 1993). These insertions would be rare in B cells generated
in young animals since TdT is not expressed in fetal pro-B cells (Li et al., 1993).
Thus, following the logic of this hypothesis, conventional B cells generated from

progenitors in neonates would be more likely to produce antibodies reactive with -

TI type 1I antigens and hence would be more likely to give rise to B-1 cells than
conventional B cells generated from (TdT-expressing) progenitors in adult bone
marrow.

The antibody responses of B-1 cells and conventional B cells, however, cannot be
readily defined in terms of either the form in which the antigen is presented or the
characteristics of the epitope to which the response is produced. Nor can the
antibodies themselves be defined in terms of particular structural characteristics. For
example, as indicated above, some TI and some TD antigens readily stimulate
antibody production in B-1 cells; however, others only stimulate antibody pro-
duction in conventional B cells. Furthermore, as we have recently shown (S.M.
Wells, D. Wang, E.A. Kabat and A.M. Stall, submitted) a(156) dextran, a well-
studied TI type Il antigen, stimulates antibody secretion by both B-1 and
conventional B cells. Finally, also as indicated above, we have recently shown
(Kantor et al., 1994; A B. Kantor, C.E. Merrill, LA. Herzenberg and J.L Hillson, in
preparation) that although B-1a cells tend to have few N-region insertions more
frequently than conventional cells, many B-1la cell V,, transcripts have substantial
numbers of these insertions. Thus, the weight of the antibody specificity and
structure data argues strongly against either of these factors being involved in deter-
mining the subset/lineage fate of developing B cells.

While B-1 cells share some phenotypic characteristics with B cells activated
following lipopolysaccharide or anti-IgM stimulation, such as lower expression of
B220/6B2 and IgD and the absence of CD23, it is too simplistic to characterize them
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merely as activated B cells. Our recent data indicate§ that the phcnolypc ()l‘thc'
peritoneal and splenic B-1 cells is distinct from that lyplcall)f assocnglcd with B t\e“.\
activated with particular protocols. Studies with in vivo antlg?n-z.acu.vatcd B-1 cells
reveal that the morphology and surface phenotype of B-1 cells is si gmﬁcant!y altered
following activation (S.M. Wells, A.B. Kantor and AM. Stall, in Rrepara!lon). 'l'h(ei
B-1 cells found in the spleen and peritoneal cavity may have previously mte‘ractei

with antigen and be in a primed (semi-activated) state ready for further antigenic

stimulation.

The two lineage model

i are two distinct lymphocyte lineages in the mun'm'j immune
:;:e::?aw:li:thu:: initially posited to account for the developt.nental differences
between B-1a and conventional B cells, is supported both by studies of T cell and [;
cell development. In B cell development, B-1a (?ells are generated fror.n .fet;l an“
neonatal progenitors but not from progenitors in adl.llt bone marrow; in hce
development, the first waves of ¥8 T cells to develop in the neon?tal thymus ha\.r;
similarly been shown to derive from progenitors that are present in fetal lymphoi
progenitor sources but not in adult bone marrow (Ikuta et al._, 1992a,b). Furthermore,
both in T cell and B cell development, bone marrow progemtors have becr? shown to
give rise to lymphocytes that are not normally found in large numbers in fetal or
neonatal tissues. These developmental patterns suggest that ‘the !yqphocytes that
develop primarily during fetal life and those that develop pr.|manly in ad:;llts ':nay
belong to separate lineages derived from independent lympho.ld stem c.ells a.t a\('e
diverged prior to the emergence of progenitors that are committed to differentiate to
> (;;t::f:l ls:;lown about differences amongst lymphoid stem cell.s; howev'er', adoptive
transfers of various sources of lymphoid progenitors into irradiated reclpnen?s have
shown a clear locational separation between progenitors for B-1a and conventional II3
cells. Progenitors that give rise to conventional B cells are present in both the adu. t
bone marrow and the fetal liver. In contrast, B-1a progenitors are rarely presen.t in
adult bone marrow, but arc readily detectable in the fetal and neonatal liver

(Hayakawa et al., 1985; Solvason et al., 1991; Kantor et al., 1992). Furthcrmor?,
other early sources of progenitors, such as the fetal omn@m and day 9 para-aonl;c
splanchnopleura, give rise to B-1a cells but fail to re.consntu.te convent:o'nal B ctch s:
(Solvason et al. 1991; Godin et al., 1993); These studies provide strong x.:wdeml:_e a
the progenitors for B-1a cells are not onlaz' glsullllct from, but also arise earlier in

than, progenitors for conventional B cells.

om’l(‘)l?ec:inclusig:nsgf:om these adoptive tra}nsfcr studies are further supporteg bznq;
in vitro experiments of Hardy and colleagues. These stud.les S!\OW that FACl ; -'sh o
fetal pro-B cells cultured on appropriate stromal layers give rise to B-la cells; 0
ever, cultures of similarly sorted adult bone marrow pro-B cells give rise to COI;
ventional B cells but not to B-1a cells (Hardy and Hayakawa, 1991). Thus, pro-
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" cells, the earliest identifiable cells in the B cell developmental pathway, are already
committed to develop into B cells that belong to one or the other lineage.

Until recently, phenotypic distinction between any of the B cell precursors from
fetal sources such as fetal and neonatal liver and from adult sources such as adult
bone marrow was not possible. However, recent studies by Lam and Stall of MHC
class 1l expression on pre-B cells clearly demonstrate phenotypic differences
between fetal and adult B cell development. They show that in contrast to pre-B
cells in the adult bone marrow, which express I-A and I-E (Tarlinton, 1994), these
class Il molecules are absent on the surface of pre-B and newly generated sigM*
cells in the fetal liver (Lam and Stall, 1994). They further show that the while the
*adult-type’ B cell developmental pathway is predominantly found in bone marrow,
‘fetal-type’ B celi developmental pathway is present in many neonatal lymphoid
organs, providing additional evidence of two distinct B cell developmental path-
ways during ontogeny.

Takch'together, the adoptive transfer and in vitro studies strongly argue for the
existence of two B cell developmental lineages. While these studies cannot rule out
the possibility that a conventional B cell could be stimulated to give rise to a cell with
a B-1 phenotype, the body of adoptive transfer (Hayakawa et al., 1985; Hardy and
Hayakawa, 1992; Kantor et al., 1992) and anti-allotype depletion (Lalor e al.,
1989b; K. Watanabe, L.A. Herzenberg and A.B. Kantor, in preparation) experiments

indicate that in a normal developing animal B-1 cells are derived predominantly, if

not exclusively, from the fetal/neonatal lineage.

ADDITIONAL B-CELL LINEAGES

While the evidence for separate lineages is strongest for B-1a and conventional B
cells other subpopulations of B cells may also represent distinct developmental
pathways. As discussed above, stem cell progenitors for B-1a and conventional B
cells have not been phenotypically distinguished; however, their temporal and spatial
isolation in fetal versus adult lymphoid progenitor sources have allowed the
distinction of these lineages. These distinctions are not as ciear cut for the B-1b
populations. All tissue sources studied thus far have progenitor activity for B-1b cells
(Solvason et al., 1991), Godin et al., 1993), although adult bone marrow is deficient
when compared to fetal liver (Kantor et al., 1992). Thus, although phenotypic and
developmental evidence strongly suggest that B-1b cells constitute a separate lineage
derived from independent progenitors present both in fetal lymphoid progenitor
sources and in adult bone marrow, the current evidence can also be interpreted as
indicating that the progenitors for B-1a cells and the progenitors for conventional B
cells both give rise to B-1b cells, i.e. that B-1b celis belong to both lineages rather
than constituting a lineage of their own.

MZ. and follicular B cells have also been proposed as separate B cell lineages
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{MacLennan et al., 1982). The functional and anatomical differences between these
two B cell subsets argue strongly for this distinction (quese et al., 1992;
Waldschmidt et al., 1992). However, progenitors from both fetal liver and adult bone
marrow equally reconstitute both populations and no source has yet F)ccn fOUl'Id' to
preferentially provide progenitors for one and not the other. Thus the Imcz.lge origins
of the MZ and follicular B cells are still unclear. Similarly, although Klinman and
colleagues have demonstrated functional differences petween populauon§ Qf B cells
that give rise to primary and secondary responses (Linton et .al., P989). 1‘( is not yet
clear whether these represent distinct lineages that can be distinguished within B celi

precursor populations.

THE LAYERED EVOLUTION OF THE IMMUNE SYSTEM

The importance of antibody production to mammalian survi.val provides a clear
rationale for the evolution of the complex processes involved in Ig gene rearrange-
ment, isotype switching and B cell development. Similarly, the cvolutllonary value of
the various functions that T cells perform clearly provides a strong impetus for (.he
evolution of these cells. But while we, as students of the immune system, can readily
offer explanations for ‘why’ it evolved, we have little conc'ep.t of how.

We have recently pointed out that the existence of distinct B cell and T cell
lineages that develop successively during ontogeny may reﬂcct an cvolut,onary
process in which lymphocytes capable of more advanced fun'cuons were acquired in
layers as mammals evolved from more primitive organisms '(Herzenberg and
Herzenberg, 1989; Kantor and Herzenberg, 1993). In essence, this model‘ pfoposes
that evolution has created a series of at least two mammalian hema‘topmcuc stem
cells that begin functioning sequentially during ontogeny anfi give rise to lympho-
cytes (and erythroid and myeloid cells) with progressively more advanced
capabilities. Thus, B-1a cells and the first wave of T celis to en(‘er @e t!lymus would
be generated from the carliest stem cell, which begins functioning in the mouse
during the second trimester of fetal life, whereas follicular @d MZ cells would be
generated from later stem cells, which also give rise to evolutionarily more mature ‘T
cells. The validity of this model is clearly open to question; however, its value in
stimulating experiments aimed at distinguishing different types of stem cells and the
lymphocyte lineages they engender, as reviewed here and elsewhere (Ikuta ef al.,
1990, 1992b), is well established.
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