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Abstract. B cells originate from pluripotent hematopoietic stem cells and differentiate
in the bone marrow into mature B cells. The differentiation of a stem cell into a mature
B cell can be subdivided into five steps: early pro-B cells, late pro-B cell stage, pre-B
cell stage, immature B cells, and mature B cells. Each differentiation step appears to
be regulated by co-receptor and cytokines. The earliest B-cell progenitors are bound
to the stromal cell surface by adhesive interactions through cell surface molecules to
promote the binding of c-kit to stem cell factor (SCF). At the late pro-B cell stage,
interleukin-7 (IL-7) induces proliferation and differentiation of pro-B cells to pre-B
cells. Surface Ig-expressing mature B cells leave bone marrow and circulate into
peripheral lymphoid organs in which they can be activated to proliferate and to dif-
ferentiate into antibody-secreting cells by encountering antigens and “heiper” T (T,,)
cells. T cells activate B cells by their products, cytokines such as IL-4, IL-5, and IL-6,
and membrane-bound stimulatory molecules including CD40 ligand. Each cytokine
has pleiotropic activity on B cells and other cell types, and acts through a specific
receptor. Abnormal expression of a cytokine receptor and aberrant signal transduc-

tion causes functional abnormality of B cells.
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cells originate from pluripotent hematopoietic stem

cells and differentiate in the fetal liver and, in adult

life, principally in the bone marrow into mature B
cells. Each B cell is genetically committed to become an
antibody (immunoglobulin {Ig])-secreting cell. The differ-
entiation of a bone marrow stem cell into a mature B cell
can be subdivided into at least five steps—namely, early
pro-B cells, late pro-B cell stage, pre-B cell stage, immature
B cells, and mature B cells. Each step of B-cell differentia-
tion is regulated by co-receptor on B cells and cytokines.
The earliest B-cell progenitors are bound to the stromal cell
surface through cell surface molecules whose recognition
facilitate the binding of c-kit to stem cell factor. At the late
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pro-B cell stage, interleukin-7 (IL-7) induces survival and
proliferation of B cells at the pre-B cell stage, and they
become detached from the bone marrow stromal cell.

Surface Ig-expressing mature B cells leave the bone
marrow and circulate into peripheral lymphoid organs in
which they can be activated to proliferate and to differen-
tiate into antibody-secreting cells by encountering antigens
and “‘helper”” T (Ty) cells and their products, cytokines.
The cytokines (also known as lymphokines) are a set of
small proteins. Subsets of these molecules are strongly re-
lated to one another genetically, structurally, and function-
ally. Each cytokine has multiple functions or is pleiotropic,
and more than one cytokine will often be capable of medi-
ating the same or a related function—that is, they display
redundancy.

B-cell responses to antigens can be classified into two
types with respect to mechanism: T cell dependent and T
cell independent. Efficient B-cell responses to many protein
antigens need an intimate interaction of B cells and Ty cells.
The activated Ty cells provide help to B cells in two forms:
soluble mediators (cytokines) such as IL-4, IL-5, and IL-6,
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and membrane-bound stimulatory molecules including
CD40 ligand.

Within the last 10 years, enormous information has
accumulated about cell surface functional molecules and
cytokines involved in B-celi development and triggering. In
this review, I will discuss cytokines involved in B-cell
development and differentiation, as well as their sites of
action.

Cytokines Involved in Early B-Cell Development

Development of B cells from their progenitor cells has
been extensively studied. The differentiation of a bone mar-
row stem cell into a mature B cell can be subdivided into at
least five steps (1-5). An early step results in the production
of early pro-B cells, which appear before Ig gene rearrange-
ment has begun, and are identified by other surface markers
characteristic of B cells. The subsequent stages are defined
by steps in the rearrangement of Ig genes and by changes in
cell surface markers, dependence on growth factors, and
location in the bone marrow. At the second step (the late
pro-B cell stage), Dy-Ji; joining has occurred, and at the
third step (the pre-B cell stage) intact heavy chains are
produced (6). At the fourth step, the light-chain genes un-
dergo rearrangement, leading to the expression of a com-
plete Ig on the cell surface to produce immature B cells.
Finally, immature B cells differentiate within a few days
into mature B cells expressing surface IgM and IgD (the
fifth step).

The earliest B-cell progenitors are bound to the stromal
cell surface by adhesive interactions through cell surface
molecules, including VCAM-1 on the stromal cell and
LFA-1 on the B-cell progenitor (7-9). Such recognition
may facilitate the binding of a receptor known as c-kit on
the B-cell precursor to a second stromal cell surface mol-
ecule, known as stem cell factor (SCF). Tyrosine kinase
activity of c-kit is activated by binding of SCF resulting in
stimulation for proliferation of the early pro-B cell (10). At
the late pro-B cell stage, receptors for IL-7 appear on the
cell surface. IL-7 is a cytokine secreted by bone marrow
stromal cells, and it induces survival and proliferation at the
pre-B cell stage (11), when the developing B cells lose their
dependence on SCF, cease to express c-kit and become
detached from the bone marrow stromal cell (12, 13). Most
models of hematopoiesis suggest that lymphocyte progeni-
tors differentiate from common stem cells very early in
maturation, so that IL-7 is probably acting on cells at the
same levels of development as IL-3 or GM-CSF. Recent
studies suggest that IL-7 may also stimulate the growth and
maturation of immature CD4"CD8™ T cell progenitors in
the thymus (14). However, this is based on in vitro experi-
ments, and the cellular source of IL-7 in the thymus is not
known. Transgenic mice that overexpress IL-7 show mark-
edly increased numbers of pre-B cells in the bone marrow
and peripheral lymphoid tissues.
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Functional Molecules Involved in
B-Cell Activation

B cells bind antigenic determinants on soluble proteins
or those on bacteria utilizing cell surface Ig receptors. That
interaction by itself does not stimulate the B cell but ini-
tiates the process of endocytosis, and some of the antigen,
bound to receptor, is brought into the cell where it is pro-
teolyzed. Some of the resulting peptides are bound by MHC
class II molecules in the cytosol and transported to the cell
surface as a complex, where Ty cells with receptors specific
for that peptide/MHC complex recognize them and become
activated. As a result of this activation, the Ty cell produces
new molecules, both expressed on its cell surface and se-
creted, which activate B cells and cause the B cells to de-
velop into antibody-producing cells, as well as mediating
other important changes.

B-Cell Activation by Cognate Ty Cell Help. Op-
timal activation of B cells by Ty cells requires direct contact
between the two cell types (15-18). Helper activity can be
provided by either fixed, activated T cells (17) or by puri-
fied membrane preparations from activated T cells (19-21).
These findings suggest that activation of Ty cells results in
the expression of a cell surface molecule that can stimulate
B cells. The identification of CD40 ligand (CD40L) (gp39)
expressed by activated Ty cells was important for elucidat-
ing the molecular mechanism through which cognate Ty
cell help is provided to B cells. CD40L is a 33-kDa type 11
membrane glycoprotein with sequence homology to tumor
necrosis factor (22, 23). T cells activated through TCR li-
gation transiently express on their surface CD40L, which
interacts with CD40 expressed on B cells to deliver signals
for B-cell activation and proliferation. Recombinant murine
CD40L directly induces murine B-cell proliferation and ex-
pression of elevated levels of cell surface class II MHC and
CD23 molecules (23). This effect is positively regulated by
other cytokines, most notably IL-4 and IL-5. By itself,
CDA40L has no effect upon Ig secretion by B cells. However,
when B cells are treated with CD40L plus cytokines, Ig
secretion is stimulated in a cytokine-dependent and isotype-
specific manner. IL-4 is a potent co-stimulator of IgE and
IgG1 in the presence of CD40L, and IL-5 acts synergisti-
cally with IL-4 in these responses as well as in IgM and
IgG3 production (24). These findings indicate that CD40L
plays a critical role in signaling during cognate T-cell/B-cell
interactions.

CD40 is a 48-kDa membrane glycoprotein expressed
on B cells during various stages of development (25, 26).
Engagement of CD40 on human B cells via CD40 mAb
triggers a variety of functions, including homotypic adhe-
sion (27, 28), increased cell size (28, 29), short- (25, 28-30)
and long-term (31) proliferation, and rescue from apoptosis
(32). CD40 mAb in combination with IL-4 stimulates Ig
secretion, including a dramatic increase in IgE levels in the
presence of IL-4 (33-35). The latter function has been fur-
ther characterized on the molecular level by germ-line Ce



transcription and switch recombination (36). CD40 ex-
pressed on B cells serves as a receptor for T-cell surface
CD40 ligand. In this regard, antagonists of the interaction of
CD40 with its ligand inhibit the T cell-dependent activation
of B cells in both murine and human systems (37, 38).

The CD40-CD40L interaction is also important for
other B-cell functions, including the formation of germinal
center and the induction of memory B cells. The physiologi-
cal significance of the CD40-CD40L interaction in vivo has
become evident from the observation of patients with X-
linked hyper-IgM (XHM) syndrome, who have mutations in
the gene encoding CD40L (39-41) that cause alterations in
the CD40L protein rendering it incapable of binding to
CD40. As a result, helper T cells in the patients cannot
trigger B-cell activation and Ig production. This disease is
characterized by reduced levels of serum IgA, IgG, and IgE.
The patients fail to produce Ig of isotypes other than IgM in
response to antigen challenge. These patients have a com-
plete absence of germinal centers in their secondary lym-
phoid organs. Over the past several years, insights into the
function of CD40-CD40L in the regulation of humoral im-
mune response have been provided by studies in CD40L-
deficient (42, 43) and CD40-deficient (44, 45) mice, and in
mice treated with anti-CD40L. (46, 47) or a soluble form of
CD40 (48). For the most part, all of these systems agree that
CD40L and CDA40 interactions are essential for secondary
responses to T-dependent antigens and in the formation of
germinal centers.

The cognate interaction of B and T cells triggers the
engagement of many other accessory molecules on both
cells, which serve to stabilize the B-T conjugation and to
coordinate the responses of the interacting cells. The ac-
cessory molecules are B7-1 (CD80), B7-2 (CD86), CTLA-
4, LFA-1 (CD11a/18), LFA-2 (CD2), LFA-3 (CD58),
ICAM-1 (CD54), VCAM (CD106), and VLA-4 (CD49d/
29) (49, 50). The B7-1/B7-2 expressed on B cells interacts
with the CD28/CTLA-4 expressed on T cells to deliver a
co-stimulatory signal to TCR-stimulated T cells (51, 52),
which then become fully activated to produce cytokines. T
cell-derived cytokines such as IL-2, IL-4, IL-5, IL-6, IL-10,
IL-13, and +-interferon (IFN-vy) have been shown to en-
hance B-cell activation and proliferation, and to be essential
co-stimuli for subsequent B-cell differentiation and Ig
production.

B-Cell Activation through the BCR. The B-cell
receptor (BCR) is a complex with hetero-oligomeric struc-
ture in which antigen recognition and signal transduction
are compartmentalized into distinct subunits (1, 2, 53). The
antigen recognition subunit of the BCR is a tetrameric com-
plex of heavy and light Ig chains, whereas the signal trans-
duction subunit is a disulfide-linked heterodimer composed
of Iga (CD79a), a mb-1 gene product, and IgB (CD79b), a
B29 gene product. Both Iga and IgB chains contain within
their cytoplasmic domains a sequence motif (ITAM) which
is also found in the cytoplasmic tails of signal transducers of
T cell and Fc receptors (53).

Stimulation of B cells through the BCR results in rapid
increases in tyrosine phosphorylation on a number of pro-
teins and induces an increase of phosphatidylinositol and
mobilization of cytoplasmic free calcium. Though none of
the BCR subunits contains intrinsic protein tyrosine kinase
(PTK) activity, the BCR associates with two types of cyto-
plasmic PTKs: Src family PTKs including Lyn, Fyn, BIk,
and Lck, and the more distantly related PTK, Syk. Activa-
tion of these PTKs through ligation of BCR by antigen leads
to the phosphorylation of two tyrosine residues within
ITAM in Iga and IgP chains of BCR, which in turn leads to
recruitment and activation of additional PTKs (53). The
activated PTKs include Btk and appear to phosphorylate
numerous cellular proteins involved in intracellular signal-
ing pathways, such as adapter protein Shc in the Ras path-
way, phospholipase C (PLC)-y2, GTPase-activating protein
(GAP), mitogen-activated protein kinase (MAPK), phos-
phoinositide 3-kinase (PI3-kinase), and Vav (54, 55).

The regulated signal transduction through BCR can be
achieved by coordinated actions of PTKs and protein tyro-
sine phosphatases (PTPs) (56, 57). CD45 is a transmem-
brane PTP expressed on hematopoietic cells, and it plays a
critical role in B-cell activation following ligation of BCR.
The regulation of Src family PTKs by CD45 appears to
account in part for the requirement of CD45 in antigen-
induced BCR signaling. Since Src family PTKs contain a
negative regulatory tyrosine phosphorylation site at their
carboxyl termini, dephosphorylation of this site by CD45
results in increased kinase activity. The phosphorylated ty-
rosine residues within the ITAMs of Iga and Igf chains of
BCR appear to be substrates for CD45 as well. The impor-
tance of CD45 in BCR signaling has been confirmed by
generating CD45-deficient mice in which B cells are com-
pletely refractory to proliferation stimulated by anti-IgM
antibody (58).

B-Cell Activation through CD38. CD38 is a 42-
kDa membrane glycoprotein expressed in many cell types
including B cells and has been shown to associate with the
BCR in humans (59, 60). Ligation of CD38 with agonistic
antibodies induces a potent proliferative signal to B cells
and the rescue of B cells from apoptosis induced by irra-
diation and dexamethazone. Engagement of CD38 also res-
cues human tonsillar B cells in the germinal center from
apoptosis. In the murine system, CD38 ligation and IL-5
synergistically stimulate resting B cells for maximum pro-
liferative responses. CD38 ligation by itself has no effect
upon the expression of B lymphocyte—specific maturation
protein-1 (Blimp-1) and Ig-secretion by B cells. However,
when B cells are treated with anti-CD38 mAb plus IL-5,
Blimp-1 expression and Ig secretion are induced in an IL-
5—-dependent and isotype-specific manner (61). CD38
stimulation activates Btk tyrosine kinase and augments the
expression of the IL-5Ra chain (61). Murine X-linked im-
munodeficiency (Xid) results in a failure of B cells to be-
come phenotypically and functionally diverse. Xid mice
have defects manifested by a decrease in the overall number
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of B cells, low levels of circulating IgM and IgG3, a high
surface IgM-to-IgD ratio, and failure in responding to type
II thymus-independent antigens, or CD40 ligation. Re-
cently, Xid mice have been shown to carry a mutation in the
btk gene (62, 63). We found that CD38 ligation did not
induce proliferation of B cells from Xid mice (61).

Cytokines Involved in B-Cell Differentiation

After the discovery of Ty-B cell collaboration in the
antibody response, it was originally considered that Ty cells
represent a single subset in the T cell lineage. However,
several investigators recognized that antigen-specific B-cell
responses can be triggered in certain circumstances where B
and Ty cells are independently stimulated by determinants
present on two distinctly separate molecules. The mecha-
nism underlying such B-cell triggering was interpreted to be
the mediation of the Ty cell effect via the release of cyto-
kines (64—67). Evidence for the existence of such mediators
came initially from the demonstration that supernatants ob-
tained from short-term cultures of histoincompatible mouse
spleen cells contained a nonspecific biologically active me-
diator capable of markedly affecting in vitro antibody re-
sponses to T-dependent antigens. One of these cytokines
was originally designated as T cell-replacing factor (TRF)
because it induced terminal differentiation of late-
developing B cells to Ig-secreting cells (68—70). Since this
observation, a number of factors relevant to T-B cell in-
teractions have been described by other investigators. Bio-
chemical characterization of TRF took a long time, in part
because of the popular belief that the different activities
should be ascribed to separate biochemical entities and
partly because purification of TRF was difficult.

In the early 1980s, it was reported that Ty cell-
dependent B-cell activation involves both a proliferative
phase and a separate state of differentiation (71, 72). Fur-
thermore, it was shown that at least two different kinds of
cytokines were required in the regulation of B-cell re-
sponses, one for growth of activated B cells, (B-cell growth
factor [BCGF]), and the other for antibody induction of B
cells, (B-cell differentiation factor [BCDF]). Moreover, in-
vestigators realized that the source of TRF contains various
factors, including T-cell growth factor (IL-2) and lympho-
cyte-activating factor (IL-1), both of which can induce B-
cell growth and differentiation. A series of experimental
approaches were then used to characterize the nature of TRF
(then called B cell-stimulatory factor [BSF]) that can in-
duce B-cell growth and differentiation, and to clarify the
precise roles of BSFs that induce B-cell development. How-
ever, this was hampered by the pluripotency of some BSFs,
by the synergistic and inhibitory interactions among BSFs,
and by the complexity of various BSF bioassays.

BSF-1, IL-2, and BCGFII were all claimed to act as
BCGF. A number of factors were also found to act as
BCDF. These include TRF, BCGFII, BSF-2, and IL.-2. The
cDNAs for three distinct BSFs were then cloned: (i) IL-4

124 CYTOKINES AND B CELLS

(73, 74), which causes B-cell activation, growth, and dif-
ferentiation; (ii) IL-5 (75, 76), which induces B-cell growth
and differentiation with diverse activities; and (iii) IL-6
(77), which induces differentiation of B cells without in-
ducing cell proliferation. Studies of IL-4 revealed that a
single cytokine exerts a variety of activities on diverse tar-
get cells (78). Together with similar properties of other
recombinant cytokines, these results helped immunologists
escape the beliefs that one cytokine is required for each
activity and that growth factor activity and differentiation
factor activity are necessarily different molecular entities.
All recombinant cytokines that act on B cells are also active
on inflammatory cells whose growth and differentiation can
be involved in inflammation (78-80).

Role of IL-4 in B-Cell Activation. IL-4 isa T cell-
derived glycoprotein first described as a growth factor for
highly purified small B cells stimulated with suboptimal
doses of anti-IgM antibodies. The factor was initially des-
ignated BCGF and was subsequently renamed BCGFI and
then BSF-1 (81). The cDNA encoding BSF-1 was cloned,
and studies using recombinant BSF-1 revealed that it has
pleiotropic activity on various target cells (73, 74). BSF-1
was finally designated IL-4, and the IL-4 ¢cDNA encodes
140 amino acids with a signal sequence of 20 residues. The
secreted core polypeptide contains 120 residues with a mo-
lecular mass of 14,137 (74). Human IL-4 shows 50% DNA
sequence homology with murine IL-4 at the level of amino
acid sequence. The principal cellular sources of IL-4 are
CD4™ Ty, cells specifically of the Ty2 subset. In fact, IL-4
production is used as the criterion for clarifying CD4™ T
cells into this subset (see below), with IFN-y being the
hallmark of the Tyl cells. Activated mast cells and baso-
phils, as well as some CD8" T cells, are also capable of
producing IL-4.

Initially, IL-4 was thought to be a “‘growth factor’’ that
acts early in G1 phase to initiate DNA synthesis. However,
experimental results indicated that IL-4 acts on resting (GO
phase) B cells in the absence of any co-stimulant: (i) IL-4
induces an 8- to 10-fold increase in class II MHC antigen
expression on resting B cells, (ii) IL-4 causes a small but
significant increase in cell volume of resting B cells, and
(iii) pretreatment of resting B cells with IL-4 alone for a
period of 24 hr promoted subsequent entry of cells into S
phase and their subsequent response to anti-IgM and IL-4
by about 12 hr. All of these results indicate that IL-4 is
multifunctional and exerts its action on resting B cells. It
is not a simple growth factor but, rather, an ‘‘activation
factor.””

B-cell differentiation—inducing activity. IL-4 also
functions as a differentiation factor of B cells in certain
situations. In general, murine B cells treated with LPS will
secrete IgM and IgG3, but little or no IgG1. It was shown,
however, that the addition of IL-4 results in the secretion of
IgG1 and the partial suppression of IgG3 and IgG2b pro-
duction. It has little to no effect on IgM production. In this



capacity, IL-4 was originally designated B-cell differen-
tiation factor for IgGl (BCDFy) (18), or IgG1 induction
factor (82). IL-4 shows an increase in the levels of steady-
state y1-mRNA expression with a concomitant decrease in
vy2b- and y3-mRNA levels in surface IgG1-negative B cells,
indicating that IL-4 is an isotype ‘‘switch’’ factor. IgE is the
principal mediator of immediate hypersensitivity (allergic)
reactions, and enhanced production of allergies. IgE anti-
bodies also play a role in defense against helminthic infec-
tions, this being the principal known physiologic function of
the Ty2 subset of Ty cells. Mice in which the IL-4 gene is
disrupted fail to produce IgE. IL-4 also inhibits switching to
IgG2a and IgG3 in mice, switching that is augmented by
IFN-vy and is thus one of several reciprocal actions of 1L-4
and IFN-vy.

Intriguingly, IL-4 was also demonstrated to induce the
expression of FceRII on B cells. Since FceRII is believed to
be involved in the regulation of IgE synthesis, IL-4 may be
involved in the regulation of immediate-type hypersensitiv-
ity in two different ways: one as BCDF for IgE secretion
and the other as an inducer of FceRII receptor expression.
IL-4 also has activities named as mast cell growth factor—2
(MCGF-2) and T-cell growth factor-2 (TCGF-2) (73), dis-
tinct from IL-2. It is now known that the main physiologic
function of IL-4 is as a regulator of allergic reactions. IL-4
is a member of the four a-helical cytokine family.

T-cell development and subsets. Because of the im-
portance of cytokine-producing pattern of T cells, it is a
matter of both scientific and practical interest to understand
the relative regulation of the production of IL-4 and IFN-y
as well as control of the appearance of T cells that can make
these molecules. Stimulation of naive resting T cells with
antigens or stimulants that mimic antigen causes these cells
to produce IL-2. However, very few of these cells (less than
one per thousand) produce IL-4 upon their first encounter
with antigen. Long-term lines of antigen-specific CD4" T
cells appear to be of two major types, those that secrete
IFN-vy and IL-2, and those that produce IL-4, IL-5, IL-6, and
IL-10 upon stimulation. The former have been designated
Tyxl, and the latter Ty2 cells (83). Paul and his associates
used polyclonal stimulants such as immobilized antibodies
to a component of the TCR to determine that IL-4 itself had
a remarkable role in determining the appearance of IL-4—
producing cells (84). The addition of IL-4 to the priming
culture resulted in excellent preparation for production of
IL-4 upon rechallenge and profoundly diminished produc-
tion of IFN-y upon restimulation. Cells primed in the pres-
ence of IL-4 were also inhibited in their capacity to produce
IL-2 upon restimulation.

The means through which IL-4 determines the pattern
of cytokines produced in primed cells is an issue of consid-
erable interest. Small resting CD4" T cells from naive do-
nors stimulated with anti-CD3 and a source of antigen-
presenting cells (APC) produce substantial amounts of IL.-4
within 2 days. However, if the cells are treated with IL.-4
during this period, IL-2 and IFN-y production is diminished

by more than 30-fold. This effect depends on the presence
of IL-4 during the process of T-cell activation. Pre-culture
of T cells with IL-4 without anti-CD3 or without APC does
not diminish subsequent production of IL-4, nor does pre-
culture of the antigen-presenting cells in IL-4 have any ef-
fect. These results demonstrate that IL-4 has striking ability
to regulate the pattern of cytokine production.

IL-4 signal transduction. 1L-4 exerts its effect by in-
teracting with specific cell-surface receptors (IL-4R) and
initiating a cascade of intracellular events which lead to
cellular response. The IL-4R has been shown to be present
on both hematopoietic and non-hematopoietic cells (85, 86).
A single class of high-affinity binding sites have been de-
tected on a wide variety of cells, including B and T cells.
c¢DNAs encoding both murine and human IL-4R have been
cloned (87, 88). The IL-4 binding protein is a type I mem-
brane protein consisting of an extracellular domain, a single
transmembrane domain, and a relatively long cytoplasmic
tail. The extracellular domain contains motifs conserved
among the cytokine receptor superfamily: four cysteine resi-
dues at a fixed distance and a Try-Ser-X-Try-Ser (WSXWS)
motif (89). The intracellular domain of IL-4R does not have
a consensus sequence for protein kinases and phosphatases.
Upon transfection of cDNA for IL-4R, a single 140-kDa
protein was expressed in COS cells. Soon after that finding,
it was determined that the transfection of IL-4R cDNA into
IL-3—dependent cell lines failed to transduce IL-4 signals
for proliferation, raising the possibility that another protein
may be involved in constructing the functional IL-4R.

The high-affinity IL-2R is composed of three distinct
molecules, namely a-, -, and y-chain (90, 91). Each mo-
lecular component of the IL-2R was molecularly cloned
(90-92), and functional analysis of cells expressing each
component revealed that not only IL-2R( but also IL-2Rvy is
essential for intracellular signal transduction (92). Expres-
sion of IL-2Rv is detectable in a wide range of hematopoi-
etic cell populations as distinct from IL-2Ra and IL-2R(
expression. Intriguingly, IL-2Ry was shown to be signal
transducer of IL-4 together with IL-4-binding protein (IL-
4Ra) by reconstitution experiments of the functional IL-4R
and by blocking of IL-4 function with the use of anti-IL-
2Ry mAb (93, 94). Human X-linked severe combined im-
munodeficiency disease (XSCID) is characterized by severe
impairment of humoral and cell-mediated immunity, which
can be cured by successful bone marrow transplantation
(95). All the patients with XSCID have mutations for
the IL-2Ry gene (91, 95) resulting in complete or profound
deficiency of T cells. As the IL-2R+y chain is a signal trans-
ducer for IL-4R, the mutated IL-2Ry in XSCID patients
may impair the development of T cells in response to IL-4.

IL-4 stimulation induces rapid tyrosine phosphoryla-
tion and activation of non-receptor tyrosine kinase JAK1
and JAK3 resulting in tyrosine phosphorylation and activa-
tion of signal transducers and activators of transcription 6
(STATS6) (96, 97). The importance of activation of STAT6
in IL-4 signaling was further ascertained by using STAT6-
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deficient mice who had impaired IL-4—specific signal trans-
duction (98, 99).

IL-5 and B-Cell Growth and Differentiation. The
establishment of a TRF-producing T-cell hybrid, B151K12
(100), which does not secrete detectable levels of other
lymphokines affecting B cells, and the production of anti-
TRF mAb (101) demonstrated that TRF is a novel lympho-
kine. TRF was subsequently shown to promote growth of
dextran sulfate-stimulated normal B cells or a murine leu-
kemic B-cell line BCL1 (102, 103), an activity also known
as BCGF II. Molecular cloning of cDNAs encoding murine
and human TRF convincingly demonstrated that a single
molecule is responsible for TRF and BCGFII activities (76).
Although TRF was initially believed to be principally active
on B cells, recombinant TRF has been shown to have wide
variety of activities on various target cells (104, 105). For
that reason TRF was designated IL-5.

IL-5 is a glycoprotein induced in T};2 cells after stimu-
lation with antigen such as Mycobacterium tuberculosis
(106) or Toxocara canis (107), and in mast cells upon
stimulation with allergen/IgE complex or calcium iono-
phore (108). IL-5 is an interdigitating homodimeric glyco-
protein and a member of the four a-helical bundle motif,
which is conserved among several hematopoietic cytokines.
While initially identified by its ability to support the growth
and differentiation of B cells, IL-5 is now known to have
pleiotropic effects on the immune system and inflammation
(109). Two mAbs, NC17 and TRFK4, have been widely
used because of their ability to neutralize IL-5 function both
in vitro and in vivo (110-112). A number of IL-5-dependent
mouse B-cell lines have now been isolated and have pro-
vided a convenient biological assay for IL-5 (113). IL-5
induces differentiation of activated conventional B (B-2)
cells into Ig-secreting cells and induces the growth of pro-
genitors of CD5'B (B-1) cells and IgM production by B-1
cells.

In humans, the biologic effects of IL-5 are best char-
acterized for eosinophils. In addition to inducing terminal
maturation of eosinophils (68) and eosinophilic bronchopul-
monary inflammation of asthma, IL-5 prolongs eosinophil
survival by delaying apoptotic death, possesses eosinophil
chemotactic activity, increases eosinophil adhesion to en-
dothelial cells, and enhances eosinophil effector function
(114-117). In several pathophysiological conditions, an in-
crease in serum and tissue levels of IL-5 and eosinophil
numbers have been described. These diverse biological con-
sequences of IL-5 provided impetus for elucidating the
functional structure of IL-5 and its receptor complex, as
well as the mechanisms of IL-5 signal transduction.

Regulation of Ig production. The effect of IL-5 on Ig
production has been investigated in detail in the mouse
(109). Murine IL-5 induces polyclonal IgM, IgG1, and IgA
production through different mechanisms. IL-5 stimulates
polyclonal IgM production by the BCL, line and in vivo—
activated B-cell blasts by inducing an increase in the level
of mRNA for the secreted forms of IgM.
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IL-5 acts on surface IgA-positive (sIgA™) B cells, but
not on sIgA™ B cells, to induce antigen-specific and poly-
clonal IgA production by antigen-primed B cells and lipo-
polysaccharide (LPS)-stimulated B cells, respectively. Thus
IL-5 appears to act on B cells committed to become IgA-
secreting cells (118-122). Transforming growth factor—{31
(TGFp) was also shown to enhance IgA production by LPS-
stimulated mouse B cells (121, 122), and synergized with
IL-5 to induce IgA synthesis (122). TGFB acts on sIgA™
cells to induce class-switching from p- to a-chains deter-
mined by expression of sterile a-chain transcripts and sIgA
expression. TGFp also enhances IL-5R expression, whereas
IL-5 induces B cells, in which the p-chains have already
switched to a-chains, to differentiate into IgA-secreting
cells. TGFB/LPS stimulation induces switching from - to
a-chains as confirmed by the appearance of germ-line Co
transcripts, by the analysis of IgA-specific switch circular
DNA, and by the frequency analysis of IgA-secreting cells.
IL-5 induces neither germ-line Ca transcripts nor the for-
mation of IgA-specific switch circular DNA. TGFB en-
hances not only IgA but also IgG2b, and to a lessor extent
1gG3, production by LPS-stimulated B cells at optimum
conditions. In this case, IL-5 does not synergize with TGF
for IgG2b or IgG3 synthesis. These results indicate that
TGF}B is a class-switching factor for .- to a-chains and .-
to y2b-chains as well, and that IL-5 can synergize with
TGFp only for IgA synthesis.

IL-5 also promotes IgG1 and IgE secretion in the pres-
ence of IL-4. Although IL-4 plays an important role in the
regulation of w- to yl-chain or p- to e-chain switching, in
combination with IL-4, IL-5 induces marked accumulation
of productive y1- and e-chain transcripts (123). These ob-
servations suggest that IL-5 may promote switch recombi-
nation, enhance transcription of rearranged y1- and e-chain
loci, or increase the stability of the VDJ-Cyl and VDJ-Ce
mRNA.

Promotion of B-1—cell growth and differentiation.

B-1 cells have numerous noteworthy characteristics, such
as their self-replenishing ability, particular tissue distribu-
tion (abundant in the peritoneal and pleural cavity), and
production of autoantibodies (124, 125). B-1 cells form a
minor population of the total splenic B-cell pool and are
absent from lymph nodes. They thus represent a subpopu-
lation of B cells (B-1 cells) with distinct physiologic prop-
erties from conventional B cells (B-2 cells). Moreover, the
published data demonstrate failure of bone marrow cells to
reconstitute B-1 cells, whereas either fetal liver (presumably
precursors) or B-1 cells from the peritoneum (mature cells)
can reconstitute. B-1 cells are thought to be a major con-
tributor of IgM in the serum. Their antibody repertoire is
dominated by a restricted set of V genes, and they have been
considered carriers of ‘‘natural’’ immunity as well as auto-
reactive antibodies. Coupled to the observation that auto-
immune mice have a higher number of B-1 cells than nor-
mal mice, this has led to the suggestion that B-1 cells play
a role in the development of autoimmune diseases.



In normal mice, IL-5R expression is readily demon-
strated on B-1 cells that resides largely in the peritoneum
(126). The B-1 progenitors develop along a stromal cell—
dependent IL-5-sensitive pathway (113), which can bifur-
cate to CD5" macrophages under the influence of GM-CSF
(127). In mice expressing the IL-5 transgene, the B-1 cells
are markedly increased with concomitant hypergamma-
globulinemia and autoantibody production (128-130). Like-
wise, IL5-responsive B-1 cells are increased in the sponta-
neously autoimmune NZB and (NZB x NZW) F1 mice
(131). The potential for CD5™ B (B-2) cells to express the
IL-5R complex and respond to IL-5 can also be demon-
strated. Thus, evidence has accumulated in murine systems
for both an IL-5-sensitive developmental pathway for B-1
cells and a role for IL-5 in the terminal differentiation of
mature B-1 cells or appropriately activated B-2 cells. The
ability of IL-5 to prevent apoptosis of B cells also suggests
a potential role for IL-5 in the survival of germinal center B
cells.

B-1 cells are reported to be absent in the peritoneal
cavity of Xid mice. It has been reported that B cells from
Xid mice respond poorly to IL-4 and IL-10, and show a
decrease in the number of peritoneal IL-5Ra* B cells (132).
Furthermore, the frequency of precursors of IL-5-
responsive B cells in Xid mice is approximately a 100-fold
lower than that of normal mice. However, Xid mice show
IL-5~induced eosinophilia in peripheral blood to an extent
similar to that in normal mice. We generated IL-5Ra trans-
genic (SRa-Tg) mice carrying the mouse IL-5Ra gene li-
gated with the human IgH enhancer and mouse Vy pro-
moter. Then, 5SRa-Tg mice carrying the xid gene (Xid-5Ra-
Tg) were generated by crossing C57BL/6.xid female mice
with SRa-Tg male mice (133). The majority of spleen B
cells and B220-positive bone marrow cells from Xid-5Ra-
Tg mice expressed IL-5Ra. Numbers of B-1 cells in both
the Xid-5Ra-Tg and Xid mice were strikingly reduced.
These results imply that the absence of B-1—cell population
in Xid mice is not due to decreased expression of IL-5Ra.
Xid-5Ra-Tg mice showed no significant anti-TNP-ficoll
IgM antibodies, as in the case of Xid mice. These results
demonstrated that the enforced expression of IL-5Ra in Xid
mice had no effect on the abnormal B-cell development
caused by the xid mutation. B cells from Xid-5Ra-Tg mice
did not respond to IL-5, although all B cells expressed IL-
SRa. Thus, the low responsiveness of B cells to IL-5 in Xid
mice is intrinsic to B cells, and IL-5-mediated signaling
cascades in eosinophil are different from those in B cells. In
conclusion, the xid gene product affects mIL-5 responsive-
ness of B cells, but not eosinophils.

As we discussed above, Xid mice have an amino acid
substitution of Btk which may partially inhibit Btk function.
The substitution of Arg at position 28 to Cys of Btk in Xid
mice may perturb recognition of an as yet unidentified Btk-
associated protein, resulting in the alteration of IL-5R—
mediated signaling in B cells from both Xid and Xid-5Ra-
Tg. The discovery of cellular molecule(s) that can interact

with the mutated Btk, through its amino-terminal unique
region, should shed light on the B cell-specific defect in Xid
mice.

Rapidly emerging information on the characteristics of
mice in whom the genes for IL-5 or IL-5Ra is disrupted is
clarifying the role of IL-5 in the development of B cells and
in B-cell function. Successful generation and breeding of
mice with these genetic deficiencies indicate that none of
these mutations is lethal. Disruption of either IL-5 or IL-
SRa expression results in a reduction in basal levels of
eosinophils (134, 135). However, B cells in both the B-1
and B-2 lineages are normal in the adult mice, but the neo-
natal IL-57 as well as IL-5Ra™~ mice have a reduction in
B-1 cells. The delayed establishment of normal members of
B-1 cells in these mice suggests that IL-5 may be important
but is not essential for the development of this lineage.
Disruption of the IL-5Ra chain results in a reduction in
serum IgM and IgG3 levels (135). The IL-57" and IL-
5Ra™" mice unexpectedly have morphologically normal
eosinophils which are present in small numbers. Infection of
IL-5Ra™™ mice with Angiostrongylus cantonensis showed
delayed expulsion of worms, suggesting that IL-5—induced
eosinophils play an important role in protective immunity
against some types of nematode infection.

IL-5 signal transduction. IL-5 acts on target cells by
binding to its specific receptor (IL-5R). The IL-5R consists
of a unique o (IL-5Ra)-chain (136-139) and a B (3¢)-chain
that is shared with IL-3R and GM-CSFR (139-144). The
Bc-chain is indispensable for signal transduction. Both sub-
units contain motifs conserved among the superfamily of
cytokine receptors. Although we and others determined that
the tyrosine phosphorylation of cellular proteins is required
for IL-5SR-mediated signaling, the precise molecular
mechanisms of IL-5R-mediated signaling are not clear.
IL-5 stimulation of cells induces rapid tyrosine phosphory-
lation of various cellular proteins including the Bc-chain
and activates Btk and JAK?2 kinases (145, 146). Both the
cytoplasmic domain of the Bc-chain and the membrane
proximal proline-rich sequence of the cytoplasmic domain
of IL-5Ra are essential for the IL-5-induced proliferative
response (145, 146), for the expression of nuclear proto-
oncogenes, and for activation of Btk and JAK?2 kinases.

IL-6 and B-cell differentiation. Human IL-6 was
originally identified as a factor (designated BCDF and sub-
sequently BSF-2) in the culture supernatants of mitogen- or
antigen-stimulated peripheral mononuclear cells, which in-
duced Ig production in Epstein-Barr virus (EBV)-—
transformed B-cell lines or in Staphylococcus aureus
Cowan I (SAC)-stimulated normal B cells (6, 10, 147, 148).
This molecule was found to be separable from other cyto-
kines, BSF-2 was purified to homogeneity from the culture
supernatant of a human T-cell leukemia virus type I
(HTLV-1)-transformed T-cell line, and its partial amino-
terminal amino acid sequence was determined. Based on
these findings, the cDNA for IL-6 was cloned (77). The
IL-6 cDNA encodes 212 amino acids, including 28 strongly
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hydrophobic amino acid residues at the N terminus which
are cleaved off during processing.

At the same time, others recognized that the IL-6 se-
quence was identical to that published for human 26-kDa
protein (149) and IFN-B2 (150). The results revealed that
BSF-2, IFN-B2, and the 26-kDa, protein were identical.
Growth factors for hybridoma/plasmacytomas (HPGF) have
been reported by several investigators (151). In 1986, the
N-terminal amino acid sequence of human HPGF was de-
termined and found to be identical to that of BSF-2/IFN-
2/26-kDa protein (152, 153). Subsequently cDNA cloning
of murine HPGF was completed, and the sequence indicated
that it was the murine homolog of IL-6/BSF-2 (154, 155).

IL-6 is produced by human fibroblast after treatment
with IL-1, poly(I):poly(C), and/or cycloheximide. It is also
synthesized by mononuclear phagocytes, vascular endothe-
lial cells, fibroblasts, and other cells in response to IL-1 and,
to a lesser extent, TNF (156). It is made by some activated
T cells. IL-6 can be detected in the circulation following
gram-negative bacterial infection or TNF infusion and ap-
pears to be secreted in response to TNF or IL-1 rather than
to LPS. IL-6 does not cause vascular thrombosis or the
tissue injury that is seen in response to LPS or TNF. More
recently, the abnormal production of IL-6 in autoimmune
disease such as rheumatoid arthritis was considered (157). It
was also reported that several tumors such as cardiac
myxoma, Castleman disease, cervical cancer cells, and
bladder carcinomas aberrantly produce large amounts of
IL-6 (157, 158). The two best-described actions of IL-6 are
on B cells and hepatocytes.

Induction of B-cell differentiation. Studies with re-
combinant IL-6 confirmed the predicted ability to induce
terminal maturation of B cells into antibody producing cells.
IL-6 augments the production of IgM, IgG, and IgA in
Pokeweed mitogen (PWM)-stimulated PBL. IL-6 is also
effective for increasing antibody production in mice primed
with T-dependent antigens. An anti-IL-6 mAb completely
abrogated PWM-induced Ig-production in PBL, whereas
mitogen-induced proliferation of B cells was not affected,
indicating that IL-6 is not involved in the growth of acti-
vated B cells. The influence of IL-6 is not restricted to B
cells, and it can also act on resting T cells which express
IL-6R (156). In fact, IL-6 induces the expression of IL-2R
on T cells and IL-2 production in mitogen-stimulated T cells
and thymocytes. So IL-6 may affect B-cell triggering by two
different mechanisms: one through a direct effect on B cells
and the other through activation of T cells.

When antibody-producing cells become cancerous, in
multiple myeloma, IL-6 was found to be a potent growth
factor for the tumor (159). Kishimoto and colleagues re-
ported that myeloma cells themselves produce IL-6. My-
eloma cells have IL-6 receptors, and IL-6 increase their rate
of growth dramatically. If, however, anti-IL-6 antibody is
used to neutralize the activity of IL-6, the rate of growth of
myeloma cells can be controlled. These results imply that
IL-6 is a autocrine growth factor for myeloma cells, which
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both produce IL-6 and use it to grow. It was of interest to
know whether IL-6 in antibody-producing B cells would
cause myeloma in the mice. IL-6-Tg mice had oversized
spleens and lymph nodes, were diagnosed as typical cases of
plasmacytoma, and died within a few months. While plasma
cells were increased in number, they were not yet cancerous
(160, 161). The kidneys of the IL-6-transgenic mice were
found on dissection to have mesangial cell proliferative ne-
phritis, indicating that the abnormal production of IL-6
leads to the development of the nephritis.

Induction of acute-phase protein. Interestingly, IL-6
exerts a stimulatory effect (102, 103) on hepatocytes to
induce the synthesis of acute-phase proteins. Burns on the
skin, pneumonia, or inflammation in some part of the body
cause the liver to stop production of albumin and switch to
producing a range of proteins called acute-phase proteins.
These include C-reactive protein (CRP), B2-fibrinogen,
amyloid protein, and various protease inhibitors. A factor
that was initially called hepatocyte stimulation factor (HSF)
stimulates liver cells to produce acute-phase proteins, and
HSF is now known to be IL-6 (162, 163). IL-6 also interacts
with hematopoietic stem cells in order to activate them.
Perhaps most interesting of all is the finding that IL-6 stimu-
lates the development of megakaryocytes, the precursors of
platelets, bringing them to maturity and increasing numbers
of platelets.

IL-6 receptor and signal transduction. 1L-6 pro-
vides multiple signals on various tissues and cells, and the
signal is transduced through IL-6R. The structure of the
IL-6R was determined in 1988 and found to consist of a
60-kDa binding protein (IL-6Ra) and a 130-kDa signal-
transducing subunit (gp130) (164). The IL-6Ra contains
both an Ig domain and a WSXWS motif characteristic of
receptors that interact with cytokines sharing a four a-he-
lical folding pattern (165). The signal-transducing subunit,
gp130, also contains the WSXWS motif, but is not specific
for IL-6 and can interact with other cytokines and polypep-
tides as well (166). Clustering of the gp130-chain by inter-
actions with cytokine and cytokine specific binding protein
(a-chain) is thought to trigger signaling (167, 168). The
gp130 protein is ubiquitously expressed on various target
cells (169). The IL-6R was shown to transmit the signal
even if the intracellular portion was removed (167), show-
ing that this internal part is not essential. An extreme ex-
ample of this is provided by the brain-specific ciliary neu-
rotropic factor (CNTF), which is essential for the survival of
motor-neurons (170, 171). Its receptor closely resembles the
IL-6R on the outside of the cell but has nothing at all inside.
It connects directly with the cell membrane by means of a
phosphatidyl inositol linkage.

Concluding Remarks

B cells are generated from pluripotent hematopoietic
stem cells in bone marrow that also generate myeloid and
erythroid elements. Decisive commitment to the B-cell lin-
eage is championed by V-D-J recombination that brings V,



D, and J segments of IgH genes together to create a com-
plete immunoglobulin gene. Pro-B cells, the earliest stage of
B-cell development, contain the germ-line pattern of IgH
genes and express characteristic B-cell lineage surface phe-
notypes. Pro-B cells can differentiate into pre-B cells ac-
companied by the rearrangement of IgH genes and expres-
sion of cytoplasmic p-chains. Pre-B cells proliferate, rear-
range L-chain genes, and express surface IgM giving rise to
mature B cells. Further proliferation and differentiation of
mature B cells into Ig-producing cells require Ty cells and
cytokines. Various cytokines are involved in B-cell devel-
opment and triggering.

Many cytokines involved in the regulation of B-cell
development, activation, proliferation, and differentiation
have been molecularly cloned. The studies with recombi-
nant cytokines clearly demonstrate that the functions of the
cytokines are not specific to B lineage cells as originally
expected but mediate a wide variety of biological activities
on various target cells and tissues. Examples of B-tropic
multifunctional cytokines—IL-7, IL-4, IL-5, and IL-6—
have been discussed in this review. Sites of action of each
cytokine are not easy to delineate, and it is often not clear
which cytokines induce B-cell proliferation and which ones
induce differentiation of activated B cells for Ig secretion.

IL-7 plays an important role in the early development
of B cells, particularly progenitors for B-2 cells as well as T
cells. IL-7 may be involved in the rearrangement of Ig light
chain genes. IL-7 has been also shown to be involved in the
thymocyte differentiation. IL-4 plays a critical role in the
development of both B and T cells, and in isotype-
switching, particularly for IgE production by activated B
cells. However, it is not clear whether IL-4 by itself is
sufficient for isotype-switching. IL-4 is a key cytokine with
respect to distinguishing Tyl and Ty2 cells.

IL-5 is an important cytokine for the development and
growth of B-1 cell progenitors and differentiation of mature
B-1 and B-2 cells into Ig-secreting cells. I would particu-
larly like to emphasize the importance of IL-5 in IgM and
IgA secretion. IL-5 is a potent cytokine for inducing the
production of natural antibody and antigen-induced IgA
production. IL-5 is also a priming factor of B cells for other
cytokines. In other words, IL-5 can synergize with many
cytokines to enhance antibody production. If we compare
T-cell activities of IL-5 with those of IL-7, IL-4, and IL-6,
IL-5 is very weak and not attractive. At least in the murine
system, IL-5 may be a B-tropic cytokine for lymphoid pro-
genitor cells. IL-6 is a cytokine to induce terminal differ-
entiation of B cells and enhance Ig production by activated
B cells. Since IL-6 induces the proliferation of myeloma
cells, it might enhance survival of plasma cells or induce
one-round proliferation of plasma cells, resulting in en-
hanced Ig production.

There is no doubt about the involvement of these cy-
tokines in B-cell proliferation and differentiation, alone or
in concert with other B-tropic cytokines. Precise mecha-
nisms and sites of action of each cytokine will be more

precisely elucidated in the near future. Aberrant expres-
sion of receptors and signal transduction for IL-4, IL-7,
IL-5, and IL-6 results in impaired B-cell responses. Over-
expression of the cytokine genes may enhance the produc-
tion of autoantibody.
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