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Abstract

Dextran-conjugated anti-immunoglobulin (Ig) antibodies (anti-lg-
dex) consist of a high molecular weight dextran (~1-2 x 108 MW)
to which multiple monoclonal anti-lgM or anti-IgD antibodies are
covalently linked. These soluble conjugates have been used in
a process of discovery, in extensive studies of in vitro polyclonal
murine and human B cell activation, proliferation, Ig secretion and
class switching, through signaling via multivalent cross-linking of
B cell receptors (BCR) on the B cell surface, in the presence of
a multiplicity of added stimuli. The cross-linking of the BCR in a
multivalent fashion represents a more physiologic means, relative
to using unconjugated bivalent anti-lg, for studying the functional
consequences of B cell encounter with specific antigens in vivo.
This reflects either the repeating epitope nature of polysaccharides,
or the display of a given intact protein in multiple copies on the
surface of follicular dendritic cells, macrophages and dendritic cells
where they are encountered by B cells.

Keywords

Dextran-anti-IgM, Dextran anti-IgD, B cell receptor, Imnmunoglobulin,
Cytokine, Toll-like receptor, Immunoglobulin class switching,
Polysaccharide, T cell-independent, T cell-dependent

Introduction

Anti-Ig-dex was originally conceived as a means for modeling
BCR-mediated B cell activation in response to polysaccharides
[1]. Polysaccharides consist of long chains of repeating sugars that
are capable of multivalent cross-linking of BCR on the surface of
polysaccharide-specific B cells [2]. Normal B cells of a given antigen-
specificity are present in the host at frequencies so low that studying
the behavior of such B cells is highly challenging technically. However,
the conjugation of multiple anti-murine or anti-human Ig antibodies
to a high molecular weight polysaccharide such as dextran allows for
the highly efficient study of multivalent BCR cross linking, as they
can engage virtually all normal B cells derived from the host. It is now
appreciated that B cells specific for a given peptide epitope, typically
expressed as a single, unique structure within a larger protein antigen,
are also likely to be activated through multivalent BCR cross linking
in vivo, since such B cells typically encounter multiple copies of the
same intact protein antigen on the surface of macrophages, dendritic

cells, or follicular dendritic cells following immunization or infection
[3]. The nature of the signaling mediated by multivalent BCR cross
linking in response to polysaccharides versus proteins in vivo may
potentially differ in some significant ways, although this needs further
study. The relatively low, more physiologic concentrations (pg/ml) of
anti-Ig that are sufficient for optimal B cell activation when anti-Ig
is linked to dextran, as opposed to that required using unconjugated
anti-Ig antibodies (ug/ml) further underscores the physiologic
nature of the anti-Ig-dex model system. Thus, soluble, unconjugated
(bivalent) anti-IgM or anti-IgD molecules, often used to study BCR-
mediated B cell activation, and requiring pg/ml concentrations of
anti-Ig for functional effects, do not model normal B cell physiology.
The same argument could be additionally made for anti-Ig antibodies
covalently linked to rigid particles, such as sepharose.

Earliest studies using anti-Ig-dextran versus unconjugated
anti-Ig underscore marked differences in the induction of
intracellular Ca2+, generation of inositol phosphates, and/
or mitogenesis in mouse and human B cells in vitro

Anti-murine IgM and anti-murine IgD antibodies conjugated
to either high MW dextran or Ficoll induced 10-fold greater levels
of proliferation at 1000-10,000-fold lower (pg/ml) concentrations
of anti-Ig relative to unconjugated anti-Ig antibodies [1]. Of note,
conjugation of even non-mitogenic monovalent Fab fragments of
anti-IgD or non-mitogenic bivalent anti-IgM to dextran rendered
them highly mitogenic. The low concentrations of anti-Ig required
for anti-Ig-dex-mediated mitogenesis was associated with little
modulation of membrane Ig from the B cell surface, and thus the
ability to mediate repetitive signaling, in contrast to unconjugated
anti-Ig antibodies [4]. In biochemical studies, anti-Ig-dex was
observed to induce higher levels of intracellular ionized calcium and
total inositol phosphates relative to unconjugated anti-Ig, and the
patterns of inositol phosphates generated also differed [5].

In a follow-up study, multiple copies of a monoclonal anti-
human IgM antibody was conjugated to high MW dextran (2 x 10°
MW) [6]. This dextran conjugate stimulated comparable levels of
DNA synthesis and size increases in normal human B cells as that
seen with unconjugated anti-human IgM, but at 100- to 1000-fold
lower concentrations of anti-IgM antibody. Anti-human IgM-dex
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also stimulated increases in intracellular ionized calcium in a higher
percentage of human B cells, with greater magnitude and of longer
duration relative to that stimulated by unconjugated anti-IgM. These
data were thus similar to that observed earlier using murine B cells.

The potency of anti-Ig-dex is due to its ability to cluster multiple
membrane BCRs for efficient signaling at very low concentrations
of anti-Ig, and thus with minimal modulation of BCR from the cell
surface, allowing for repetitive signaling. These data were consistent
with studies by H. M. Dintzis and colleagues that a minimum of 10-
20 membrane Ig receptors per multivalent antigen molecule must be
cross-linked (the “immunon”) for T cell-independent-mediated B
cell activation to occur [7,8].

Anti-Ig-dex co-stimulates Ig secretion in murine B cells in
the presence of diverse stimuli

Unconjugated monoclonal anti-IgM and anti-IgD antibodies
stimulate B cell proliferation only when used at high (ug/ml)
concentrations. Under these circumstances, large numbers of
membrane Ig molecules are rapidly and non-physiologically
modulated from the B cell surface by the bound anti-Ig, and
internalized, resulting in the termination of BCR signaling. This likely
underlies the poor ability of unconjugated anti-Ig to co-stimulate
downstream events such as Ig secretion and class switching. Utilizing
dextran-conjugated monoclonal anti-murine IgD molecules (anti-
IgD-dex) it was demonstrated that multivalent BCR cross linking
alone, while inducing robust proliferation of resting B cells failed to
induce antibody secretion [9]. However, antibody production was
elicited upon addition of IL-2 or IL-5 to cultures of anti-IgD-dex-
activated B cells. Since similar results were obtained upon measuring
in vitro anti-trinitrophenyl (TNP) antibody responses to the TI
antigen, TNP-Ficoll, it was proposed that anti-IgD-dex could serve as
an in vitro model for TI responses.

Subsequent studies were designed to discover what additional
“second signals” might co-stimulate Ig secretion and class switching
in B cells activated through multivalent BCR cross-linking. The use
of anti-IgD-dex to activate resting murine B cells in vitro allowed
for the surprising discovery of new biologic activities of three
cytokines: interferon-gamma (IFN-y) [10], interleukin-3 (IL-3), and
granulocyte-macrophage colony stimulating factor (GM-CSF) [11].
Each of these cytokines were shown, for the first time, to induce
large amounts of secreted IgM in anti-IgD-dextran-activated, but
not CD40-ligand (CD40L)-activated, B cells in the presence of IL-
2. The addition of natural killer (NK) cells to cultures of murine B
cells activated with anti-IgD-dex + IL-2 also induced IgM secretion
[12], through NK secretion of IFN-y [13]. Additional studies
demonstrated that Toll-like receptor (TLR) ligands such as bacterial
lipoproteins [14] and Neisserial porin protein [15] (TLR2), LPS
(TLR4), and CpG-oligodeoxynucleotides (ODN) (TLR9) [16] could
each act synergistically with anti-IgD-dex or anti-IgM-dex to induce
large amounts of secreted IgM at concentrations of TLR ligands that
by themselves induced only minimal secretion of antibody. Indeed,
the combination of potent BCR stimulation using anti-Ig-dex
and signaling mediated by TLR ligands could restore to essentially
normal adults levels, the defective in vitro Ig secretory responses
typically observed in neonatal B cells [17]. This observation has
important implications for the design of vaccines targeted to the
immature host. Further, when murine B cells were stimulated in vitro
with anti-IgD-dex, the addition of ODN, even containing various
non-optimal motifs, both methylated and non-methylated which
ordinarily rendered them essentially non-functional for B cells, could
nevertheless enhance proliferation and induce Ig secretion [18].
Furthermore synergistic levels of proliferation were induced upon
addition of functionally optimized ODN, in B cells activated with
picomolar concentrations of anti-Ig-dex, that were 10- to 100-fold
less than previously reported to be necessary for mitogenic activity.

Anti-Ig-dex co-stimulates Ig class switching in murine B
cells in the presence of diverse stimuli

Ig class switching is a process that can be directed by specific
cytokines such as IL-4, IL-10, IFN-y, and transforming growth

factor-B (TGF-P) [19]. Studies in mouse B cells utilizing anti-IgD-
dex demonstrated that Ig class switching in the presence of a specific
cytokine or set of cytokines was critically influenced by the nature
of the B cell activator (i.e. multivalent BCR cross linking versus
activation via CD40 or with LPS). For example, whereas IL-4 induced
class switching to IgE in murine B cells activated with CD40L or LPS,
it failed to do so in anti-IgD-dex-activated B cells, even though all
three modes of activation led to IL-4-mediated switching to IgG1 [20].
Further IFN-y induced switching to both IgG3 and IgG2a in anti-
IgD-dex-activated B cells, whereas in LPS-activated B cells it induced
switching to IgG2a but inhibited switching to I1gG3 [21]. Finally,
addition of anti-IgD-dex to cultures of B cells stimulated with LPS +
IL-4 + IL-5+ TGF- established a useful model system for generating
high levels of class switching to IgA in vitro [22] and studying the
molecular mechanism by which this occurred [23]. The requirement
for IL-5 for inducing switching to IgG1 in B cells activated with anti-
IgD-dex + IL-4, suggested a novel role for IL-5 in the mechanism of
class switching that was based on an unidentified mechanism distinct
from the regulation of germline constant heavy gene transcription
[24,25]. Although most studies on BCR-dependent Ig class switching
employed anti-IgM-dex or anti-IgD-dex, one study utilized anti-IgA-
dex to demonstrate a selective defect in BCR-mediated activation in
post-switched (IgM-IgA+) as opposed to non-switched (IgM+IgD+)
B cells [26]. Of interest, an alternate model of highly efficient
polyclonal B cell multivalent BCR cross linking analogous to that
based on anti-Ig-dex, was established by binding multiple copies of
mouse IgG2a anti-mouse IgD to Chinese hamster ovary (CHO) cells
permanently transfected with mouse FcyRIa [27]. Similar to results
using anti-Ig-dex [20], addition of IL-4 + IL-5 to cultures of B cells
activated with CHO-anti-mouse IgD induced switching to IgG1, but
not IgE. A detailed review outlining specific methods for studying
in vitro murine B cell activation, Ig secretion and Ig class switching
using anti-Ig-dex, cytokines and TLR ligands has recently been
published [28].

The use of anti-Ig-dex to study the molecular mechanisms of
Ig class switching in mouse B cells

An extensive number of published studies from the laboratory
of J. Stavnezer [29-40] made critical use of anti-Ig-dex to study the
molecular mechanisms underlying the immunoglobulin class switch
in mouse B cells. Anti-Ig-dex was previously found to be a critical
component in co-stimulating high-rate switching to IgA [22]. It was
subsequently demonstrated that high doses of anti-Ig-dex could
substitute for IL-4 + IL-5 in promoting optimal TGF-p-dependent
IgA switching, and that anti-Ig-dex correspondingly inhibited TGF-
B-mediated switching to IgG2b [30]. Anti-Ig-dex was also added to
B cell cultures stimulated with either LPS + BlyS for switching to
IgG3 or LPS + BLyS + IL-4 + IL-5 + TGF-p for switching to IgA, to
study activation-induced cytidine deaminase (AID)-dependent DNA
breaks, which were found to occur during the G1 phase of the cell
cycle [29]. The same approach was used to demonstrate the enhancing
effects of reactive oxygen species (ROS) on Ig class switching [35],
but that did not depend on the DNA glycosylases Oggl and Nthl
that were hypothesized to be critical for class switching through
their ability to excise ROS-induced oxidized bases [31]. Anti-Ig-dex
was further used to enhance class switching to IgG3 in LPS + BLyS-
activated B cells, and to IgG1 in B cells stimulated with LPS + BLyS
+ IL-4 to demonstrate the requirement of the C-terminus of AID to
cooperatively bind several enzymes (uracil-N-glycosylase 2 [UNG]
and the mismatch repair proteins, Msh2-Msh6 heterodimer) critical
for mediating Ig class switching [32]. Of note, the use of LPS + BLyS +
anti-Ig-dex showed that AID could also induce DNA breaks at many
non-Ig loci in B cells undergoing Ig class switching [33]. Further in
vitro studies using anti-Ig-dex-dependent switching systems made the
novel observation that double-stranded DNA breaks, critical for the
process of class switching was dependent on apurinic/apyrimidinic
endonuclease (APE1 and APE2) [34] and also demonstrated an
endogenous role for the DNA repair enzyme, DNA polymerase 3, in
partially inhibiting Ig class switching, by replacing the deaminated
cytosine induced by AID [36]. Finally, an enzyme involved in the
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repair of DNA damage, ATM (Ataxia-telangiectasia mutated), was
shown to be important in promoting class switching in anti-Ig-dex-
containing B cell cultures, by increasing targeting and activity of AID
at downstream acceptor switch regions [40].

Further studies from the laboratory of P. Casali also utilized anti-
Ig-dex to study the molecular biology of the Ig class switch [41-45]. A
mechanistic underpinning to the earlier studies from the laboratory
of C. Snapper (see above) demonstrating marked synergy between
anti-Ig-dex and various TLR-ligands for IgM and IgG secretion was
elucidated. Thus, anti-Ig-dex was shown to induce the non-canonical
NF-kB pathway that enhanced the TLR-dependent canonical NF-«kB
pathway for induction of the enzyme AID, critical for class switching
[38]. Stimulation of murine B cells with LPS + IL-4 + IL-5 + TGF-p
+ anti-Ig-dex to induce high-rate switching to IgA [22] was part
of a study demonstrating that AID associates with 14-3-3 adaptor
proteins which bind to 5-AGCT-3’ repeats in switch regions, thus
targeting AID for induction of class switch recombination [41].
Using this system, it was further demonstrated that AID induction
was critically dependent on a homeodomain transcription factor,
HoxC4, which bound to a highly conserved HoxC4-Oct site in the
AID gene (Aicda) promoter [42]. Of note, estrogen-estrogen receptor
complexes could bind to estrogen response elements in the HoxC4
promoter and induce AID and thus class switching [43]. Finally, it
was demonstrated that AID-mediated deamination of cytosine could
be inhibited specifically by bivalent iron ion (Fe*, ferrous) with an
associated inhibition of class switching [44].

Utilization of anti-human Ig-dex for studies of BCR
signaling in human B cells

In addition to multiple studies on murine B cells using anti-
murine Ig-dex, human B cell activation through multivalent BCR
cross linking has also been extensively studied using anti-human
Ig-dex conjugates. A direct comparison of dextran-conjugated and
unconjugated anti-human IgM antibodies on human B cells led to the
conclusion that highly multimeric T cell-independent antigens may
be especially potent immunogens because they are able to elicit a full
activation response from both infrequent high affinity B cells, as well
as a substantial proportion of lower affinity antigen-specific B cells
[46]. A greater potential of anti-IgM-dex to trigger entry into S-phase
in the absence of cytokines was found to reflect its greater potential
for initiating BCR-induced signals during the late phase in B cell
activation [47]. Both high valency and affinity for IgM engagement
also resulted in a greater degree of B cell apoptosis [48]. In studies
of human B cell chronic lymphocytic leukemia (B-CLL) cells, cross
linking of BCR with a monoclonal anti-human IgM-dex induced
higher levels of PI3K/Akt-dependent telomerase activity, cell survival,
and proliferation, relative to unconjugated anti-IgM antibody [49].
Normal human B cells also exhibited a higher level of proliferation
and survival with anti-IgM-dex relative to unconjugated anti-IgM.
Neonatal cord blood human B cells also proliferated in response to
10,000-fold lower concentrations of anti-human Ig-dextran relative
to unconjugated anti-Ig, at levels comparable to that observed with
adult B cells [50]. The majority of cord blood B cells showed a marked
rise in intracellular calcium, increased surface expression of human
leukocyte antigen DR, and an increase in cell size. Thus, anti-Ig-dex
can be used as a physiologic model to study the unique activation
requirements of B cells from the immature host, with important
implications for future design of vaccines targeting the infant
population. A series of studies employed dextran conjugates to which
both anti-human IgM and anti-human CD21 were co-conjugated, in
order to study the functional consequences of BCR/CD21 co-ligation
in human B cells [51-53]. Finally, anti-human Ig-dex has shown
clinical applications by demonstrating that patients contracting
meningococcal disease, despite earlier receiving the meningococcal
serogroup C polysaccharide conjugate vaccine, had normal B cell
responsiveness to anti-Ig-dex, a mimic of polysaccharide-induced B
cell activation, but did have defects in CD4+ T cell help for B cells
[54]. Similarly, patients who exhibited rapidly waning levels of serum
antibodies specific for meningococcal serogroup C polysaccharide

following vaccination with the conjugate vaccine, demonstrated
normal responses to anti-Ig-dex, arguing against a direct B cell defect
to explain this observation [55].
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