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Preface

The importance of specific antibodies for the clearance of and long-term resistance
to many infectious pathogens has long been appreciated. Moreover, the role in
these processes of the different antibody heavy chain isotypes, each tailored to
induce diverse effector pathways such as those mediated by complement and Fc
receptors and to promote antibody localization in distinct regions of the body, is
well established. Insights into the molecular mechanism of isotype class switching
showed that during an immune response B cells could change the heavy chain of
the antibody they produced, without influencing the structure and specificity of the
antigen-binding variable regions of this antibody (Honjo 1983). More recently, the
germinal center pathway of B cell development was elucidated, in which antibody
variable regions undergo extensive structural alteration via hypermutation followed
by stringent phenotypic selection (Berek 1992; Kelsoe 1995). Emerging from this
pathway are memory B cells and long-lived antibody-forming cells that express
antigen receptors and secrete antibodies, respectively, with increased affinity and
specificity for the foreign antigen.

Taken together, these findings led to a view of the acquisition of antibody-mediated
resistance to infectious pathogens in mammals that involved extensive somatic matura-
tion of antibody heavy and variable region structure and function during the immune
response. This was in keeping with the concept that the B cell compartment comprises
a major arm of the adaptive immune system. Such a view was reinforced by molecular
analyses of antiviral antibody responses (Zinkernagel 1996). However, other past stud-
ies of antibody responses, in particular those using multivalent polysaccharide-based
antigens, indicated that this notion of immunity might not apply to all pathogens. These
latter examinations revealed that, unlike the antibody responses to most viruses or
model protein antigens, the response to antigens derived from or thought to mimic bac-
terial capsule, cell wall, and outer membrane components did not require that B cells
receive costimulatory signals from T cells (Mond et al. 1995). Further analysis of anti-
body responses to these T cell-independent (TI) antigens suggested that many did not
display the same maturational characteristics as those to antigens for which efficient
responses necessitated the participation of T cells (T cell-dependent, TD, antigens). In
addition, investigators using hapten-protein and purified protein TD model antigens,
such as myself, harbored the secret that such antigens had to be mixed with inflamma-
tion-inducing adjuvants to elicit strong antibody responses.
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Superimposed on these analyses of TD and TI antibody responses were studies
of the role of components of the evolutionarily hard-wired or innate immune
system in conferring resistance to infectious pathogens, and of the ontogeny and
function of various primary B cell subsets distinguished by cell surface phenotype
and microenvironmental locale (Herzenberg and Herzenberg 1989). In the last
5 years, data from of all of these areas of research have coalesced, resulting in the
emergence of a new and more complete understanding of how antibody-mediated
resistance to pathogens is elaborated. The recent explosion of knowledge of Toll-
like receptor (TLR) specificity and function (Takeda et al. 2003) has further
embellished this understanding. It is now clear that there is not only extensive
overlap and cross-complementarity in the action of innate and adaptive systems,
but also specialization of function of the various B cell subsets and the types of
antibodies they produce. This synergistic interaction of multiple components of
these systems is perhaps best exemplified in antibody responses to bacteria. In
extending invitations to potential contributors to this volume, I attempted to gather
manuscripts that would highlight this new perspective on antibody responses to
infection, as well as to convey its practical implications, such as for contemporary
vaccine design.

The first contribution by Hinton, Jegerlehner, and Bachmann illustrates how the
distinction between the function of TI and TD B cell responses in mediating resist-
ance to viral infection has been blurred. These authors argue that patterns unique to
antigens displayed on the surface of viruses and other pathogens lead to efficient
TI B cell stimulation. Combined with an appreciation of the contribution of TLR
recognition of viral components and the ability of TLR signaling to qualitatively
and quantitatively influence the outcome of the antibody response, these findings
have important implications for the design of viral vaccines and other antibody-
mediated therapeutic strategies. Mond and Kokai-Kun extend this theme in their
discussion of the nature of immune responses to TI antigens and the application of
this knowledge to the development of vaccines for encapsulated bacteria. The idea
here is that most pure TI antigens make poor pediatric vaccines—only by conjugat-
ing them to TD antigens, allowing induction of adaptive components of the immune
system, is partial efficacy obtained. These authors also provide a summary of the
current state of the art of vaccines for several common human bacterial pathogens,
which aptly points out the inherent difficulties in translating basic discoveries in
this field to practical application. Baumgarth and colleagues then discuss the role
of various B cell subsets in the immune responses to viruses and bacteria, with an
emphasis on B1 B cells. Their studies and those of others indicate that B1 and mar-
ginal zone B cells operate at the interface of innate and adaptive immunity. These
subpopulations also cooperatively interact in the immune response to bacteria, and
help in priming the more adaptive follicular B cell compartment for germinal center
reactions to bacterial protein antigens and viruses.

Chapters in the second half of the volume focus on application of the concepts
introduced in the first half to an understanding of how antibody responses are
elicited and mediate resistance to two bacterial pathogens with very different
lifestyles: the Borrelia spirochetes, causative agents of Lyme disease and relapsing
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fever in humans, and Streptococcus mutans, the species centrally implicated in
dental caries. LaRocca and Benach provide a comprehensive depiction of the
humoral factors responsible for resistance to various Borrelia subspecies, as well as
associated pathologies, and also discuss immune evasion strategies of these bacteria.
They also describe an intriguing class of anti-Borrelia antibodies that are bacteri-
cidal in the absence of complement. Alugupalli discusses the recently discovered
ability of the B1b B cell subset to confer long-lasting, IgM-mediated resistance to
Borrelia hermsii, the blood-colonizing bacterium that is a causative agent of relaps-
ing fever in rodents. The data he has obtained indicate that B1b cells may establish
a T cell-independent, TLR-dependent state of immunity to B. hermsii and other
bacteria that bears many of the hallmarks of follicular B cell memory. Finally,
Smith and Mattos-Graner describe the role of antibodies, the IgA isotype in particu-
lar, in controlling colonization of the tooth surface by S. mutans-containing bio-
films. Their contribution nicely illustrates the often extensive and dynamic
interaction of host and pathogen, and how subtle changes in the host’s response to
infection can lead to resistance or disease.

Philadelphia Tim Manser
May 2007
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Abstract Viruses induce excellent antibody responses due to several intrinsic
features. Their repetitive, organised structure is optimal for the activation of the
B cell receptor (BCR), leading to an increased humoral response and a decreased
dependence on T cell help. Viruses also trigger Toll-like receptors (TLRs), which
in addition to increasing overall Ig levels, drive the switch to the IgG2a isotype.
This isotype is more efficient in viral and bacterial clearance and will activate
complement, which in turn lowers the threshold of BCR activation. Exploiting
these characteristics in vaccine design may help us to create vaccines which are
as safe as a recombinant vaccine yet still as effective as a virus in inducing B
cell responses.

Abbreviations APC: Antigen-presenting cell; BCR: B cell receptor; Ig:
Immunoglobulin; IL: Interleukin; IFN: Interferon; LPS: Lipopolysaccharide; RBC:
Red blood cell; RNA: Ribonucleic acid; STAT: Signal transducers and activators
of transcription; TD: T cell-dependent; TI: T cell-independent; TLR: Toll-like

M. F. Bachmann
Cytos Biotechnology AG, Wagistrasse 25, 8952 Ziirich-Schlieren, Switzerland
e-mail: martin.bachmann@cytos.com

T. Manser (ed.) Specialization and Complementation of Humoral Immune Responses 1
to Infection. Current Topics in Microbiology and Immunology 319.
© Springer-Verlag Berlin Heidelberg 2008
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receptor; VLP: Virus-like particle; VSV: Vesicular stomatitis virus; VSV-G:
Glycoprotein of vesicular stomatitis virus: XID: X-linked immunodeficiency

1 Introduction: Viruses Induce Excellent Antibody Responses

In the eighteenth century, Edward Jenner took advantage of the similarities between
cowpox and smallpox to develop the first vaccine to protect against smallpox. Since
then, vaccination has been used to induce antibodies against many pathogens and has
proven to be an effective mechanism to protect against infectious diseases. Historically,
most vaccines are either attenuated or inactivated forms of the infecting pathogens, for
example the Sabin or Salk vaccines, respectively (Melnick 1996). While attenuated or
inactivated vaccines are usually safe, there remains a small but real risk of reversion
to a virulent phenotype. For example, vaccination against poliomyelitis has in effect
eradicated the disease from the Western world. In the USA, all reported cases of polio-
myelitis since 1982 have resulted from vaccination (MMWR 1986). Given the
decreased probability of contracting an infectious disease owing to the success of
immunisation programmes, the general public have become less accepting of the risks
associated with immunisation. Therefore it has become more important to develop
recombinant vaccines which are still able to induce potent and long-lasting neutralis-
ing antibody and memory B cell responses to protect against the pathogen, but which
are safer and unable to revert back to virulent replicating phenotypes.

The advantage of a virus-based vaccine is that viruses themselves are able to induce
strong cytotoxic T and B cell responses, while isolated antigens usually require the
nonspecific inflammatory stimuli of an adjuvant to induce a protective immune
response (Bachmann et al. 1998). There are a number of features which enable viruses
to induce these strong responses. Firstly, viruses present epitopes in a highly structured
repetitive array, which allows efficient cross-linking of the BCR. Viruses are also able
to activate TLRs and complement, which, in addition to engaging the innate immune
system, directly act on B cells. An additional important feature of viruses is their ability
to replicate and therefore prolong the exposure to the antigen.

The challenge of modern vaccine design is to use these characteristics of viruses
in the design of novel recombinant vaccines to improve their efficacy while retain-
ing the safety of a recombinant vaccine. In this review, we will discuss these char-
acteristics of viruses and explore how they can be used to produce improved
vaccines.

2 Epitope Density and the Requirement for T Help

The induction of efficient B cell responses requires two sets of signals: the first is
mediated by the BCR, while the second is usually provided by T cells (McHeyzer-
Williams and McHeyzer-Williams 2005; Parker 1993). Low doses of antigen or
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haptenated proteins only induce B cell responses in the presence of specific T cell
help. These antigens are known as T dependent (TD) (Parker 1993). In contrast,
repetitive antigens such as haptenated synthetic polymers or polyclonal B cell
stimuli such as LPS do not require secondary signals to induce B cell responsive-
ness. They are T independent (TI) and activate the B cell by extensive cross-linking
of the BCR or through the activation of TLRs. Accordingly, TI antigens can be
classified into type 1 (TI-1) or type 2 (TI-2) antigens. Generally TI-1 antigens are
more potent B cell stimulators and can induce B cells directly with no need for
antigen-presenting cells (APCs) or residual T help, while TI-2 antigens require the
presence of APCs and some residual T help. TI-1 antigens tend to be polyclonal
B cell activators such as LPS; in contrast TI-2 antigens are usually repetitive anti-
gens such as haptenated polymers (Jeurissen et al. 2004; Mond et al. 1995; Vos
et al. 2000; see also the chapter by Mond and Kokai-Kun, this volume).

Early studies using flagellin found that the repetitive structure of the polymerised
protein is able to induce a TI B cell response, whereas monomeric flagellin or flagel-
lin coupled to RBCs (which lacks the repetitive structure) requires T cell help to
induce B cell responses (Feldmann and Basten 1971). It was later shown with hap-
tenated polymers that a minimum number of 12-16 antigenic determinants spaced
approximately 10 nm apart are able to activate B cells in the absence of T cell help
(Dintzis et al. 1976). This spatially continuous cluster of antigen is coined the immu-
non and is the minimum immunogenic signal that is required to elicit a TI B cell
response. Such responses tend to be TI-2 and do require some residual T cell help.
However, highly repetitive antigens which are able to strongly cross-link the BCR
are able to stimulate potent IgM responses in the complete absence of T cell help.
For example, the glycoprotein of vesicular stomatitis virus (VSV-G) is not a poly-
clonal B cell activator but can be a TI-1 antigen. VSV has only one neutralising
antigenic site, and the neutralising antibodies induced by the different forms of VSV-G
all bind to the same epitope (Kelley et al. 1972; Roost et al. 1995). Therefore, it is
interesting to study the effects that differences in the structure and organisation of
VSV-G have on B cell responses. VSV-G is expressed on the viral envelope in a
rigid, quasi-crystaline highly organised way with a spacing of 5—-10 nm: the optimal
structure for BCR cross-linking and subsequent B cell activation (Dintzis et al.
1976). When VSV-G is expressed on the surface of infected cells (Johnson et al.
1981), or is purified and forms micelles (Petri and Wagner 1979; Simons et al.
1978), it is motile and poorly organised. All these forms of VSV-G will induce high
titres of neutralising IgM antibodies without the requirement of T help, indicating
that they are TI antigens (Bachmann et al. 1995); however only the highly organised
form is a TI-1 antigen. Mice with a deficiency in Bruton tyrosine kinase (BTK)
such as X-linked immunodeficiency (XID) mice have immature B cells which can
only be activated by TI-1 antigens. In XID mice, only highly organised VSV-G in
viral particles, and not poorly organised forms, will elicit a B cell response, indicat-
ing that it is a TI-1 antigen when highly organised but not when poorly organised
(Bachmann et al. 1995). This is irrespective of whether the virus is able to replicate,
because formaldehyde-inactivated VSV is as efficient as WT virus at stimulating
B cell responses in XID mice (Bachmann et al. 1995). Since there is only one
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neutralising epitope (Kelley et al. 1972; Roost et al. 1995), the differences in the B
cell response cannot be attributed to differences in the epitopes recognised and must
be attributed to the repetitiveness and organisation of the antigen.

These results corroborated and extended earlier experiments with haptenated
beads and bacteria expressing foreign epitopes. In experiments using haptenated
synthetic beads, Mond et al. found that highly haptenated beads acted as TI-1
antigens, whereas less densely haptenated beads acted as TI-2 antigens (Mond et al.
1979). Similarly, immunising mice with bacteria engineered to express foreign
epitope targeted to either the cell surface (organised antigen) or the periplasmic
region (less organised antigen) resulted in TI or TD responses, respectively (Leclerc
et al. 1991).

3 Repetitiveness as a Marker for Foreignness

B cell responses against highly organised antigens are either independent from or
less dependent on T helper cells than poorly organised or monomeric antigens. This
indicates that antigen organisation is an important parameter for B cell activation.
Surfaces of viruses, bacteria, and parasites tend to be repetitive, quasi-crystalline in
nature. While similarly repetitive self-peptides do exist (for example actin and
myosin), they tend to be localised within the cell and not accessible to B cells. In
contrast, cell surface molecules almost never form stable clusters such as those
found on viral surfaces but remain laterally mobile, rendering them less able to
activate B cells. Additionally, membrane-bound antigens are potent inducers of
B cell tolerance (Hartley et al. 1991; Russell et al. 1991). This further reduces the
probability that membrane-bound antigens will be able to activate self-specific B cells,
since such B cells have been deleted from the repertoire.

Together, these observations led to the hypothesis that antigen organisation (i.e.
stable, quasi-crystalline surfaces as opposed to repetitive but perhaps mobile mem-
brane proteins) may act as a marker for foreignness. This theory was tested in trans-
genic mice expressing the membrane form of VSV-G as a self-antigen (Bachmann et
al. 1993). When these mice are immunised with poorly organised recombinant VSV-
G they are unable to induce a B cell response. However, when highly organised non-
replicating VSV particles are used to immunise these mice, the B cell response is
restored. The absence of a B cell response cannot be attributed to tolerant T helper
cells because depletion of CD4+ cells in normal mice still results in an IgM response
to the recombinant VSV-G. This indicates that the IgM response is TI and the inabil-
ity of disorganised VSV-G to elicit a B cell response is not caused by T cell tolerance
but must result from B cell unresponsiveness. Corroborating results were found when
tolerant HEL-specific B cells were stimulated in vitro with either soluble HEL or a
more organised membrane form of HEL (Cooke et al. 1994). The soluble form of
HEL was unable to elicit a B cell response, while a membrane-bound form was able
to restore the initial signalling events involved in B cell activation. Collectively these
results suggest that B cell unresponsiveness can be overcome by a highly repetitive,
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organised, quasi-crystalline antigen. In effect, the immune system is largely unable to
distinguish between self and foreign proteins based on antigenic epitopes but does so
based on antigenic organisation.

4 Repetitiveness to Break Self-Unresponsiveness:
Practical Applications

The ability of highly repetitive antigens to break B cell unresponsiveness has
recently been used to generate new types of vaccines for the treatment of chronic
diseases. Specifically, by presenting self-peptides in an ordered array self-unrespon-
siveness can be overcome and autoantibodies can be raised against self-proteins.
Virus-like particles (VLPs) have been developed as carriers for the induction of
autoantibodies in mice (Chackerian et al. 1999, 2001, 2002; Jegerlehner et al. 2002b;
Rohn et al. 2006; Spohn et al. 2005) as well as in humans (Ambuhl et al. 2007).
VLPs usually consist of a recombinantly expressed viral coat protein that is assem-
bled into particles. These particles resemble the original virus in terms of having a
repetitive structure but carry no genetic information and are therefore unable to
infect a host or replicate within it. The self-peptide or self-protein of interest is dis-
played on the surface of the VLP in a repetitive fashion, leading to a break in B cell
unresponsiveness and autoantibody production. As will be discussed in Sect. 6,
VLP-based vaccines, which can break B cell unresponsiveness and induce antibod-
ies to neutralise endogenous mediators, such as inflammatory cytokines, are promis-
ing candidates for the treatment of a variety of chronic diseases (Dyer et al. 2006).

S How Does Antigen Repetitiveness Relate to the Magnitude
of the Response?

There is a wealth of evidence to suggest that in the absence of adjuvants, soluble
and partially aggregated antigens induce poor IgG responses, while highly organised
antigens such as bacterial (Feldmann and Basten 1971; Leclerc et al. 1991) and
viral (Bachmann et al. 1995; Bachmann et al. 1993; Chackerian et al. 2001;
Justewicz et al. 1995) surface proteins are able to induce strong IgG responses.
Given that repetitive antigens are usually particulate, whereas poorly organised
antigens are often soluble, it remains possible that the observed differences in IgG
response are due to these properties rather than a consequence of antigen organisation.
For example, particulate antigens are presented to T helper cells in different ways
than soluble antigens and B cell responses against proteins in adjuvant are initiated
at the interface of the T-B zone (Jacob and Kelsoe 1992; Liu et al. 1991; Van den
Eertwegh et al. 1993), whereas particulate antigens initiate a B cell response in the
marginal zone or within the B cell follicle (Bachmann et al. 1994; Gatto et al. 2004;
Martin et al. 2001).
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The importance of antigen repetitiveness to the magnitude of the IgG response
was directly investigated using VLPs with different densities of peptide epitopes
covalently attached to them (Jegerlehner et al. 2002a). In this system, VLPs with a
high density of coupled peptide represent a highly organised repetitive antigen,
while VLPs with a low density of coupled peptide represent a poorly organised
antigen; the VLP itself provides a high-density, repetitive control epitope. The
magnitude of the VLP-specific and peptide-specific IgM response was similar,
irrespective of the density of the peptide on the VLP. However, while the VLP-spe-
cific IgG response was constant, the peptide-specific IgG response varied according
to the density of the peptide on the VLP. High-density conjugates were able to pro-
duce a substantial IgG response while the low-density VLP-peptide conjugates
were not able to produce a significant IgG response even by increasing the amount
of VLP—peptide conjugate. These data confirm that antigen organisation and repeti-
tiveness, rather than antigen concentration or its particulate structure, are critical to
the overall magnitude of the IgG response. Interestingly, a similar number of
epitopes as described for the immunon was found to be required for the induction
of B cell responses, namely around 20 (Fig. 1).

Unexpectedly, varying the epitope density on VLPs affected the TD IgG response
more than the early, TT IgM responses. Thus, the efficiency of cross-linking BCRs not

—--Cr2 -/-
—& C57BL/6

ELISA titer (-log2 x 40)
=Y

0 T T T
0 50 100 150 200 250

Number of epitopes/VLP

Fig. 1 Complement costimulation reduces the number of epitopes that need to be engaged by the
BCR to induce an IgG response. Cr2”- and C57BL/6 mice were immunised with 20 ug of VLP
displaying the indicated number of peptide epitopes. The graph shows IgG titres against peptide
46 days after immunisation. The data indicate that less than 50 peptides displayed on a VLP are
sufficient to induce an IgG response. Given the spherical nature of a VLP, one would expect no
more than 50% of displayed peptides to be able to engage the BCR. This suggests that approxi-
mately 20 epitopes are required to elicit an IgG response — a similar number to the immunon
(Dintzis et al. 1976). In the absence of co-stimulation through complement receptors, the threshold
for IgG responses is shifted and a higher epitope density is required to allow efficient IgG
responses
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only affects IgM responses but additionally is a major driver for TD isotype-switched
IgG responses. It is attractive to speculate that strong BCR cross-linking by a repetitive
antigen may render the B cell more susceptible to T cell help, thereby facilitating the
long-term imprint of highly repetitive antigens into the B cell repertoire.

6 Epitope Density and the Human B Cell Response

It is well known that humans mount similarly strong antibody responses to viral
infections as mice and other experimental animals. Furthermore, there exists a cor-
relation between the degree of organisation of a virus and the strength of the B cell
response (Bachmann and Zinkernagel 1996). Less organised viruses induce weaker
B cell responses than highly repetitive ones, the latter usually being eliminated by
antibodies rather than T cells. Hence, it is likely that antigen organisation also
drives human antibody responses. We have recently shown that epitopes displayed
in a repetitive fashion on VLPs induce excellent antibody responses in humans even
in the absence of adjuvants. As little as 10 ug of VLP displaying a house dust mite
antigen is able to induce robust IgG responses in volunteers after a single injection
in the absence of adjuvant (Kundig et al. 2006). Similar results are obtained when
nicotine is displayed on VLPs (Maurer et al. 2005). Indeed, such a vaccine is able
to help smokers to quit their habit (unpublished data). Even self-antigens displayed
in a repetitive fashion on VLPs are able to induce antibody responses in humans
comparable to those observed in mice and rats. Specifically, angiotensin II dis-
played on VLPs induces strong antibody responses in mice, rats and humans and
these antibodies are able to reduce blood pressure in hypertensive rats (Ambuhl et al.
2007) and humans (unpublished data). Moreover, both ghrelin, a hormone involved
in the regulation of appetite, and the proinflammatory molecule TNF induce strong
IgG responses in volunteers when coupled to VLPs (unpublished data). Hence,
highly repetitive antigens are able to break B cell unresponsiveness in experimental
animals as well as in humans.

Such vaccines directed against self-molecules hold promise for treating a variety
of chronic diseases by the induction of antibodies neutralising endogenous media-
tors such as inflammatory cytokines (Dyer et al. 2006). In contrast to passive vac-
cination with monoclonal antibodies, active immunisation with VLP-based vaccines
displaying self-peptides induce long-lasting antibody responses, potentially provid-
ing affordable and convenient therapy for patients.

7 Complement Activation and the BCR Signalling Threshold

Traditionally the complement system has been viewed as a central part of the
innate immune system, particularly in regards to the host defence against invading
pathogens and the clearance of cell debris. However, the complement system is
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also important to the humoral immune response and it has been shown that defi-
ciencies in complement components result in reduced responses to TD antigens
(Bottger et al. 1986; Ellman et al. 1971; Fischer et al. 1996; Jackson et al. 1979;
O’Neil et al. 1988; Ochs et al. 1983).

There are a number of mechanisms by which complement contributes to
humoral immunity: complement is thought to augment the clearance of antigen to
the lymphoid compartments (Fearon and Wong 1983; Ochsenbein et al. 1999);
CD21-CD35 complement receptors on follicular dendritic cells enhance antigen
trapping, thereby driving the germinal centre reaction and maintaining antibody
titres (Barrington et al. 2002); and CD21 provides a signal independent of antigen
which is required for the survival of B cells within the germinal centre (Fischer et al.
1998). An additional mechanism by which complement can regulate the B cell
response is by lowering the signalling threshold of the BCR by the engagement of
the CD21-CD19-CD81 complement receptor complex. Blocking the engagement
of CD21 and CD35 (complement receptors 1 and 2, respectively) with either antibody
or soluble receptor leads to reduced humoral responses (Gustavsson et al. 1995;
Hebell et al. 1991; Heyman et al. 1990). In vitro it has also been shown that
co-ligation of CD21 and the BCR lowers the threshold for B cell activation (Carter
and Fearon 1992; Carter et al. 1988).

Mice deficient in the Cr2 locus which encodes CD21 and CD35 have reduced
TD antibody responses (Ahearn et al. 1996). However, some antigens are able to
induce potent immune responses in the absence of complement. Both VSV and
influenza virus are able to induce normal responses in Cr2”~ mice (Kopf et al. 2002;
Ochsenbein et al. 1999). As discussed above in Sect. 2, viruses possess a highly
organised repetitive structure which is able to efficiently cross-link the BCR, and
this feature may account for their decreased dependence on complement signals.
This theory was tested using peptide epitopes coupled to VLP.

Immunisation of Cr2-deficient mice with VLPs exhibiting different epitope
densities (described in Sect. 5) demonstrated that high epitope density overcame
Cr2 dependence, while less repetitive antigenic forms induced Cr2-dependent
responses (Jegerlehner et al. 2002a). Hence, CD19/CD21-mediated co-stimulation
reduces the number of epitopes that need to be engaged (see Fig. 1). In this respect,
CD19/CD21 signalling functions similarly to CD28-mediated costimulation of T cell
action, where it has been shown that CD28 lowers the number of T cell receptors
(TCRs) that need to be engaged for T cell activation (Bachmann et al. 1997; Viola
and Lanzavecchia 1996).

Despite the activation of B cells through the complement receptors being
superfluous for antibody production early after challenge with a highly repetitive
antigen, it is required to maintain long-term antibody titres. In the absence of
co-stimulation through the CD21 receptor complex, postgerminal centre B cells are
unable to upregulate the plasma cell transcriptional regulators Blimp-1 and XBP-1,
resulting in a failure to differentiate into long-lived plasma cells (Gatto et al. 2005).
Thus, complement not only enhances the early B cell response, but also supports
the establishment of long-term IgG memory.
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8 TLR Ligands and Class Switching

TLRs belong to the family of pathogen-associated molecular pattern (PAMP)
receptors which are important in distinguishing self from non-self. However, unlike
the BCR which makes this distinction in an antigen-specific fashion based on the
repetitive quasi-crystalline structure of pathogens, TLRs recognise small patterns
or motifs commonly found in large groups of pathogens yet absent from their hosts.
For example, TLR9 recognises nonmethylated DNA sequences rich in CG motifs
common to micro-organisms but not vertebrates.

Like complement, TLRs have generally been thought of in terms of the induction
of innate immune responses. However, recent studies have revealed the importance
of TLR signalling in B cells for class switching. The balance between Th typel
(Th1) and Th type2 (Th2) is important in determining the outcome of an immune
response to antigen and a response that is dominated by Th1 results in the production
of the cytokine INF-y and leads to predominantly IgG2a antibodies. Conversely, a
Th2 response results in the production of the cytokines IL-4, IL-5, IL-10 and IL-13
and the production predominantly of IgG1 and IgE antibodies. Thus antigens which
induce either a Thl or Th2 response will result in the production of IgG2a or IgG1
antibodies, respectively. Similarly, in vitro experiments show that IFN-y favours the
production of IgG2a, while IL-4 favours IgG1 production. These data led to the view
that Th cell-derived cytokines direct isotype switching (Coffman et al. 1988).

Some of the molecular pathways regulating IL-4 and INF-y-induced class
switching have been unravelled. The IL-4 mediated activation of STAT6 drives the
switch to IgE and IgG1 through the binding and transactivation of germ-line Cy and
Cyl promoters (Bacharier and Geha 2000; Wurster et al. 2000). INF-y can counteract
the actions of IL-4 and drive the switch to IgG2a through the activation of STAT1
and the T-box transcription factor T-bet (Peng et al. 2002).

However, after infection with viruses and parasites, IFN-y-independent class
switching to IgG2a has been observed (Markine-Goriaynoff et al. 2000). The
mechanism of this is unknown but in recent years a direct role of TLR signalling in
B cells has been implicated in class switching. The addition of CpGs to B cells
cultured in vitro with the Th2 cytokine IL-4 and anti-CD40L inhibited the produc-
tion of IgG1 and IgE antibodies and induced the production of IgG2a, IgG2b and
IgG3 (Lin et al. 2003, 2004). This correlated with an increase in expression of the
transcription factor T-bet, which was dependent on TLRY, but independent of the Th1
cytokine IFN-y and STAT1 (Liu et al. 2003). Using T-bet knockout mice, it was
confirmed that T-bet is required for the CpG-induced expression of IgG2a but not
for the CpG-induced inhibition of IgE/IgG1 expression (Peng et al. 2003). These
experiments provide in vitro evidence that Ig class switching can be driven by the
direct effects of CpG acting through TLR9 on B cells. It further identifies T-bet as
the transcription factor that drives the expression of IgG2a. In vivo experiments
using MyD88-null mice show that the IgG2a response to OVA-LPS is dependent
on TLR signalling while the IgE response is not (Pasare and Medzhitov 2005).
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In vivo, we have also found that Ig isotype switching is directed by the
actions of CpGs on TLR in B cells (Jegerlehner et al. 2007). Mice were immu-
nised with either VLP alone or with VLP containing RNA or CpG to stimulate
TLR7 or TLRY, respectively. As expected, all three immunisations induced
potent IgG responses, with empty VLPs inducing a response dominated by
IgG1, and VLPs packaged with CpG or RNA inducing an IgG2a-dominated
response. This effect was INF-y-independent and in the case of VLP-CpG,
dependent on TLR9 signalling in B cells and not dendritic cells or macrophages.
Thus, TLR ligands within viral particles drive IgG2a responses by directly
stimulating B cells.

There has been controversy as to whether TLR signalling is essential for B cell
responses in general (Gavin et al. 2006; Nemazee et al. 2006; Pasare and
Medzhitov 2005). The consensus appears to be that weakly immunogenic antigens
(e.g. soluble proteins) fail to induce an IgG response in the absence of TLR ligands.
In contrast, more immunogenic antigens such as VLPs or proteins in adjuvants are
able to induce IgG responses in the absence of TLR signalling. Thus, for infec-
tious agents, TLR signalling affects isotype-switching rather than the overall IgG
response.

9 TLR Ligands and Vaccination

TLR ligands are generally thought to enhance adaptive immune responses; many
novel adjuvant formulations therefore include such substances to increase vac-
cine-induced immunity. This view has, however, recently been challenged since
it was shown that mice may mount good antibody responses in the absence of any
TLR signalling (Gavin et al. 2006; Wickelgren 2006). This may be beside the
point, as it confuses the question of whether something is required for a response
with the question of whether something can enhance a response. Specifically, the
fact that antibody responses can be mounted in the absence of TLR signalling
does not mean that the addition of TLR ligands to a vaccine preparation will not
enhance the response. Indeed, there is ample evidence in experimental animals
that TLR ligands enhance antibody and in particular T cell responses. Furthermore,
monophosphoryl lipid A (MPL), a ligand for TLR4, is one of the most potent
adjuvants currently developed for use in humans and is included in a vaccine
against human papilloma virus. Similarly, it has been shown in humans that cou-
pling of CpGs to the hepatitis B surface antigen results in a vastly superior vac-
cine exhibiting a higher responder rate as well as accelerated IgG responses
(Sung and Lik-Yuen 2006). Finally, we have shown that inclusion of TLR9 or
TLR7/8 ligands into VLPs drives isotype switching to IgG2a in the mouse and
IgG1 in humans (Jegerlehner et al. 2007). These isotypes have a much higher
antibacterial and antiviral protective potential than the isotypes induced in
absence of TLR-signalling, underscoring the potential value of TLR ligands for
vaccine development.
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10 Conclusions: Implications for Vaccine Design

In modern vaccine design, the overall aim is to create vaccines which produce high
amounts of neutralising antibodies yet are as safe and well tolerated as possible.
While there is no question that attenuated or inactivated viruses are excellent at
inducing long-lasting protective immunity, they carry a small risk of actually causing
the disease which they are designed to protect against. With this in mind, it can be
more helpful to dissect out the different characteristics of viruses which enable
them to effectively induce neutralising antibody responses and integrate them into
a recombinant vaccine.

In this context, there are three main characteristics of interest in a virus (Table 1).
Firstly, viruses present antigen in a highly structured, ordered array which allows
optimal activation of the BCR leading to an overall increase in immunoglobulin
levels and a decreased dependence on T cell help. In addition, viral particles are
efficiently processed and presented by dendritic cells due to their particulate structure.
VLPs can provide an excellent safe alternative to the virus in these respects,
enabling the presentation of antigens in a particulate, highly organised array leading
to optimal BCR activation.

The second viral feature which is important for obtaining good antibody
responses is TLR triggering, which increases the overall magnitude of the
antibody response. In addition to this, TLR triggering promotes the production of

Tablel Summary of the effects of epitope density, TLR triggering and complement activation
on the humoral immune response and how these characteristics can be utilised in vaccine
design

Effect on humoral immune response Implication for vaccine design

Epitope repetitiveness e Enhances the overall level e Increases overall response to
of Ig produced vaccine
e Reduces requirement for T cell e Can break self-unresponsive-
help ness to produce auto-antibod-
e Marker for foreignness ies to neutralise endogenous
mediators of chronic diseases
TLR signalling e Enhances the overall level e Increases overall response to
of Ig produced vaccine
e Promotes the switch of B cells e Can modulate the isotype
to the IgG2a isotype according to the target, i.e.

IgG2a isotype is better at
bacterial and viral clearance

Complement activation e Reduces the threshold for BCR e Increases overall response to
signalling vaccine
e Upregulation of BLIMP-1 and e Enhances long-lived plasma
XBP-1 cell production

e Differentiation to long-lived
plasma cells
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antibodies of the IgG2a subtype, which are particularly efficient in the defence
against viral infections (Coutelier et al. 1987), partly because of their activation of
complement (Klaus et al. 1979) and their ability to engage FcyRIIB (Nimmerjahn
and Ravetch 2005). Given that different IgG isotypes vary in their capacity to
opsonise bacteria and lyse infected cells, the TLR-mediated control of isotype
induction can be used to modulate the IgG isotype according to the target of the
vaccine.

The third viral characteristic which is instrumental in inducing good antibody
responses is replication, which acts to prolong the exposure to the antigen.
However, any vaccine that is able to replicate will also potentially be able to revert
back to virulence and hence will not be completely safe. As a safe alternative,
adjuvants which create a depot of antigen as well as boosting regimes may prolong
the exposure to antigen and increase the antibody response in the absence of anti-
gen replication.
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Abstract While most complex antigens can induce antibody responses in a
mature immunological system, this is not the case when injected into ontoge-
netically immature systems, as are found in neonates and pediatric-age children.
Thus the antibody response to polysaccharides, which would in theory provide
protection against infection by all polysaccharide encapsulated bacteria, including
Streptococcus pneumoniae, Neisseria meningitides, and Haemophilus influenzae,
cannot be stimulated by immunization with the polysaccharides by themselves. It
was only with the introduction of conjugate vaccines that protection from these
bacterial infections was provided to this susceptible age group. The introduction
of these conjugate vaccines into the arsenal of vaccines serves as a remarkable
example of how valuable it is to understand the mechanisms of biological proc-
esses. Many years of intense laboratory investigation demonstrated that when
polysaccharides are covalently conjugated to proteins, the characteristics of the
immune response are similar to that of the protein rather than the polysaccharide.
These characteristics would induce an anti-polysaccharide response even in the
pediatric population, which was heretofore unable to mount protective responses
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to the polysaccharide. With the advent of conjugate vaccines for the above three
mentioned bacteria, the incidence of bacteremia, meningitis, and otitis media has
almost been eliminated. This chapter discusses in some detail the mechanisms
which underlie the effectiveness of conjugate vaccines and discusses some of the
vaccines that have been commercialized.

Abbreviations TD: T cell-dependent; TI: T cell-independent; TLR: Toll-
like receptor; BCR: B cell receptor; PS: Polysaccharide; MHC: Major
histocompatability complex; PAMPS: Pathogen-associated molecular
patterns; TNF: Tumor necrosis factor; NK: Natural killer; PRP: Polyribosyl
ribitol phosphate; Hib: Haemophilus influenzae type b; ACIP: Advisory
Committee on Immunization Practices; LTA: Lipoteichoic acid; xid: X-linked
immune defect

1 Introduction

The nature of the adaptive immune response has been shown to be directly depend-
ent not only on the chemical/physical properties of the immunogen but also on its
ability to stimulate cytokines. Thus soluble protein antigens stimulate T cell-
dependent (TD) antibody responses of multiple isotypes and of a wide range of
antibody avidities. Most soluble polysaccharides, on the other hand, are unable to
stimulate classical T cell help and consequently directly stimulate B cells in a T
cell-independent (TI) fashion, resulting in antibody of more restricted isotypes and
restricted antibody avidity (Boswell and Stein 1996; Mond et al. 1995). While the
magnitude and duration of the antibody response to a TD antigen depends on the
extent of T cell stimulation and the nature of the T cells stimulated, the immune
response to a TI antigen depends on its ability to stimulate ancillary signals via the
complement receptor (Dempsey et al. 1996; Pozdnyakova et al. 2003), Toll-like
receptors (TLR), which are present on B cells and on phagocytic cells, and other
innate immune receptors (Zarember and Godowski 2002). In the natural world of
infectious organisms, this classification of TI and TD antigens plays an important
role in allowing us to understand the steps in the adaptive immune response that
lead to protection and thereby enable us to design effective vaccines tailored to the
specific pathogen. In this article, we will focus on the responses to encapsulated
bacteria and more specifically on responses to the polysaccharide capsule of these
organisms.

The public face that a bacterial pathogen often presents to the immune system of
an infected host is a polysaccharide capsule of varying thickness. This capsule has
several benefits in terms of the pathogen, serving to hide the bacteria from the
immune surveillance of the host. In some pathogenic bacteria such as Neisseria
species and Haemophilus, the capsule serves as a primary virulence factor, while for
other bacteria such as Staphylococcus aureus, the contribution of the capsule to
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virulence is still in question and this contribution appears to be related to the site and
type of infection.

2 Carbohydrates as TI Antigens

T cell-independent antigens are capable of stimulating B cell proliferation and dif-
ferentiation in the absence of T cell help, most likely as a result of their polyvalent
nature, i.e., the presence of many identical repeating units on the molecule
(Brunswick et al. 1988). While all antigens engage the B cell receptor (BCR) and
induce activational events, those induced by multivalent antigens are distinctly dif-
ferent than those induced by paucivalent antigens (Brunswick et al. 1988; Snapper
and Mond 1996; see also the chapter by H.J. Hinton et al., this volume). The out-
come of engagement of the B cell receptor is complex and can result in a wide
range of responses, including proliferation, differentiation, cytokine secretion, anti-
gen presentation, memory B cell induction, and apoptosis (Niiro and Clark 2002).
The higher the valency of the antigen the more likely it will induce multivalent
cross-linking of the BCR and thus induce activation at lower concentrations of
antigen in both mature and immature B cells (Brunswick et al. 1988). This finding
was shown to reflect its ability to stabilize B cell antigen receptor surface signaling
domains (Blery et al. 2006; Sproul et al. 2000). While both paucivalent and multi-
valent antigens induced the redistribution of the surface BCR into polarized caps,
the polyvalent antigen-induced BCR caps persisted, whereas the paucivalent-
induced caps dissipated. These caps or lipid rafts are microdomains which are rich
in cholesterol, and many of the signaling kinases become associated with these rafts
upon signaling and thus determine the extent and persistence of the downstream
signaling events (Karnell et al. 2005; Sproul et al. 2000). Supporting this hypothe-
sis is the finding that antigen receptors on anergic B cells are endocytosed at a very
enhanced rate upon binding antigen. Earlier studies have shown that persistence of
calcium mobilization was another factor that determined whether BCR engagement
would lead to cellular activation or not (Brunswick et al. 1989). Later studies
showed that BCR engagement could lead not only to cell activation but also lead to
apoptosis when membrane Ig was cross-linked in the absence of other costimula-
tory signals to the B cells (Fuentes-Panana et al. 2004; Koedel et al. 2003; Malissein
et al. 2006; Weintraub et al. 2000).

The T cell-independent antigens have been viewed not as a single class of anti-
gens but rather as two distinct classes. One set represented by polysaccharide
antigens are classified as type 2 TI antigens and the other represented by lipopoly-
saccharide are classified as type 1 TI antigens (Vos et al. 2000). One of the major
distinctions is that the former are unable to stimulate responses in neonatal B cells
and the latter is able to stimulate neonatal immune responses most likely as a
result of their ability to costimulate Toll-like receptor (TLR) on B cells and on
phagocytic cells, which then secrete stimulatory cytokines and provide ancillary
help. These conclusions have been supported by experiments done both in vitro
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and in animal models (Vos et al. 2000). For the most part, however, these conclu-
sions are derived from events that occur in the perfect world of synthetically
derived antigens and not under conditions that prevail during active infection with
encapsulated bacteria. While free polysaccharide may in fact be released from
dying cells or dividing cells, this polysaccharide is likely associated with other
bacterial derived ligands, including, for example, lipoproteins or peptidoglycans
which are TLR ligands (AlonsoDeVelasco et al. 1995; Malley et al. 2003;
Schwandner et al. 1999). Thus in fact, in vivo, all polysaccharide antigens released
from infecting bacteria may behave like type 1 TI antigens. This has been shown
to be the case in vitro by Sen et al., who demonstrated that many polysaccharide
preparations have cytokine-inducing properties that are not due to the polysaccha-
ride (PS) but rather to the molecules associated with the PS (Sen et al. 2005).
While this adjuvant-like association enhances the immunogenicity of polysaccha-
rides, it does not replace the advantages that could be provided by T cell recruit-
ment, most importantly the generation of germinal centers, memory induction, and
high avidity-antibody. It also highlights the fact that the unresponsiveness of neo-
natal B cells to polysaccharides does not result from a hole in the antibody reper-
toire of immature B cells but rather a cellular unresponsiveness which can be
overcome by the introduction of ancillary signals including TLR-mediated signal-
ing (Landers and Bondada 2005). This point had been suggested earlier, prior to
the discovery of TLR, by the demonstration that the combination of antigen and B
cell-activating substances could stimulate X-linked immune defect (xid) B cells
with the Btk mutation (Ahmad and Mond 1986). These xid mice show marked
reductions in their antibody response to soluble T cell-independent type 2 antigens
such as polysaccharide antigens and thus mimic responses of neonatal B cells
(Ahmad and Mond 1986; Khan et al. 1995; Mosier et al. 1977; Scher et al. 1975).
Many of the mechanisms that underlie the unresponsiveness of neonatal B cells to
polysaccharide antigens has been inferred from mice with the Btk mutation. Thus
the unresponsiveness of both neonatal and Btk mutant mice can be overcome in a
number of different ways, including insolubilizing the antigen and thereby pre-
senting it in a particulate form (Mond et al. 1979b), addition of a TLR agonist to
the antigen (Ahmad and Mond 1986) or providing T cell help (Golding et al.
1982). In support of this, it was shown that xid mice immunized with intact
Streptococcus pneumoniae type 14 that can recruit both T cell help as well as
stimulate cytokine production, elicited IgM and IgG anti-polysaccharide responses,
albeit substantially reduced (Khan et al. 2005). Neonatal B cells similar to xid B
cells exhibit suppressed immune responses to polysaccharides and show restora-
tion of responses with similar approaches as used with the xid B cells (Landers and
Bondada 2005). The neonatal defect that underlies unresponsiveness to PS anti-
gens has been described to be at the level of the B cell as well as at the level of the
cytokine-secreting phagocytic cells (Hayward and Lawton 1977). Thus the neona-
tal B cell is defective in upregulation of MHC class II molecules after engagement
of the BCR (Mond et al. 1979a) and is more susceptible to apoptotic stimuli than
the mature B cell after antigen encounter (Sater et al. 1998).
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3 Conjugate Vaccines

In view of the protective effects of anti-polysaccharide antibodies to encapsulated
bacteria, it was necessary to devise an approach to induce anti-polysaccharide
responses in neonates who are unresponsive to these antigens, both to provide pro-
tective levels of antibody and to induce the generation of memory B cells that could
respond to subsequent encounter with these bacterial antigens. There was a large
body of literature that demonstrated that when small antigens (haptens) were cova-
lently conjugated to T cell-dependent antigens (carriers), the activated T cells could
enhance the response to the otherwise nonimmunogenic haptens (Mitchison 2004).
Based on this seminal finding, many investigators with an interest in pediatric vac-
cines prepared covalent conjugates of polysaccharides and T cell-dependent carrier
molecules (Donnelly et al. 1990; Kuo et al. 1995; Peeters et al. 1991; Robbins and
Schneerson 1990). When mice were immunized with these polysaccharide—protein
conjugates, anti-polysaccharide responses were stimulated that had the characteris-
tics of classical T cell-dependent antigens, including immunological memory and
antibody of multiple IgG isotypes. Furthermore, while the response to polysaccha-
rides are found predominantly in the marginal zone population of B cells (Martin
and Kearney 2002), these protein—polysaccharide conjugates were taken up by fol-
licular B cells via the polysaccharide-specific B cell receptor. As shown in Fig. 1,
the antigen is internalized, processed into peptides and presented in the context of B
cell surface major histocompatibility complex class II molecules where they activate
peptide-specific T cells (MacLennan et al. 2003; Martin and Kearney 2002). In turn,
these activated T cells engage PS-specific B cells via cognate T cell-B cell interac-
tion and engagement of costimulatory molecules on the cells, which leads to activa-
tion of the B cells, differentiation into Ig-secreting cells, germinal center formation
in preparation for memory cell generation, and somatic hypermutation leading to an
increase in antibody avidity. The memory B cells that are generated are poised to
respond to bacterial polysaccharide antigens during a subsequent infection. While
any carrier molecule that is able to stimulate T cells can be used as the carrier mole-
cule, different carrier molecules possess different properties which affect the height
of the response and the rapidity of the response. Thus, for example, carrier molecules
that have inherent TLR-stimulating properties stimulate more rapid responses than
those carriers which do not have TLR-stimulating properties (Donnelly et al. 1990;
Latz et al. 2004). In all the conjugate vaccine preparations that are available, only a
small handful of carrier proteins have been used, and this has already presented a
practical problem of antigenic competition (Mawas et al. 2006). Thus, repeated use
of the same carrier molecule with different polysaccharides results in a diminished
response as compared to the response induced by the polysaccharide conjugated to
different carrier molecules. This issue of antigenic competition is becoming of
increasing concern because the number of different conjugated polysaccharides is
increasing with each injection. Currently, there is an 11-valent polysaccharide—pro-
tein vaccine preparation that is being developed against S. pneumoniae (see Sect. 5
below for more information on commercially available conjugate vaccines).
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Fig. 1 Immunologic recognition of conjugate vaccines. Conjugate vaccines consisting of multiple
copies of a single protein chemically linked to a polysaccharide backbone bind to the membrane
immunoglobulin of B cells that recognize either the polysaccharide (PS) antigens (depicted as
hexagons) or the protein determinants (depicted as stars) present on the vaccine. The PS displays
multiple and identical repeating determinants and is therefore an extremely effective ligand for
inducing multipoint cross-linking of the Ig on the polysaccharide-specific B cell. This cross-linking
rapidly stimulates cellular activation reflected in enhanced expression of costimulatory molecules,
including MHC class II, and thereby becomes a very effective antigen-presenting cell. As the con-
jugate vaccine is bound and internalized by this activated cell, the protein antigens are dissociated
from the polysaccharide and further processed within the cell along the same pathways as are
unconjugated protein antigens. Peptide fragments derived from the protein portion of the conjugate
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4 Immune Response to Encapsulated Bacteria

For the most part, vaccine development has focused on the elicitation of anti-
polysaccharide antibodies primarily because these antigens are so highly expressed
on the surface of the organism and they are disease promoting because of their
anti-opsonic activity. More recently, a number of laboratories have shown that
anti-protein responses can also be protective in animal models and some of these
antigens are being advanced into clinical trials (Baril et al. 2006). In designing the
optimal vaccine, it is critical to understand the mechanisms underlying the host’s
adaptive response to the intact organism since vaccination is designed to induce
memory B and/or T cells that would be rechallenged by the organism or fragments
derived from the organism during infection.

The immune response to extracellular bacteria is not easily compartmentalized
because it is so complex. Bacteria are particulate antigens that express many differ-
ent surface proteins, polysaccharides, and potentially multiple TLR ligands. The
ingestion of bacteria by cells of the phagocytic system is followed by a complex
pathway of antigen processing of the different cellular components, leading to acti-
vation of different mechanisms of the adaptive immune response (Balazs et al.
2002). One of the early findings that suggested that responses to the intact bacte-
rium were in fact different than that to the isolated components of the bacterium
was the observation that there was a high degree of somatic mutation and diversifi-
cation in the anti-polysaccharide response to the intact organism, which was not the
case for the response to the isolated polysaccharide (Casal and Tarrago 2003). This
implicates the antigen-presenting cell and the recruitment of cognate T cell help in
the response. Furthermore, it helps define the subset of B cells that are recruited in the
response. Thus, it is the marginal zone B cell (Martin and Kearney 2002) and
the B-1 B cell (Hayakawa and Hardy 2000) that are responsible for the responses
to TT antigens (see also chapters by K.R. Alugupalli and N. Baumgarth et al., this
volume). Recent data demonstrates that marginal zone B cells are also involved in
extrafollicular B cell responses to proteins and polysaccharide antigens and are
fully capable of initiating germinal center formation and somatic hypermutation
(Hayward and Lawton 1977; MacLennan et al. 2003; Sidman and Unanue 1975).
The B-1 B cell is thought to be responsible for natural circulating Ig, much of which
has anti-bacterial specificity, and the B-1b B cell is responsible for active immunity
to polysaccharide antigens (Hayakawa and Hardy 2000).

<
<

Fig. 1 (continued) vaccine are then presented to antigen-specific T cells on the cell surface of the
B cells in the context of MHC class II. The peptide/MHC complexes are recognized by T cell recep-
tors (TCR) on TH1 and TH2 T cells and T cell activation ensues. The resulting activated T cells
provide cognate T cell help to the polysaccharide-specific B cell and the cytokines that are secreted
by these activated T cells provide noncognate help to the same PS-specific B cells, which results in
the production of PS-specific antibodies. Without the presence of the conjugated protein on the polysac-
charide, the B cells specific for the polysaccharide antigens would not receive the ancillary signals from
activated T cells and there would be significantly less clonal expansion of the cells, diminished immu-
nological memory, diminished antibody productions, and restricted avidity of the antibody
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The role of T cells in the response to intact bacterium has only recently been
studied in detail. While early studies have demonstrated a role for noncognate T cell
help in the immune response to polysaccharides (Mond et al. 1983; Sverremark and
Fernandez 1998), more recently it has been shown that the anti-polysaccharide
response to intact bacterium is dependent on 0./ CD4* T cells and more specifically
on B7-2/CD28-dependent costimulation as well as on CD40-CD40L interactions
(Snapper et al. 2001; Wu et al. 1999, 2000). Despite the apparent classical role of
T cells in the anti-polysaccharide response to the organism, there was no induction
of immunologic memory as might have been expected. This was shown by Snapper
and colleagues to reflect the relatively shorter duration of T cell help for the
anti-polysaccharide response as compared to the longer duration of T cell help
required for the TD anti-protein response (Snapper et al. 2001). In recent studies
using two photon microscopy and intravital staining of explanted lymph nodes, it
was shown that there was prolonged contact of B and T cells in the generation
of classical T cell-dependent responses (Miller et al. 2002); whether the duration of
such contact is shortened for B-T interactions in the response to polysaccharides
remains to be studied. It seems clear, however, that the duration of cellular contact
and the duration of BCR engagement both have dramatic effects on the ultimate
activation of the B cell. While the role of antigen-presenting dendritic cells in the
response to intact organism is clear (Colino et al. 2002), the phenotype of the cells
and their differential role in the anti-PS vs anti-protein response is currently being
studied.

Since all bacterial organisms express PAMPS (pathogen-associated molecular
patterns) and thus bind to TLR on phagocytic cells and on B cells, it would be
expected that the resultant cytokine secretion would play a role in the subsequent
immune response. Pro-inflammatory cytokines could activate dendritic cells at the
site of pathogen encounter and mediate cell maturation thereby enhancing activa-
tion of CD4* T cells. In this regard it was shown that TNF-o that is released early
after infection with the bacteria was required for induction of optimal anti-protein
and anti-polysaccharide responses (Khan et al. 2002). The requirement for TLR
signaling, however, may well be specific for different pathogens. Thus in the
response to S. pneumoniae type 14, MyD88-negative but not TLR2-negative mice
were more sensitive to killing following challenge with live Pnl4 relative to wild
type mice (Chen et al. 2006). In contrast, a recent report demonstrated a role for
endogenous TLR2 in stimulating an Ig response to Haemophilus influenzae type b
outer membrane complex glycoconjugate vaccine (Latz et al. 2004). A role for TLR
in response to bacteria is not absolute, however, and a recent publication by Gavin
et al. demonstrated that the enhanced antibody responses induced by adjuvants
containing bacterial derived components can occur in the absence of TLR signaling
(Gavin et al. 2006). It would therefore be expected that bacteria could also stimu-
late TLR-independent mechanisms leading to antibody responses. Further defini-
tion of the role of ancillary signals in the response to TI antigens and to intact
bacterium will be important as new adjuvants are being designed to enhance
immune responses for the neonatal population and the geriatric population. In this
regard, attention needs to be directed at the NK T cell and the ¥/8 T cell, both of
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which recognize polysaccharide or glycolipid antigens (Konigshofer and Chien
2006; Treiner and Lantz 2006) and their recruitment into the response may be
important in allowing optimal activation induced by these non-protein antigens.
NK T cells can be stimulated in a CD1-dependent manner by the cell wall glycoli-
pid, which are expressed by Gram-negative bacteria (Mattner et al. 2005). They can
also be stimulated in a TLR-dependent manner via the upregulation of the endog-
enous TLR ligand on dendritic cells (Treiner and Lantz 2006). Multiple cytokines
which can directly or indirectly affect B cell activation have been shown to be
secreted by these cells (Akbari et al. 2003). The other set of nonclassical T cells,
the /0 set, are also rich sources of B cell stimulatory cytokines and are stimulated
by nonclassical antigens. These cells can be stimulated by phosphoantigens and
show in vitro responses to phosphoantigens produced by prokaryotes and eukaryo-
tes. Although they constitute only 1%—-5% of the T cells in lymphoid organs, they
are noted for being overrepresented in the blood of patients during bacterial and
viral infections, where they can constitute up to 50% of total T cells (Konigshofer
and Chien 2006). This is another source of supplying ancillary help during a
CD4 T cell-independent response.

5 Commercial Vaccine Efforts Targeting
T Cell-Independent Antigens

Over the last few decades, several vaccines designed to protect neonates and
children from infection with encapsulated bacteria have been marketed and all of
them target T cell-independent antigens. These vaccines are composed of capsular
polysaccharides conjugated to carrier proteins. For induction of protection in the
adult population, immunization with the purified polysaccharide is sufficient and
conjugate vaccines are not required. Since polysaccharides are antigenically diverse
and vary immunologically between different bacterial strains, vaccines may include
multiple polysaccharide types to provide the broadest protection from infection.
The commercial vaccines that target T cell-independent antigens that will be discussed
in this section include vaccines for Haemophilus influenzae type b, Streptococcus
pneumoniae, Neisseria meningitides, and Staphylococcus aureus (see Tables 1 and 2).

5.1 Haemophilus Influenzae Type B

Haemophilus influenzae type b (Hib) is an encapsulated Gram-negative bacteria
responsible for several invasive bacterial diseases in children, including menin-
gitis, septicemia, and pneumonia (Herbert and Moxon 1999). The polyribosyl
ribitol phosphate (PRP) capsule of type b H. influenzae facilitates survival of the
bacteria in the blood through resistance to phagocytosis and complement-
mediated killing (Kelly et al. 2004). As early as the 1930s, it was shown that
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Tablel Commercially available vaccines which target T cell-independent antigens

Vaccine Company Pathogen Composition Web site
Polysaccharide vaccines
Menomune-  Sanofi-Pasteur Neisseria Capsule types A, C, Y www.sanofipasteur.

A/CIYIW- meningitidis and W-135 com
135
ACWY Vax  GlaxoSmith Neisseria Capsule types A, C, Y www.gsk.com
Kline meningitidis and W-135
Pneumovax 23 Merck & Streptococcus 23 pneumococcal www.merckvaccines.
Company pneumoniae polysaccharides com
Typherix GlaxoSmith Salmonella typhi Vi cell surface www.gsk.com
Kline polysaccharide
Typhim Vi Sanofi-Pasteur Salmonella typhi Surface Vi polysac-  www.sanofipasteur.

Conjugate vaccines

charide

com

ActHIB Sanofi-Pasteur Haemophilus PRP polysaccharide/ www.sanofipasteur.
influenzae tetanus toxoid com
type B
Hiberix GlaxoSmith Haemophilus PRP polysaccharide/ www.gsk.com
Kline influenzae tetanus toxoid
type B
HibTITER Wyeth Haemophilus PRP oligosaccharide =~ www.wyeth.com
influenzae bound to CRM197
type B
PedvaxHIB Merck & Haemophilus PRP/outer membrane www.merckvaccines.
Company influenzae complex from com
type B N. meningitides
type B
Menjugate Novartis AG ~ Neisseria menin- O-acetylated polysac- www.novartis.com
gitides type C charide/ CRM 197
Meningitec Wyeth Neisseria menin- O-acetylated polysac- www.wyeth.com
gitides type C charide/ CRM 197
NeisVac-C Baxter Neisseria menin- deacylated polysac-  www.baxtervaccines.
Vaccines gitides type C charide/ tetanus com
toxoid
Menactra Sanofi-Pasteur N. meningitides  Polysaccharide/ diph- www.sanofipasteur.
types A, C, Y theria toxoid com
and W-135
Prevnar Wyeth Streptococcus Seven polysaccha- www.wyeth.com
pneumoniae rides/ diphtheria
toxoid

anti-polysaccharide antibodies were protective against invasive disease (Kelly et
al. 2004). Unfortunately, the PRP capsule by itself is poorly immunogenic, par-
ticularly in infants and young children (a population at high risk for invasive dis-
ease) because of their immunologic immaturity, and fails to induce either a
primary response or immunologic memory (Kelly et al. 2004). Conjugation of
PRP to various protein carriers, however, overcame this unresponsiveness to the
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Table2 Late-stage developmental vaccines and antibody therapies which target T cell independ-

ent antigens

Vaccine Company Pathogen Composition Web site
Conjugate vaccines
Streptorix GlaxoSmithKline Streptococcus Multi- www.gsk.com
pneumoniae polysaccharide
conjugate
13vPnC Wyeth Streptococcus 13 polysaccharide www.wyeth.
pneumoniae conjugate com
vaccine
Menitorix GlaxoSmithKline Neisseria Multi-component  www.gsk.com
meningitis vaccine
group C
disease &
Haemophilus
influenzae
type b disease
prophylaxis
Globorix GlaxoSmithKline Diphtheria, Multi-component  www.gsk.com
tetanus, vaccine
pertussis,
hepatitis B,
Haemophilus
influenzae
type b disease,
Neisseria men-
ingitis groups
MenACWY Novartis AG Neisseria Polysaccharides ~ www.novartis.
meningitis from types com
groups A,C,W A, C,Y and
and Y W-135
conjugate
StaphVAX NABI Biophar-  Staphylococcus ~ Types 5 and 8 www.nabi.com
maceuticals aureus polysaccharide
/P. aeruginosa
exotoxin A
Antibody therapies
AltaStaph NABI Biophar- Staphylococcus Polyclonal www.nabi.com
maceuticals aureus antibody
preparation
from Staph
VAX immu-
nized
volunteers
BSYX-A110 Biosynexus Staphylococci Humanized WWW.
(Pagibaximab) Incorporated monoclonal biosynexus.
antibody to com
lipoteichoic

acid
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vaccine and was effective in inducing immunity and immunologic memory in
children (Kelly et al. 2004). Covalent linkage of the polysaccharide to the protein
was shown by many groups to be essential for inducing enhanced immunity to the
polysaccharide antigen in animal models, and this provided the basis for design-
ing protein—polysaccharide conjugate vaccines for the neonatal population (Kelly
et al. 2004). In a more recent publication (Latz et al. 2004), it was demonstrated
that unlike PRP conjugated to the protein carriers tetanus toxoid or CRM197
protein, PRP conjugated to the outer membrane protein complex of N. menin-
gitides, which enables binding to TLR2 on dendritic cells, appears to be more
immunogenic in infants after a single dose.

The first commercially available conjugate vaccines were vaccines for protec-
tion from H. influenzae type b, and these vaccines were introduced into North
America, Finland, and the United Kingdom in the late 1980s and early 1990s (Kelly
et al. 2004). There are six capsular types of H. influenzae, but type b causes the
majority of invasive disease. The type b capsular polysaccharide PRP is covalently
conjugated to various protein carriers to form the vaccines. Several commercial
conjugate vaccines are now available and these include ActHIB (Sanofi-Pasteur
2005a), a vaccine from Pasteur Merieux (now Sonofi Pasteur), which is native
high-molecular-weight PRP polysaccharide conjugated to tetanus toxoid;
GlaxoSmithKline produces Hiberix (GlaxoSmithKline 2004), which is also
polysaccharide conjugated to tetanus toxoid; HibTITER (Wyeth 2005) from
Lederle (now Wyeth) is PRP oligosaccharide bound to CRM197, which is a mutant
diphtheria toxoid; and PedvaxHIB (Merck 2006) from Merck is native PRP
attached to the outer membrane complex of serogroup b N. meningitides. Merck
also produces COMVAX, which is a combination vaccine against Hib and hepatitis
B virus, while Sanofi-Pasteur also produces TriHIBit, a Haemophilus b Conjugate
Vaccine (Tetanus Toxoid Conjugate)-ActHIB Reconstituted with Diphtheria and
Tetanus Toxoids and Acellular Pertussis Vaccine Adsorbed-Tripedia. All of these
vaccines are designed to be administered to infants for the prevention of invasive
disease and have demonstrated impressive protective efficacy (Kelly et al. 2004).
The conjugate vaccines are administered beginning the first few months of life as
a course of two or three intramuscular injections. In North America, a further booster
is recommended at 12—-15 months of age (Kelly et al. 2004). The use of the Hib
conjugate vaccines over the past 15 years have virtually eliminated invasive Hib
disease in the industrialized world (Kelly et al. 2004).

While Hib conjugate vaccines have proven to be very effective since their
introduction for protection from invasive bacterial infection, there are some limitations
to these vaccines. Since 1999, there have been some true vaccine failures docu-
mented for Hib polysaccharide conjugate vaccines in the UK (McVernon et al.
2004). These failures may be linked to the increased use of acellular pertussis
combination vaccines starting in 1999 (Kelly et al. 2004). There appears to be a
difference in induction of memory responses among vaccinated children, and children
with invasive Hib disease, whether vaccinated or not, have immunologic responses
consistent with immunologic memory (Kelly et al. 2004). This finding demonstrates
that immunologic memory may not necessarily be an indicator of protection. If
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serum antibody levels fall below a protective threshold, it may take several days for
antibody levels to reach protective levels as immunologic memory comes into play
upon challenge with an invading pathogen. This delay may allow invasive disease
to occur despite proper vaccination. Correlates between measures of immunologic
memory and protection have not yet been defined. These findings have prompted a
recommendation for an additional Hib booster to be administered between 6 months
and 4 years of age (Kelly et al. 2004). This waning immunity may also come into
play later in life when older people begin to be at higher risk for invasive bacterial
infections.

Vaccine development to protect against nontypeable H. influenzae is ongoing.
Nontypeable H. influenzae is responsible for a large proportion of acute otitis
media and chronic sinusitis throughout the world (Barenkamp 2004), and vaccine
efforts have largely focused upon identifying the appropriate protein surface antigens
as nontypeable H. influenzae lacks a polysaccharide capsule. In addition to pro-
teins, candidate antigens also include T cell-independent antigens such as detoxi-
fied lipid A coupled to a protein carrier or core oligosaccharide common to
lipooligosaccharide of all nontypeable H. influenzae (Barenkamp 2004). Reports
indicate that conjugation of lipoprotein D to polysaccharide confers significant
protection to infection with nontypeable H. influenzae (Poolman et al. 2000).

5.2 Neisseria Meningitides

Neisseria meningitides is another encapsulated Gram-negative bacteria (Cartwright
1999) for which vaccines targeting T cell-independent antigens have proven
protective (Girard et al. 2006). There are 13 distinct serogroups of meningococci
based on their polysaccharide capsules, but groups A, B, C, Y, and W-135 are
responsible for over 90% of what is considered to be of the most serious infections
in young people, meningitis (Girard et al. 2006; Ruggeberg and Pollard 2004). The
various serotypes of meningococci are due to the high degree of antigenic variability
of the capsular polysaccharides, and polysaccharide types demonstrate some
geographic specificity (Girard et al. 2006; Ruggeberg and Pollard 2004). Group A
meningococci have been responsible for large-scale epidemics of meningitis in
developing countries, but rarely cause disease in the developed world (Girard et al.
2006). Type B meningococci are the most important cause of endemic meningitis
in the industrialized world, with types C and Y being the next largest contributors
in the US (Danzig 2004; Girard et al. 2006). As early as 1969, the protective effect
of bactericidal antibodies against the type C capsular polysaccharide of N. menin-
gitides was demonstrated in military recruits (Girard et al. 2006). The first
meningococcal vaccine was anti-types A and C vaccine consisting of purified
polysaccharides, which was developed to protect military recruits (Girard et al.
2006; Ruggeberg and Pollard 2004). A third and fourth serogroup, W-135 and Y,
have also been added to the original bivalent vaccine to create a tetravalent purified
polysaccharide vaccine, which is available worldwide. Commercial purified
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polysaccharide vaccines are available from Sanofi-Pasteur (Menomune-A/C/Y/
W-135) and GSK (ACWY Vax; GlaxoSmithKline 2002a).These two purified
polysaccharide vaccines are not particularly effective in children and fail to induce
a memory response due to their T cell-independent nature (Danzig 2004; Girard et al.
2006). Despite these shortcomings, these polysaccharide vaccines have proven to
be effective for a number of indications, including protection from close contact
during sporadic cases, mass immunization of closed communities, mass immuniza-
tion during prolonged outbreaks, and protection of travelers to endemic areas
(Girard et al. 2006). Further, the Advisory Committee on Immunization Practices
(ACIP) recommended in 2000 that all entering college students be informed of the
risk of meningitis and the availability of the polysaccharide vaccine (Girard et al.
2006). Routine vaccination with meningococcal polysaccharide vaccines, however,
are not recommended by the ACIP (Danzig 2004).

As was the case with Hib conjugate vaccines, greater success of immunization
against N. meningitides was found when using polysaccharide protein conjugate
vaccines. Effective glycoconjugate vaccines for meningococci are best prepared
from low-molecular-weight oligosaccharides (Girard et al. 2006). Meningococcal
group C conjugate vaccines have been developed by Chiron (now part of Novartis)
(Menjugate; (Region-of-Waterloo-Public-Health 2004) and Wyeth (Meningitec;
Wyeth-Australia 2005), both of which are type C polysaccharide conjugated to
CRM197, and Baxter (NeisVac-C; Baxter-Healthcare-Australia 2003), which is
type C polysaccharide conjugated to tetanus toxoid. The Chiron and Wyeth vac-
cines have O-acetylated polysaccharides, while the Baxter vaccine is deacetylated.
Three doses of vaccine are administered at monthly intervals from 2 months of age,
with some studies including a booster at a later point (Ruggeberg and Pollard
2004). The type C vaccine was introduced first in Europe and Sanofi-Pasteur now
has a quadravalent meningococcal conjugate vaccine available in the US as
Menactra (Sanofi-Pasteur 2006), which consists of meningococcal groups A, C, Y,
and W-135 polysaccharides conjugated to diphtheria toxoid. Within 1 year of
introduction of the type C glycoconjugate vaccine in the UK, an 85% reduction in
the number of confirmed cases of type C meningococcal disease was seen (Girard
et al. 2006).

Group B meningococci cause a substantial portion of meningococcal infections
throughout the world, but this group of meningococci can not be prevented by cap-
sular polysaccharide-based vaccines (Danzig 2004; Girard et al. 2006; Ruggeberg
and Pollard 2004). The correlation between serum bactericidal activity and
anti-polysaccharide IgG levels is poor, especially in children (Girard et al. 2006).
Further, the group B polysaccharide, ou(2-8)-linked N-acetyl-neuraminic acid
(polysyalic acid), is also present in human tissue, including neural cells, leading to
safety concerns about an antibody response which could potentially cross-react
with human tissue (Girard et al. 2006). Sanofi-Pasteur tested a vaccine candidate
which replaced the N-acetyl groups of the group B polysaccharide with N-propinyl
groups, and while the vaccine was found to be safe, the antibodies lacked functional
activity. Group B vaccine research has now turned to cell surface proteins con-
tained in outer-membrane vesicles as vaccine targets.
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5.3 Streptococcus Pneumoniae

Streptococcus pneumoniae is an encapsulated Gram-positive organism that is a
major cause of invasive diseases such as meningitis, septicemia, and pneumonia.
S. pneumoniae is also a main cause of acute otitis media and sinusitis (Briles et al.
2000). Colonization of the nasopharyngeal tissue is common, especially in circum-
stances of crowding such as day-care centers. This colonization does not necessarily
lead to disease, but perturbances of the immune system can lead to localized infec-
tion (e.g., an ear infection as a sequela to a cold) or invasive disease when there is
damage to the local mucosa. The resistance to penicillin is so widespread in S. pneu-
moniae that there were early and intensive efforts to develop an effective vaccine.
Early vaccine efforts concentrated on purified capsular polysaccharides, but pneu-
mococcal capsule can consist of many different polysaccharide types (Briles et al.
2000). As early as 1911, whole killed pneumococci were tested as vaccine candi-
dates, but these efforts only raised an antibody response against one of two prevalent
capsular types and failed to provide broad protection (Bogaert et al. 2004). Isolated
polysaccharides from S. pneumoniae were first successfully tested as vaccines in
1926 (Bogaert et al. 2004). There are many antigenically divergent capsular polysac-
charide types found in pneumococci, and successful vaccines must include many of
these polysaccharide types (Briles et al. 2000). A 14-valent purified polysaccharide
vaccine was first produced in 1977 and was later expanded to 23-valent in 1983
(Bogaert et al. 2004). As was found with other purified polysaccharide vaccines, this
vaccine was not particularly immunogenic in small children or immunocompro-
mised people. Currently, there is only one commercially available vaccine contain-
ing purified pneumococcal polysaccharides from a large vaccine production
company, and this vaccine is Pneumovax 23 (Merck 2005) produced by Merck &
Company. The vaccine consists of 23 purified pneumococcal polysaccharides which
account for more than 85% of pneumococcal infections (Bogaert et al. 2004). This
vaccine is effective in adults and children older than 2 years, and may also be effec-
tive against acute pneumococcal otitis media (Bogaert et al. 2004). The Advisory
Committee on Immunization Practices recommends this vaccine only for certain
groups that are at increased risk for pneumococcal disease (Bogaert et al. 2004). One
group at increased risk for pneumococcal infection is HIV-infected individuals, but
these individuals mount a considerably lower peak IgG response after vaccination.
This reduced peak is not consistent across all pneumococcal serotypes included in
the vaccine, however, suggesting that some pneumococcal polysaccharide types
may have a T cell-dependent immune contribution which is impaired in the HIV-
positive patient population (Bogaert et al. 2004).

Conjugation of pneumococcal polysaccharides to carrier proteins has also been
an effective strategy for generating a T cell-dependent response to these T cell-
independent antigens and has lead to improved primary immune responses and
increased memory. Pneumococci are unique in the vast number of polysaccharide
variations expressed in their capsules (Briles et al. 2000). The number of polysac-
charide types which can be conjugated to a single carrier protein or administered as
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a single formulation is limited, however. Thus far, only Prevnar from Wyeth
(Wyeth 2006) has been approved for use as a conjugate vaccine for protection from
invasive pneumococcal disease. This conjugate vaccine is septavalent and has cov-
erage for between 55% and 80% of pneumococcal isolates for invasive disease
depending on geographic local (Bogaert et al. 2004). This vaccine may also lead to
a reduction in nasopharyngeal colonization, possibly because the conjugate vac-
cines generate both systemic and mucosal antibodies (Bogaert et al. 2004). The
ACIP recommends the pneumococcal conjugate vaccine for all children under
24 months. Unfortunately, as with the purified polysaccharide vaccine, the conju-
gate vaccine was also found to have limited effectiveness against acute otitis media.
In a 2005 report titled “Impact of Conjugate Pneumococcal Vaccines” (Whitney
2005), it was determined that the “Pneumococcal conjugate vaccines have been
highly successful in reducing the incidence of invasive pneumococcal disease in
clinical trails.” GSK is also developing Streptorix, a pneumococcal conjugate vac-
cine which incorporates more polysaccharide types and a protein carrier which
should also provide protection against nontypeable H. influenzae. This vaccine is
currently in phase III clinical trials.

5.4 Staphylococcus Aureus

S. aureus is one of the leading causes of nosocomial infection and has a high mor-
tality rate. The search for an effective S. aureus vaccine has further been fueled by
emergence of multidrug resistance strains of S. aureus, including community-asso-
ciated strains of methicillin-resistant S. aureus and fully vancomycin-resistant
strains of S. aureus (Lowy 2003). One recent disappointment in the area of glyco-
conjugate vaccines is the recent failure of the clinical trials designed to test the
efficacy of capsular polysaccharide conjugate vaccines for protection from
Staphylococcus aureus. This vaccine, StaphVAX (Fattom et al. 2004), was under
development by NABI Biopharmaceuticals (www.nabi.com) and consists of puri-
fied capsular polysaccharide of types 5 and 8 (the two most prevalent S. aureus
capsular types; Lee and Lee 2000) conjugated to Pseudomonas aeruginosa exotoxin
A (Fattom et al. 2004). The search for an effective vaccine against S. aureus has run
the gamut from using whole killed bacteria to using purified virulence factors such
as adhesins and toxins (Lee 1996).

It was recognized early in staphylococcal research that opsonic antibodies to
S. aureus were important for protection from infection (Fattom et al. 2004). Many
antigen targets have been investigated for their capacity to raise such antibodies
(Lee 1996). Development of S. aureus typing serum in the 1980s identified as many
as 13 capsule types for S. aureus, but S. aureus expressing two capsule types, 5 and
8, account for as much as 93% of disease isolates from different countries (Fattom et
al. 2004; Lee and Lee 2000; Riordan and Lee 2004). Purified polysaccharide from
capsule types 5 and 8 are poorly immunogenic in mice by themselves, but coupling
these polysaccharides to carrier proteins increases their immunogenicity (Fattom et
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al. 2004). Further, the conjugate vaccine had T cell-dependent properties, as dem-
onstrated by a booster response after second immunizations. Antibodies generated
by this conjugate vaccine were also opsonic in vitro and protective in animal mod-
els (Fattom et al. 2004).

StaphVAX, the commercial version of the staphylococcal conjugate vaccine,
was tested in various clinical trails (Fattom et al. 2004). In phase 1 trials, the indi-
vidual conjugate vaccines (capsule type 5 or type 8) were found to be safe and
immunogenic in healthy adult volunteers. Most volunteers had a background anti-
body titer to S. aureus capsular polysaccharide, probably due to the fact that many
people are either permanently or transiently nasally colonized with S. aureus during
their life, and this background titer was boosted substantially by the first dose of
vaccine. A second dose of vaccine given 6 weeks after the first dose did not lead to
further increase in antibody titer, however. Sera from immunized volunteers was
found to have type-specific opsonophagocytic activity. In subsequent clinical trails
when types 5 and 8 capsular polysaccharide conjugates were combined in one
injection, similar immune responses were seen in response to the combination as
were seen to the individual components (Fattom et al. 2004). A phase III efficacy
trial was conducted and 1800 end-stage renal disease patients on hemodialysis
received either vaccine or placebo control (Fattom et al. 2004). The primary end-
point for the trial was a significant reduction of bacteremia for 1 year, and while a
single immunization induced a good antibody response to both capsule types, the
trial failed to meet the primary endpoint to statistical significance at 1 year. Post-
hoc analysis did demonstrate a statistically significant reduction in bacteremia at 32
and 40 weeks after immunization, however. A confirmatory phase III clinical trial
was conducted in which a booster immunization was administered at 8§ months and
the extension of efficacy was evaluated. As described on the company web site
(www.nabi.com), “In November 2005, the Company announced that the
StaphVAX Phase III confirmatory clinical trial failed to meet its primary endpoint.
The study found no reduction in S. aureus types 5 and 8 infections in the StaphVAX
group as compared to the placebo group. The study was a randomized, double-blinded,
placebo-controlled trial of 3,600 patients on hemodialysis. The Company is assess-
ing factors that may have contributed to this result and the process will take several
months. As a result, the Company has placed further clinical trial development of
StaphVAX and Altastaph [Staphylococcus aureus Immune Globulin Intravenous
(Human)] on hold until the assessment is completed. The Company has also with-
drawn its Marketing Authorization Application (MAA) to market StaphVAX in the
European Union.” Further assessment by Nabi of factors that contributed to the
phase III clinical failure concluded that, “The assessment revealed marked differ-
ences in the effectiveness of the lot of vaccine used in this [the confirmatory] study
compared to the lot used in the previous Phase III clinical study”. Further, “the
quality or functional characteristics of the antibodies generated by the vaccine used
in the confirmatory clinical study were inferior to those antibodies generated by
vaccine lots used in previous and subsequent clinical studies.” Also, “medical fac-
tors associated with kidney disease in dialysis patients impaired their immune
response to the vaccine. When considered in combination with an increase in the
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virulence of the bacteria, these factors also contributed to the observed lack of pro-
tection in this study population.” According to the company web site (accessed
January 2007), the company plans to continue to develop and test StaphVAX, add-
ing additional polysaccharide immunogens for S. aureus as well as S. epidermidis,
and seek a strategic partner for this endeavor. They also intend to accelerate the
development of Altastaph, which is a polyclonal antibody preparation purified from
volunteers immunized with StaphVAX.

While previous success with conjugate vaccines for other pathogens might sug-
gest that this strategy should have a good chance of success, S. aureus has some sig-
nificant differences from these other pathogens. For example, while polysaccharide
capsule is a primary virulence factor of the other pathogens, protecting them from
opsonophagocytosis and complement-mediated killing, there has been some ques-
tion as to whether expression of capsule truly contributes to S. aureus pathogenesis
in all infections. S. aureus mutants unable to express capsule are still pathogenic in
some models (Riordan and Lee 2004), and whether S. aureus actually expresses
capsule in all S. aureus infections in humans remains unclear. Further, S. aureus is
a prodigious toxin producer, expressing numerous factors that can attenuate an
immune response (Bohach and Foster 2000). Finally, staphylococci also form bio-
films on both indwelling devices and damaged tissue (Donlan and Costerton 2002).
Once the staphylococci have established a biofilm, it would be difficult for an
immune response to a vaccine or passively administered antibodies to clear this bio-
film. It may be important for any vaccine strategy for staphylococci to ensure that
protective antibody titers are established prior to the implantation of an indwelling
device, such as a dialysis port where the staphylococci can establish a biofilm.

Antibody-based therapy targeting other staphylococcal T cell-independent anti-
gens are also under development. BSYX-A110 (pagibaximab, Biosynexus
Incorporated, www.biosynexus.com) is a chimeric monoclonal antibody against
lipoteichoic acid (LTA) of staphylococci. LTA is an essential component of the sta-
phylococcal cell wall (Neuhaus and Baddiley 2003); and LTA-negative staphylococ-
cal mutants are believed to be nonviable and have never been isolated (Fischer 1994).
BSYX-A110 is currently under development for the prevention of staphylococcal
sepsis in premature low-birth-weight infants. Results of a number of clinical trials run
in premature low-birth-weight infants are very encouraging both in terms of the safety
profile of the antibody as well as in its ability to achieve high levels of opsonic activity
in the infused babies. Monoclonal antibodies to LTA were generated by immunizing
mice with whole killed S. epidermidis (strain Hay) in which the T cell-independent
LTA antigen was presented to the murine immune system in the context of whole
bacteria, similar in some respects to conjugation to a carrier protein. It may also be
possible to use LTA as an antigen in a staphylococcal vaccine, perhaps presenting the
molecule as a protein conjugate, and this possibility is being investigated. Wall
teichoic acid (WTA), another cell surface glycolipid may also serve as an attractive
T cell-independent target for anti-S. aureus antibody therapy or vaccines. WTA has
been shown to be essential for S. aureus nasal colonization in animal models and may
actually be involved in the initial binding of the S. aureus to nasal tissue (Weidenmaier
et al. 2004). Antibodies against this T cell-independent antigen may serve to block
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the ligand-receptor interaction and thus block nasal colonization. Other T cell-
independent antigens, beyond capsular polysaccharides, may also prove to be attrac-
tive targets for vaccine antigens or antibody-mediated therapies in other bacteria.

5.5 Salmonella Typhi

A less commonly used type of commercial vaccine which contains T cell-
independent antigens are vaccines that target typhoid fever. GSK produces
Typherix (GlaxoSmithKline 2002b), which contains the Vi cell surface polysac-
charide extracted from the Salmonella typhi Ty 2 strain. This is an unconjugated
polysaccharide vaccine developed for travelers to areas endemic for typhoid fever.
Sanofi-Pasteur also produces Typhim Vi (Sanofi-Pasteur 2005b), which is cell sur-
face Vi polysaccharide extracted from the Salmonella enterica serovar Typhi,
S typhi Ty2 strain. This purified polysaccharide vaccine is also for travelers to
endemic areas and is expected to provide protection for up to 3 years.

6 Conclusion

The introduction of conjugate vaccines has eliminated many bacterial infections that
infect the pediatric age population. Fortunately, antibody pressure has not selected for
bacteria that have mutated to elude antibody-mediated opsonization, thus rendering
the vaccines obsolete. The absence of mutation in response to this type of pressure
likely results from the fact that the capsule of these pathogens is both necessary
for survival of the organism and is composed of polysaccharides produced by the
protein products of multigene operons which would be very difficult to change by
DNA mutation. It remains to be seen whether antibody pressure on certain strains of
bacteria such as S. pneumonia might select for the emergence of additional strains
which heretofore were not carried in the nasopharynx; this could conceivably alter the
identity of potentially infecting strains of bacteria. Unfortunately, conjugate vaccines
have not proven to be successful in protecting the adult and the elderly population.
The challenge of the future lies in designing conjugate vaccines that will be effective
in the elderly population, which is also an immune-suppressed group of individuals.
The introduction of new and safe adjuvants into the vaccine field might enable vac-
cine manufacturers to combine many vaccine targets in one vial without the concern
for antigenic competition. This would minimize the number of injections that need to
be given to children. Additionally, adjuvants may allow for fewer injections to be
given because of the enhanced immunity induced in the neonatal population. These
two last points would be extremely important advances for the developing world
where medical visits are few and medical costs are high and thus reduced inoculations
could increase the compliance and protection in the population requiring these
conjugate vaccines.
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Abstract B cell responses are a major immune protective mechanism induced
against a large variety of pathogens. Technical advances over the last decade,
particularly in the isolation and characterization of B cell subsets by multicolor
flow cytometry, have demonstrated the multifaceted nature of pathogen-induced
B cell responses. In addition to participation by the major follicular B cell popu-
lation, three B cell subsets are now recognized as key contributors to pathogen-
induced host defenses: marginal zone (MZ) B cells, B-1a and B-1b cells. Each of
these subsets seems to require unique activation signals and to react with distinct
response patterns. Here we provide a brief review of the main developmental
and functional features of these B cell subsets. Furthermore, we outline our current
understanding of how each subset contributes to the humoral response to influenza
virus infection and what regulates their differential responses. Understanding of the
multilayered nature of the humoral responses to infectious agents and the complex
innate immune signals that shape pathogen-specific humoral responses are likely
at the heart of enhancing our ability to induce appropriate and long-lasting humoral
responses for prophylaxis and therapy.
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Abbreviations BCR: B cell receptor; d.p.c: Days postconception; MZ: Marginal
zone; TNP: Trinitrophenyl

1 Introduction

B cell responses are a major immune protective mechanism induced against a large
variety of pathogens. A number of antibody effector mechanisms provide immune
protection. For example, the direct binding of antibodies can interfere with
pathogen attachment to host cells, thereby inhibiting cell entry and replication of
intracellular pathogens. In addition, antibody binding can activate complement for
direct destruction of pathogens, or interfere with other less well-understood
mechanisms that inhibit infectivity of a pathogen.

The induction of B cell responses has been successfully exploited as the protec-
tive immune mechanism induced by most currently available vaccines, including
inactivated influenza virus vaccines. Nonetheless, vaccine-induced responses are
often of smaller magnitude and shorter duration compared to those induced to live-
pathogen infection. While the underlying mechanisms for these differences are
poorly understood, it is likely that the induction of innate regulatory mechanisms
triggered specifically to certain classes of pathogens is at the base for some of those
observed differences.

In addition to direct antibody-mediated pathogen neutralization, antibodies play
a significant role in enabling or enhancing immune defenses. Importantly, many of
these mechanisms have been associated with innate immune protection, which
occurs very early after infection. Antibody-enhanced innate immune functions
extend from activation of the classical pathway of complement by antibody—antigen
complexes to antibody-dependent cellular cytotoxicity by natural killer cells.
Table 1 provides a list of some protective mechanisms affected by the presence of
antibodies. Given the low frequency of antigen-specific B cells at the onset of an
infection and a general requirement for simultaneously induced T cell help, these
findings raise the question of whether induction of early antibody responses under-
lies the same regulatory mechanisms as those induced later and those that form
memory responses.

In this review, we will discuss the multifaceted nature of pathogen-induced B cell
responses elaborated by the activation of distinct B cell subsets with unique func-
tional characteristics and emphasize the role of B-1 cells in this process. The concur-

Tablel Antibody mediated immune protection during early infection

e Direct pathogen neutralization/inactivation

e Pathogen opsonization for uptake by macrophages and dendritic cells

e Natural killer cell activation and antibody-mediated cellular cytotoxicity

e Activation of the classical pathway of complement

e B cell activation via positive feedback stimulation through complement receptors

e Formation of antigen-antibody complexes for antigen-presentation by follicular dendritic cells
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rent activation of various B cell subsets forms the basis for the large contribution of
B cells in protection from both acute and recurrent infections. We will summarize
our recent findings with regard to the antibody responses induced to live influenza
virus infection and the simulation of bacterial infection via injection with LPS.

2 Multiple B Cell Subsets Contribute to Humoral
Immune Defenses

Technical advances over the last decade, particularly in the isolation and characteriza-
tion of B cell subsets by multicolor flow cytometry, have demonstrated the multifaceted
nature of pathogen-induced B cell responses. It is now understood that in addition to
the majority follicular B cell population, other B cell subsets contribute to many
pathogen-specific humoral responses. Those additional B cell subsets are identified
as marginal zone (MZ) B cells, B-1a and B-1b cells. Each B cell subset seems to
require unique activation signals and to respond with distinct response patterns.
Whether the follicular B cell population itself contains further subsets with differing
activation requirements and/or functions is unknown. Current identification of B cell
subsets is based mainly on cell surface phenotypic analysis, which identifies follicular
B cells as a very homogeneous lymphocyte population.

2.1 Follicular B Cells

2.1.1 Development

Most B cells reside in the follicles of secondary lymphoid tissues of adult humans and
rodents. Their developmental pathway from an uncommitted hematopoietic stem cell
to an immature B cell in the bone marrow has been extensively characterized over the
last 20 years (Hardy and Hayakawa 2001; Meffre et al. 2000; Rolink et al. 2001). The
precise mechanisms that cause further differentiation or the death of immature B cells,
once they have reached the spleen as so-called transitional B cells, are incompletely
understood. Survival depends at minimum on the continuous presence of a BCR
(Kraus et al. 2004) that lacks high-affinity/specificity to self-antigens (Goodnow et al.
1995). Follicular B cells have a half-life of 4-5 months in mice (Forster and Rajewsky
1990) and are continuously replenished from bone marrow precursors.

2.1.2 Function

Follicular B cells, also termed conventional or B-2 cells, generate the bulk of the
induced antibody responses following protein immunization. Responses are generated
following establishment of vigorous germinal centers, seeded initially by follicular



44 N. Baumgarth et al.

B cells of relative low affinity for antigen (Paus et al. 2006). Much has been learned
about the molecular mechanisms underlying conventional B cell response induction.
In general, the responses are dependent on a minimum of two signals: B cell receptor
(BCR) signaling via antigen binding and CD40-CD40L-mediated T cell help
(Bernard et al. 2005; Noelle 1996). Thus, significant conventional B cell contributions
require antigen-stimulated T cells, which are rare at the onset of an infection.
These responses require some time to develop in order for clonal expansion of both
T and B cells to occur and for T-B interaction to take place (Baumgarth 2000).
Thus, T-dependent conventional B cell responses cannot be responsible for all
rapid antibody responses generated to infections. Furthermore, recent literature sug-
gests that innate third signals further enhance and modulate these responses. Two
such signals have been identified to date as stimulation through TLR, via a MyD8§8-
dependent pathway (Pasare and Medzhitov 2005; Ruprecht and Lanzavecchia 2006)
and stimulation of B cells via type I (alpha and beta) interferon (Chang et al. 2007;
Coro et al. 2006; Fink et al. 2006; Le Bon et al. 2006).

T-independent responses can be elaborated by follicular B cells and might
explain in part rapid response induction to pathogens. Pathogens often express
strongly structured, repetitive units on their surface. In the experimental setting,
these are mimicked by haptens bound to a carrier backbone, creating multivalent
binding sites (Bachmann and Zinkernagel 1997; see also the chapter by H.J. Hinton
et al., this volume). Early studies on responses to the hapten trinitrophenyl (TNP)
indicated that TNP-specific B cell responses to TNP-LPS are contributed by the
same B cell precursors as those contributed by B cell responding in a T-dependent
fashion (to TNP-red blood cell conjugates) (Lewis et al. 1978). Thus, TLR-medi-
ated B cell stimulation, at a minimum stimulation through TLR4, might act to
facilitate enhanced follicular B cell activation early during a response by providing
directly and indirectly additional signals to B cells that can replace the need for T
cell help. These third signals also support enhanced responses when T cell help is
present (Pasare and Medzhitov 2005; Ruprecht and Lanzavecchia 2006).

2.2 Marginal Zone B Cells

2.2.1 Development

In the adult, MZ B cells and follicular B cells seem to develop from a common B cell
precursor in the bone marrow. As their name suggests, following bone marrow
development these B cells accumulate in the marginal zone of the spleen (Pillai et al.
2005). Establishment of the splenic marginal zone B cell compartment is slow,
however, requiring some weeks to establish following birth or after whole body
irradiation in experimental mouse models. In addition to these bone marrow-
derived MZ B cells, there is evidence from studies in various genetically manipu-
lated mice that MZ B cells are also contributed from precursors in fetal liver and
spleen during the pre- and neonatal period (Carvalho et al. 2001; Hao and Rajewsky
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2001; Heltemes-Harris et al. 2005). Ablation of de novo B cell development in
adult mice via inducible deletion of the BCR causes a reduction of follicular B cells
over time, while stable numbers of MZ or B-1 cells are maintained (Hao and
Rajewsky 2001). Together, the data suggest that MZ B cells have significantly
longer half-lives compared to follicular B cells and/or that their developmental
origin is distinct from that of follicular B cells. Recent findings from a number of
gene-targeted mice lacking various BCR-signaling components and transcription
factors further indicate that MZ and follicular B cells require distinct signals for
their development (Pillai et al. 2005). Importantly, exogenous antigen does not
seem to be required for the selection of B cells into the marginal zone pool
(Dammers and Kroese 2005). Phenotypically, MZ B cells are differentiated from
follicular B cells by their high surface expression of the complement receptor
CD21, CD9, low expression of IgD and lack of CD23.

2.2.2 Function

MZ B cells represent a B cell subpopulation uniquely positioned to provide rapid
responses (Martin et al. 2001). Their location at the marginal zone of the spleen
provides them with rapid exposure to blood-borne antigens. It also places them in
close proximity to marginal zone macrophages that might present antigen and pro-
vide potential other innate stimuli. One consequence of splenectomy in humans and
in experimental animal models is an increased risk of bacterial sepsis.

MZ B cells have a higher propensity to respond more rapidly and vigorously to
innate signals such as LPS compared to follicular B cells (Martin et al. 2001). This
is a reflection of their genetic make-up, which includes higher expression of vari-
ous integrins and innate receptors compared to follicular B cells (Lopes-Carvalho
et al. 2005). They also express higher levels of costimulatory molecules such as
CD80/CD86 and in contrast to naive follicular B cells are able to prime naive T
cells (Attanavanich and Kearney 2004). MZ B cell activation results in the estab-
lishment of vigorous extrafollicular foci responses, leading to strong early antibody
secretion. While they can form germinal centers, those responses usually occur late
in the response and are less prominent (Song and Cerny 2003). While MZ B cells
might not generate vigorous germinal center responses, their early extrafollicular
secretion of IgM does facilitate the establishment of germinal centers. The secre-
tion of IgM by MZ B cells was shown to enable the complement receptor-dependent
deposition of IgM-antigen complexes on the surface of follicular B cells (Ferguson
et al. 2004). This is in agreement with studies in IgM secretion-deficient mice,
which demonstrated the need for IgM in the establishment of strong IgG responses
(Baumgarth et al. 2000b; Boes et al. 1998a).

The distinct tissue architecture of the spleen and the flow of blood that pools
initially in the marginal zone sinuses make the spleen a unique and potent blood-
filtering organ. Thus, splenic marginal zone B cells participate effectively in
response to blood-borne and/or systemic infections. However, such infections are
relatively rare, as the vast majority of infections occur via mucosal surfaces of the
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gastrointestinal and respiratory tracts. Rapid local immune responses might thus
not benefit from the presence of this cell population, since they occur primarily in
the regional lymph nodes where afferent lymphatic enter the lymph nodes through
the cortical sinuses. Lymph nodes lack phenotypic marginal zone B cell equivalents,
i.e., CD21" CD23"e [gM" IgD" cells. B cells in lymph nodes from noninfected or
inflamed tissue sites appear very homogenous in flow cytometric analysis. Virtually
all lymph node B cells are classical CD21" CD23* IgM" IgD" follicular B cells.
Ongoing studies suggest, however, that functional equivalents of splenic MZ B
cells might exist (Rothaeusler and Baumgarth, see Sect. 3.2).

2.3 B-1 Cells

2.3.1 Development

The development of B-la (CD5*) and B-1b (CD5") cells is still incompletely
understood and subject of some controversy. B-1 cells are the first B cells to
develop in ontogeny (Kantor and Herzenberg 1993). The first (B-1 cell-restricted)
B cell precursors are found in the splanchnopleure of the developing mouse
embryo, approximately 7-9 days postconception (d.p.c.) (Godin et al. 1993). B-1
cells are also the main B cell population emerging from the fetal liver starting
from around day 12 d.p.c. (Hardy and Hayakawa 1991).

Development of B-1 cells from dedicated bone marrow precursors after weaning
is rare compared to B-2 cell development. While initial adoptive transfer studies
suggested a complete absence of B-1 cell development from the bone marrow
(Hardy and Hayakawa 1991; Hayakawa et al. 1985), our later studies demonstrated
that adult bone marrow commonly reconstitutes a small population of B-1a cells
and nearly half of the B-1b cells in irradiated adoptive recipients (Kantor and
Herzenberg 1993; Kantor et al. 1995). More recently, studies with purified hemat-
opoietic stem cells (Kikuchi and Kondo 2006) and B cell precursors (Montecino-
Rodriguez et al. 2006) indicate that bone marrow contains a rare B-1 restricted
precursor that can provide limited B-1 reconstitution. Findings from these latter
studies (Montecino-Rodriguez et al. 2006) strongly support our long-held view that
B-1 and B-2 cells belong to distinct developmental lineages (Herzenberg et al.
1986, 1992; Herzenberg and Tung 2006; Kantor and Herzenberg 1993).

Several studies suggest that B-1a and B-1b belong to separate developmental
lineages (Herzenberg et al. 1992; Herzenberg and Tung 2006; Kantor and
Herzenberg 1993; Stall et al. 1992). However, the question of whether B-1a pro-
genitors, or B-1a cells themselves, can give rise to B-1b cells is still open. As in
earlier adoptive transfer studies, we find that FACS-sorted CD5* B-1a cells com-
monly reconstitute a portion of the peritoneal (CD5") B-1b compartment (N.
Baumgarth and L.A. Herzenberg, unpublished observations). Published studies by
others also support the finding that transfer of FACS-purified CD5* B-1 cells can
result in reconstitution of some B-1b cells (Haas et al. 2005). The interpretation of
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this finding is unclear since there is substantial overlap between the CD5* and
CD5™ B-1 populations in the peritoneal cavity and neither we nor others can rule out
the possibility that contaminating B-1b cells are responsible for the B-1b reconstitu-
tion observed with the sorted B-1a cells. Nevertheless, we should not ignore the
possibility that at least some B cells, phenotypically classified as B-1b cells, are in
fact (activated?) B-1a cells with downregulated CD5 expression.

The identification of B-1 cells and their separation into B-1a and B-1b sister
populations (Stall et al. 1992) was done with body-cavity B cells (pleural and peri-
toneal). However, even within the peritoneal cavity B-1 cells are not homogenous
in their expression of often used B-1 cell markers. For example, both CD11b and
CD43 are not expressed on all peritoneal cavity B cells that otherwise show hall-
marks of a B-1 cells (B220* IgM" IgD"). Whether B-1 cells that differ in their
expression of CD11b and CD43 have different functional properties remains to be
established. Identification of B cell subsets with the help of these surface markers
is also insufficient because of its limitations to the analysis of body-cavity B cells.
Splenic B-1 cells do not express CD11b (nor do all cavity B-1 cells) and no other
markers are known to distinguish the B-1b cells from activated B cells. For example,
low expression of B220 plus expression of CD43, another characteristic staining
pattern of B-1 cells (Wells et al. 1994), is also found among activated B cell blasts
(reviewed in: Baumgarth 2004). Furthermore, certain stimulation conditions will
induce the expression of CDS5 on B-2 cells in vitro (Berland and Wortis 2002). In
BCR-transgenic mice carrying a B cell self-antigen (hen egg lysozyme), develop-
ing anergic B cells were also shown to express CD5 (Hippen et al. 2000). Thus,
clear identification of B-1a and B-1b cells outside the body cavities in nonmanipu-
lated mice and consequently in humans, is exceedingly difficult. In spleen, it is far
more difficult to resolve B-1a from B-1b since B-1b only represent 5%—10% of
total B-1 cells and total B-1 in spleen in unstimulated animals usually only repre-
sent less than 1%—-2% of total B cells. Nevertheless, sensitive FACS assays reveal
the presence of B-1a and B-1b in both spleen and PerC (Fig. 1).

2.3.2 Function

Although B-1 cells are present at relatively low frequencies in secondary lymphoid
organs, they are well established as the producers of much of the circulating natural
antibody in both humans and mice (Baumgarth et al. 1999). The advantages of such
evolutionary B cell memory on the survival of a particular species are obvious
(Baumgarth et al. 2005). It is therefore not surprising that common antigenic
patterns are often the target of natural antibodies. For example, the ubiquitous pres-
ence in mice of natural antibodies to phosphorylcholine, a Gram-positive bacterial
cell wall component, clearly suggests that shaping of the natural antibody repertoire
by evolutionary pressures has resulted in key protection against bacterial pathogens.
How such preferential rearrangement, or the selective expansion of B-1 cells exhib-
iting certain specificities, is achieved might be at the heart of understanding the
development of B-1 cells.
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B-1 cells are typically thought of as peritoneal and pleural B cells because they
are the predominant B cell populations at these locations. However, it is important
to recognize that despite their low frequency (~1%), substantial numbers of B-1 cells
are found in the spleen. In fact, the total number of B-1 cells in the organ in unstimu-
lated animals (~10°) is only slightly lower than the number of B-1 cells in PerC
(~2x10°). Furthermore, after LPS stimulation, the number of B-1 cells in the spleen
parallels the increase in total cellularity, resulting in spleens that contain roughly
4x10° B-1 cells several days after stimulation, and hence a substantially larger
number of B-1 cells than is typically found in PerC in unstimulated animals.

Consistent with the demonstration that B-1 cells disappear rapidly from the
peritoneal cavity after intraperitoneal LPS stimulation (Ha et al. 2006), we have
recently shown that the increase in B-1 cells after intravenous LPS stimulation is
due to rapid migration and division of PerC B-1 cells into the spleen (Yang et al.
2007). These immigrants are identifiable for the first few days after they arrive in
the spleen because they express CD11b at the same level as expressed on most
PerC B-1 (Fig. 2). However, after 6 days, they lose CD11b expression and can only
be tracked by experimentally introduced markers (e.g., Ig allotype). At least 30%
of the immigrant B-1 cells in spleen divide within 1 day of LPS-stimulated animals.
Within 2 days, roughly 10% of the cells that divided differentiate to become mature
antibody-secreting plasma cells (CD138" Blimp-1" intracellular [gM*). In contrast,
minimal cell division and no detectable plasma cell development occur in PerC in
the LPS-stimulated animals.

Importantly, there is an initial wave of plasma cell development that occurs in
the absence of cell division (Yang et al. 2007). These plasma cells are all derived
from resident B-1 cells that have terminated CD11b expression. Only a proportion
of the resident B-1 cells participate in this initial wave, which enables the appear-
ance of mature plasma cells 1-1.5 days after LPS stimulation (Fig. 2). The immigrant
B-1 cells, in contrast, do not begin to reach the mature pool until 2 days after LPS.
Thus, the first wave of innate antibodies produced in the spleen is selectively
derived from a unique B-1 population that resides in the spleen and is capable of
rapid differentiation in the absence of division.

Initial examination of the antibody repertoire expressed by the plasma cells that
develop during the first wave of the response to LPS stimulation indicates that their
repertoire is enriched for cells expressing common natural antibodies produced by
B-1 cells (e.g., VH11VK9, Y. Yang and L.A. Herzenberg, unpublished observa-
tions). In essence, the frequency of cells expressing this antibody is roughly three-
to fourfold higher among these plasma cells than among the B-1 plasma cells that
develop 2-3 days later. Thus, evolution appears to have devised a mechanism that
places these well-known B-1 antibodies in a position to be the first to be produced
when a bacterial stimulus such as LPS is encountered.

In addition to the important contributions of B-1 cells in providing protective
natural antibodies to both bacterial and viral pathogens (Baumgarth et al. 2000a;
Boes et al. 1998b; Ochsenbein et al. 1999), B-1 cells can also actively participate
in the induction of at least some immune responses. Recent studies by Tedder’s
group suggest a division of labor by which B-1a cells provide natural antibodies
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Fig. 2 Stimulation of peritoneal cavity B-1 cells with LPS triggers their migration to the
spleen. Shown are 5% contour plots with outliers of splenic B cells gated as shown in Fig. 1.
Cells were isolated from the spleen of mice injected with PBS (/eft) or LPS at 24 h (middle) and
36 h (right panel) prior to analysis. Note that new immigrants are distinct from resident B-1
cells by their expression of CD11b. Differentiation of resident B-1 cells to plasma cells is
indicated by their upregulation of CD138 (syndecan-1) and high expression of intracellular
1gM (middle panel), while maintaining surface IgM (lower panel)

and B-1b are induced to respond to Streptococcus pneumoniae infection with
enhanced antibody secretion (Haas et al. 2005). This induced response seems to
provide much of the polysaccharide-specific antibodies. Given the strong inhibitory
activity of CDS5 on BCR signaling (Bikah et al. 1996), these data provide an appealing
explanation for the regulation of specific B-1 cell responses: B-1 cell responses
would be restricted to those that do not express the inhibitory CD5 receptor.
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In support of this view, studies with the relapsing fever-inducing spirochete
Borrelia hermsii showed that protective activity could be transferred with IgM-
secreting B-1b cells (Alugupalli et al. 2004; see also the chapter by K.R. Alugupalli,
this volume) and that the B-1b cells in situ are sufficient for protection against
the parasite (another example of B-1b cell responses). On the other hand, early
work by Kenny and colleagues clearly established that B-1a cells (CD5*) uniquely
express T15-idiotype antibodies that react specifically with phosphorylcholine
(Kenny et al. 1983; Knoops et al. 2004). IgM antibodies produced by these B
cells are strongly increased in response to S. pneumoniae infection and contribute
significantly to the primary response to the bacterium (Kenny et al. 1983). In
addition, Peter Ernst and colleagues have shown that B-1a cells producing T15
idiotype antibodies are required for protection against mucosal (gut) infection
(Pecquet et al. 1992a, 1992b). Thus, at least some B-1a cells contribute actively
to protection against bacterial infection, raising doubt about the general applica-
bility of the idea that B-1la play only a passive role, while B-1b cells play an
active role immune responses (Kawikova et al. 2004; Pecquet et al. 1992a;
Szczepanik et al. 2003).

3 Immunity to Influenza Virus Infection

Influenza’s main evasion strategy relies on rapid replication and aerosol-mediated
viral spread. Indeed, the relatively small influenza virus genome seems to contain
only one gene (NS-1) involved in immune evasion strategies. NS-1 acts via binding
to viral genomic single-stranded RNA, thereby inhibiting activation of the RNA
helicase enzymes retinoic acid-inducible gene I (RIG-1) and the induction of type
I interferon (Pichlmair et al. 2006). Infection with influenza virus induces an array
of cellular and humoral immune defense mechanisms, both innate (Fujisawa et al.
1987; Reading et al. 1997) and adoptive (Doherty 2000; Doherty et al. 1997;
Gerhard et al. 1997), which act in concert to provide strong protective immunity.
Natural killer cells, macrophages (Fujisawa et al. 1987), natural antibodies
(Baumgarth et al. 2000a), and the induction of type I interferon (Basler et al. 2001;
Garcia-Sastre et al. 1998; Talon et al. 2000; Wang et al. 2000) and IL-1 (Schmitz
et al. 2005) provide a first line of immune defense. Strongly cytolytic, virus-spe-
cific CD8* T cells (Doherty et al. 1997; Flynn et al. 1998; Hogan et al. 2001) and
neutralizing antibodies (Gerhard et al. 1997) provide an effective way for removing
virus-infected host cells and inactivating infectious virus. The development of
humoral responses is of great importance, as they can provide disease-preventing
sterile immunity through local production of antibodies (Renegar and Small 1991a,
1991b) and their induction through vaccination is currently used as an effective
means of protection (Bridges et al. 2001).

The humoral response to influenza virus is comprised of different sets of
antibodies: (a) natural antibodies, produced prior to any encounter with the
virus (Baumgarth et al. 1999, 2000b), (b) virus-induced antibodies produced in
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a T cell-dependent manner, and (c) virus-induced antibodies produced inde-
pendent of cognate T cell help (Gerhard et al. 1997; Mozdzanowska et al. 1997,
2000; Sha and Compans 2000; Virelizier et al. 1974). These latter types of
antibodies provide a strong component of the immune response. As we have
shown previously, natural antibodies that bind influenza virus are crucial for
survival from infection (Baumgarth et al. 2000a). Gerhard and colleagues
showed that T-independent virus-induced B cell responses provide immune
protection against influenza virus (Mozdzanowska et al. 2000). Thus, both nat-
ural antibodies, produced prior to encounter with pathogens and T cell-independent
pathogen-induced antibodies are being increasingly recognized as important
components of the humoral response. Understanding the contribution of distinct
B cell subsets might help to determine the mechanisms of these unconventional
responses.

3.1 PFollicular B Cell Responses in Influenza Virus Infection

Follicular B cells generate the majority of the influenza-virus induced antibody
responses. Much of this response is T-dependent, shown by the massive reduction
in antibody levels in T-deficient or CD4 T cell-deficient or T-deficient nude mice.
Following experimental infection of mice, germinal center responses develop in the
draining mediastinal lymph nodes around day 67 of infection (N. Baumgarth and
K. Rothaeusler, unpublished observations). At this time, systemic antibody levels
in the serum are also detectable for the first time (Baumgarth et al. 1999; Baumgarth
and Kelso 1996).

The local induction of virus-specific conventional B-2 cell responses in the
draining lymph nodes seem uniquely affected by the presence of inflammatory
cytokines. Studies on IL-1R1 gene-targeted mice showed an enhancing effect
of virus-induced IL-1 production on IgM responses (Schmitz et al. 2005). Our
recent studies demonstrated the type I interferon-dependent activation of all
lymph node B cells early during influenza virus infection (Chen et al. 2007;
Coro et al. 2006). This innate early B cell activation was not only required for
strong antibody responses to the virus (Coro et al. 2006), it also had significant
consequences for the response outcome following BCR-mediated stimulation
(Chen et al. 2007). Interestingly, among the strongest infection-induced gene
expression changes in regional B cells were the upregulation of TLR3 and
TLR7 (Chen et al. 2007). TLR7 and type I IFN are important regulators of the
isotype profile of the developing antiviral response to influenza (Coro et al.
2006; Heer et al. 2007). Thus, infection-mediated innate B cell stimulation
alters the way in which B cells respond to both antigen and innate signals. How
both specific BCR-mediated and nonspecific TLR-mediated signals are synthe-
sized to optimize B cell response outcomes is an important question requiring
further study. B cell response model systems in which B cell responses have
been studied and which have formed the basis for our understanding of B cell



B Cell Lineage Contributions to Antiviral Host Responses 53

response regulation do not provide these innate signals and thus might not be
sufficient to fully comprehend B cell response regulation to pathogen encoun-
ter. In addition, tissue-specific signals provided at the site of pathogen entry,
most frequently the mucosal surfaces of the gastrointestinal or respiratory tract,
might provide further signals distinctly regulating local compared to (splenic)
systemic responses.

3.2 MZ B Cells and Influenza Virus Infection

Typical sublethal infection of mice (and humans) with influenza virus causes only
localized respiratory tract infections, since the virus can only fully replicate in the
respiratory tract epithelium. Therefore, the majority of viral antigen is not likely to
enter the blood in any significant amount and marginal zone B cell responses would
not be expected. However, ELISPOT analyses of murine spleen cells following
influenza virus infection show a small but significant early and transient induction
of virus-specific responses in the spleen (N. Baumgarth and K. Rothaeusler, unpub-
lished observations). Flow cytometric analysis of spleens from influenza virus-
infected mice demonstrates, however, a transient relative and absolute reduction in
marginal zone B cells (Fig. 3). This latter finding is surprising, given that marginal
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Fig. 3 Reduction in marginal zone B cells following acute influenza virus infection. Shown are
5% contour plots from splenic cells selected for expression of the pan-B cell marker B220 and lack
of expression of CD3, 4,8, F4/80 and exclusion of propidium iodide as live/dead discriminator.
Numbers indicate the relative proportion of marginal zone B cells (MZ), follicular (B-2), and immature/
B-1 cells in the spleens of noninfected (left panel) and 5-day influenza A/PR8-infected mice (right
panel). Note the strong reduction in MZ B cells expressing high levels of CD21 and IgM
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zone B cells are regarded as sessile. While we have not identified the mechanism
for this temporal depletion of the marginal zone B cell population, it indicates that
marginal zone B cells can react to tissue-localized infections, possibly in response
to circulating cytokines or chemokines. Given the need for sphingosine 1-phos-
phate receptor 1 expression in the appropriate localization of MZ B cells (Cinamon
et al. 2004), infection-induced alterations in expression of this receptor or its ligand
provides an attractive possible mechanism.

Could these data also indicate a mobilization of marginal zone B cells to the site
of infection? As stated above, CD21" MZ B cells are not present in the lymph nodes
prior to infection and we did not find any CD21" B cells in the regional mediastinal
lymph nodes at any time after infection (K. Rothaeulser and N. Baumgarth, unpub-
lished observations). While it is possible that phenotypically altered marginal zone B
cells might accumulate in the lymph nodes following infection, existing data do not
support this conclusion. MZ B cells do not alter their cell surface phenotype when
they are dislodged from their proper location by genetic ablation of S1P1 or treatment
with FTY720, at least within the spleen (Cinamon et al. 2004). A more likely expla-
nation is the migration of activated marginal zone B cells into the red pulp, where
they might reside short-term as differentiated plasma cells.

Given the fact that most infections occur localized and are contained within a cer-
tain tissue, it appears counterintuitive that populations of rapidly responding B cells
are found only in the spleen but not in tissue-draining lymph nodes. In addition, we
have provided evidence that following influenza virus infection isotype-switched
antibody responses are measurable as early as day 2-3 after infection locally in the
lymph nodes (Coro et al. 2006). Because of these very rapid kinetics, it appears safe
to assume that these cells were activated by mechanisms other than cognate T cell
help. Interestingly, earlier studies by Gerhard and colleagues demonstrated a strong
difference in the idiotypic profile of the anti-influenza virus responses following
immunization with influenza A/PRS. In particular, those studies identified a germ-
line-encoded immunoglobulin-idiotype (C12Id) that contributed up to 25% of the
entire early anti-hemagglutinin response but was absent from later primary and a
secondary response (Kavaler et al. 1990, 1991). Our preliminary studies indicate that
this response also dominates early B cell responses to infectious influenza virus.
Furthermore, they suggest that the C12Id-response shows many of the functional
hallmarks of a marginal zone B cell response, but it is contributed by cells that iden-
tify as follicular B cells (K. Rothaeusler and N. Baumgarth, unpublished observa-
tions). Thus, these data indicate that in lymph nodes rapidly responding (follicular) B
cells exist that fulfill at least some of the roles MZ B cells play in the spleen.

3.3 B-1 Cell Contributions to Influenza Virus-Specific Inmunity

The lack of unique markers to identify B-1 cells has hampered our understanding
of their contributions to immunity against infections. In order to study the potential
role of B-1 cells in influenza virus infection, we have therefore utilized protocols to
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Fig. 4 Generation of B-1/B-2 allotype chimeric mice to track B-1 cell responses. Treatment of
newborn mice with allotype-specific anti-IgM ablates all host-derived peripheral B cell development.
This treatment is continued for 6 weeks. In this time, transferred congenic but allotype-disparate
B-1 cells [or peritoneal cavity washout (PerC) cells as source of B-1 cells] expand. Four to
6 weeks following cessation of anti-IgM treatment, the host-derived B-2, but not the B-1 cell
compartment is fully reconstituted. Donor-derived B-1 cells contribute >80% of the B-1 cell com-
partment of the mouse. (Baumgarth et al. 1999; Lalor et al. 1989a, 1989b)

track B-1 cells and their antibodies via immunoglobulin-allotype-specific markers
(Fig. 4; Lalor et al. 1989a, 1989b). These mice are generated by treating newborn
mice with host-allotype-specific anti-IgM on day 1 after birth and transferring con-
genic allotype-mismatched B-1 cells or peritoneal-cavity B cells on day 2 after
birth. Four to six weeks after cessation of the anti-IgM treatment, host B-2 cells
(but not host-B-1 cells) have returned to normal numbers. Most (>80%) B-1 cells
in these mice are of the donor allotype, thus allowing tracking of donor-derived B-1
cells by their disparate Ig-allotype. While there are limitations to this approach, it
provides a means of following B-1 cell responses without having to rely on poten-
tially changing surface phenotypes.

3.3.1 Passive Contributions of Protection by Provision of Systemic
Natural Antibodies

Using these allotype-chimeric mice, we demonstrated that mice harbor significant
titers of natural, preinfection influenza-binding antibodies. These antibodies were
generated mostly, if not exclusively, by B-1 cells (Baumgarth et al. 1999). Analysis
of the serum antibody response to influenza virus further established that following
infection the entire virus-induced antibody response, including virus-specific IgM,
is derived from the host, i.e., the B-2 cell compartment. Thus, while B-1 cells
seemed to generate virtually the entire natural antibody levels, they did not contribute
to the systemic antibody response. Importantly, we showed that passive transfer of
natural antibodies is at least partially protective and that the lack of IgM secretion
by B-1 cells reduces survival from high-dose influenza virus infection (Baumgarth
et al. 2000b). Thus, the generation of natural IgM importantly contributes to survival
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from an acute viral infection. Infections with other bacterial and viral pathogens
have similarly shown the importance of this evolutionary conserved antibody-
mediated immune defense mechanism (Boes et al. 1998b; Ochsenbein et al. 1999).
Whether these antibodies were elaborated by B-1a or B-1b cells was not delineated
in those studies.

It is important to note that B-1 cells contribute significantly to mucosal IgA pro-
duction. Roughly one-third of plasma cells in lamina propria of B-1/B-2 allotype-
chimeric mice are derived from B-1 cells (Kroese et al. 1989). We have made similar
observations for the respiratory tract (N. Baumgarth and L.A. Herzenberg, unpub-
lished observations). This is also in good agreement with recent studies by
Stavnezer and colleagues showing that B-1 cells preferentially switch to IgA in
vitro (Kaminski and Stavnezer 2006). Importantly, that study further confirms an
earlier report (Tarlinton et al. 1995) that, while B-1 cells can undergo isotype-
switching to all downstream isotypes, their responses are clearly distinct from that
of B-2 cells, resulting mainly in IgM and to a lesser degree in IgA production.

3.3.2 Active Contributions of B-1 Cells in Local Respiratory
Tract Immune Defense

Given the early literature on the specific T-15-idotype encoded B-1a cell responses
to S. pneumoniae infection outlined above (Kenny et al. 1983) and other studies
that showed a strong induction of B-1 cell-derived auto-antibodies in a transgenic
model following i.v. LPS injection (Murakami et al. 1994), our results were surpris-
ing to us at the time. More recent studies have also indicated the active involvement
of B-1 cells, at least B-1b cells, in the systemic immune responses to Borrelia
hermsii and S. pneumoniae infection (Alugupalli et al. 2004; Haas et al. 2005).
Common to all published studies in which B-1 cell responses have been noted is
the fact that the pathogen/LPS is administered systemically. In contrast, influenza
virus infection is a localized infection of the respiratory tract. Therefore it appeared
possible that B-1 cell responses to influenza virus infection might be induced in the
respiratory tract but not systemically.

Ongoing studies are concerned with studying respiratory tract B-1 cell responses to
influenza virus infection. Utilizing the same B-1/B-2 allotype-chimeric approach as in
our previous studies, we now have experimental evidence that B-1 cells can indeed
respond locally to influenza virus infection by accumulating in the draining lymph
nodes and contributing to secretion of virus-binding and neutralizing IgM in the bron-
choalveolar lavage (Y.S. Choi and N. Baumgarth, unpublished observations).
Importantly, we have confirmed our original findings (Baumgarth et al. 1999) that
systemic natural B-1 cell-derived antibody levels to influenza are unaffected, even in
mice that have clear evidence of local B-1 cell responses. Thus, infection-induced
local signals induce the accumulation and activation of B-1 cells in regional lymph
nodes.

The mechanisms controlling B-1 cell migration following infections have not
been studied in detail. CXCL13 was shown to be important for the homeostatic
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migration/accumulation of B-1 cells into the peritoneal cavity and B-1 cell
responses to peritoneal streptococcal antigen immunization (Ansel et al. 2002).
Studies by Fagarasan and colleagues (Ha et al. 2006) indicate a role for TLR-
dependent integrin and CD9-mediated migration from the peritoneal cavity follow-
ing LPS stimulation. However, from that published study it can also be concluded
that most migration from the peritoneal cavity is not dependent on CD9/MyD88 as
most B-1 cells seemed to have left the peritoneal cavity following adoptive transfer
into RAG™ mice within a few hours after transfer (Ha et al. 2006). Similarly, most
B-1 cells rapidly vacate the pleural cavity following adoptive transfer into wild type
mice (Y.S. Choi and N. Baumgarth, unpublished observations). Thus, the continu-
ous migration of B-1 cells into and out of the body cavities is further enhanced by
innate immune signals such as TLR-mediated stimuli provided during an infection.
Whether this innate stimuli alone is sufficient for the subsequent accumulation of
these cells in spleen or regional lymph nodes and their differentiation to antibody-
secreting cells remains to be investigated. It also remains to be studied whether B-1
cell subsets show differences in their ability to migrate from the cavities to sites of
infection.

In summary, protective humoral immunity to pathogens is contributed by
distinct B cell subsets with unique activation requirements and response patterns.
The nature and tissue distribution pattern of the pathogen strongly affects the quality
of the induced response. This is due at least in part to the induction of innate
immune signals that provide additional regulatory stimuli to B cell responses and
by triggering distinct B cell subset responses. A better understanding of the individual
B cell subset response components that contribute during a natural infection might
enable us to design better vaccines, which induce appropriate, strong, and long-lasting
humoral immune responses.
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Abstract Antibodies are of critical importance in the host response to tick-borne
Borrelia species that cause relapsing fever and Lyme disease. Recent studies on
the role of various B cell subsets in the host response to Borrelia, complement-
independent, bactericidal antibodies, and diagnostics led to this review that focuses
on the array of functions that antibodies to Borrelia can perform.

Abbreviations Arp: Arthritis-related protein; C4BP: C4b-binding protein; CNS:
Central nervous system; CRASP: Complement regulator acquiring surface protein;
CSF: Cerebrospinal fluid; Dbp: Decorin-binding protein; DHS: Downstream
homology sequence; d.p.i.: Days postinoculation; ELISA: Enzyme-linked
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immunosorbent assay; Fab: Fragment antigen binding; Fc: Fragment crystalliz-
able; FcRn: Neonatal Fc receptor; Fhb: Factor H-binding protein; FO B cells:
Follicular B cells; GlpQ: Glycerophosphodiester phosphodiesterase; HUVEC:
Human umbilical vein endothelial cells; IFA: Indirect immunofluorescence assay;
LPS: Lipopolysaccharide; MAb: Monoclonal antibody; MAC: Membrane attack
complex; MZ B cells: Marginal zone B cells; OM: Outer membrane Osp: Outer
surface protein; scFv: Single-chain variable fragment; SCID: Severe combined
immunodeficiency; TRLA: Treatment-resistant Lyme arthritis; UHS: Upstream
homology sequence; Vlp: Variable large protein; VISE: Vmp-like sequence,
expressed; Vmp: Variable major protein; Vsp: Variable small protein; w.p.i.:
Weeks postinoculation

1 Introduction

Lyme disease and relapsing fever are arthropod-borne, spirochetal infections that
can affect the skin, joints, heart and nervous system. Borrelia burgdorferi was
first identified as the causative agent of Lyme disease (Benach et al. 1983;
Burgdorfer et al. 1982), but this disease can also be caused by several other geno-
species (B. garinii, B. afzelii, B. japonica), and there are others (B. andersoni,
B. lusitaniae, B. valaisiana) whose role in human disease have not been directly
proven (Anderson et al. 1988, 1989; Baranton et al. 1992; Canica et al. 1993;
Kawabata et al. 1993; Le Fleche et al. 1997; Wang et al. 1997). Relapsing fever
is also caused by various Borrelia species (spp.) that can be found across the
world, and these include the tick-transmitted B. hermsii, B. turicatae, B. parkeri,
B. mazzotti, B. venezuelensis, B. duttonii, B. crocidurae, B. persica, B. hispanica,
B. latyschewii, B. caucasia, and B. recurrentis, the last of which is transmitted by
lice (reviewed in Connolly and Benach 2005; Cutler et al. 1997; Ras et al. 1996).
Hard-bodied ticks of the Ixodes genus are the primary vectors of Lyme disease
Borrelia, whereas relapsing fever Borrelia are commonly transmitted by soft-
bodied ticks of the genus Ornithodoros (Burgdorfer et al. 1982; Burgdorfer and
Gage 1986; Burroughs and Holdenried 1944; Davis 1939, 1940; Piesman and
Sinsky 1988).

Acute manifestations of both diseases include fatigue, fever, headache, arthralgia,
or myalgia. Lyme disease differs in that it is often marked by a reddish, bullseye-like
skin lesion at the site of the tick bite called erythema migrans. In relapsing fever,
acute manifestations evolve more rapidly and tend to be more severe, sometimes
resulting in death, as a result of the high density bacteremia (spirochetemia) caused
by these spirochetes (see Fig. 1) (Southern and Sanford 1969). The spirochetemia
in relapsing fever is characterized by an initial large peak that occurs after spiro-
chetes disseminate from dermal tissue to the blood. This peak is rapidly cleared by
antibodies and it is followed by a series of smaller peaks that develop as a result of
antigenic variation of these spirochetes (Barbour et al. 1982; Coffey and Eveland
1967b; Stoenner et al. 1982). The antigenic variation is such that each peak is
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Fig. 1 Relapsing fever infection. Shown is an image from a 5 mm paraffin thin section of murine
liver during peak spirochetemia with silver-stained Borrelia. The presence of a great number of
spirochetes in the liver sinusoids demonstrates the impressive high density spirochetemia that is
characteristic of relapsing fever Borrelia

predominantly composed of spirochetes of one serotype, with different serotypes
present at much lower densities. As the immune system develops a response to the
major serotype, spirochetes of that serotype are cleared, allowing for organisms
expressing another serotype to thrive and causing a subsequent peak (Barbour et al.
1982; reviewed in Johnson 1977; Stoenner et al. 1982). The antigenic switch occurs
at the genetic level via transfer of silent variable major protein (vmp) genes that
become expressed one at a time and are interchangeable (reviewed in Barbour
1990; Burman et al. 1990; Meier et al. 1985; Plasterk et al. 1985). Once translated,
the expressed variable major protein (Vmp) antigen becomes the dominant surface
protein of the spirochete, producing a serotype. The insertion of a previously silent
(archival) vmp gene into the expression plasmid depends on recombination between
upstream and downstream homology sequences (UHS and DHS, respectively) that
flank the genes (Dai et al. 2006). Frequency of antigenic switch depends upon
identity between UHS sequences and placement of DHS sequences on different
vmp genes, indicating a programmed method of antigenic variation (Barbour et al.
2006). Due to this programmed antigenic variation, there is a hierarchy of switch-
ing that occurs, with certain Vmps favoring expression in early infection and others
favoring expression in later infection. This allows for the antigenic variation to be
semi-predictable, and so, even though there may be many antigenically variable
serotypes, the relapse cycle is self-limited (Barbour et al. 2006).

The Borrelia spirochetes have the morphology of a Gram-negative bacterium,
with an outer membrane (OM), periplasm, and a thin cell wall. However, spiro-
chetes do not have a lipopolysaccharide (LPS) that contains lipid A, and the
periplasmic flagella, which serve structural and motile roles, appear to be unique to
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these bacteria (reviewed in Barbour and Hayes 1986; Beck et al. 1985; reviewed in
Johnson 1977; Takayama et al. 1987). Major antigens of Borrelia are the surface-
exposed lipoproteins present in the OM (Brandt et al. 1990). In B. burgdorferi these
are referred to as outer surface proteins (Osps) (reviewed in Barbour 1991; Benach
et al. 1988; Bergstrom et al. 1989; Carter et al. 1994; Fraser et al. 1997; Howe et al.
1985). The most prominent antigens of relapsing fever Borrelia are collectively
referred to as Vmps but can be divided into two groups of lipoproteins based on
their molecular weight: the variable small proteins (Vsps) of 19-22 kDa and varia-
ble large proteins (Vlps) of 35—40 kDa (reviewed in Barbour 1991). As Borrelia are
extracellular pathogens, humoral immunity is an important method of defense.
Antibodies are, therefore, important weapons in combating these infections. In this
review, we will emphasize the more unique aspects of antibodies to Borrelia, and
their relationship to the other components of the humoral branch of the immune
response. Complement and antibodies act in concert to eliminate pathogenic bacteria,
yet in Borrelia infections this synergy is not so apparent.

2 The Role of Complement

The complement system (see Fig. 2) makes up one arm of humoral immunity with
antibodies representing the other and both are important in the defense against
extracellular pathogens. The classical, alternative, and mannan-binding lectin com-
plement pathways differ in their initial steps and method of recruitment but produce
similar results that include opsonization, inflammatory cell recruitment, and the
formation of the membrane attack complex (MAC-lytic complement) (Janeway
et al. 2001).

2.1 Complement-Dependent Antibody-Mediated Killing
of Borrelia

Complement-dependent antibody-mediated killing of B. burgdorferi via the classi-
cal pathway has been documented in vitro (Kochi and Johnson 1988). This comple-
ment-dependent killing was rather unusual because fragment antigen-binding (Fab)
fragments were able to mediate complement killing. As the fragment crystallizable
(Fe) is the complement-activating domain, this complement-dependent effect was
presumably the result of Fab binding, which in turn altered steric conformation
to allow for proper MAC deposition (Kochi et al. 1991, 1993). Many monoclonal
antibodies (MAbs) and antisera to B. burgdorferi have also been shown to be
dependent on complement for bactericidal activity in vitro (Aydintug et al. 1994;
Lovrich et al. 1991; Ma et al. 1995; Munson et al. 2000, 2006; Nowling and Philipp
1999; Remington et al. 2001; Rousselle et al. 1998; Sole et al. 1998). These
numerous in vitro accounts underscore a role for antibody-mediated killing dependent
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Fig. 2 The complement system. Complement deposition can occur through three pathways, the
classical, alternative, and mannan-binding (MB) lectin pathways, which differ in their initial steps
and method of recruitment. In the classical pathway, the C1 complex (Clq with bound Clr and
C1 s) binds the antibodies of already formed Ab:Ag immune complexes. After being cleaved by
Clr, C1 s cleaves C2 and C4 to C2a and C4b. Components C2a and C4b can associate to form C3
convertase allowing for complement activation. B. recurrentis and B. duttonii have been shown to
bind complement regulator C4b binding protein (C4BP) which inhibits association of C2a and
C4b. C4b is subsequently cleaved by Factor I (not shown), and complement activation is pre-
vented. It is possible that relapsing fever Borrelia evade the classical pathway in this way. In the
alternative pathway, a series of hydrolysis and cleavage events leads to the production of C3b
which can bind covalently to the pathogen membrane. Factor B normally binds C3b forming a C3
convertase that allows for complement activation. However, Borrelia bind complement regulator
Factor H via CRASPs, OspE/F, or Fhb1 which inhibits the association of C3b and Factor B. Factor H
catalyzes the cleavage of C3b by Factor I and complement activation is prevented. In the MB
lectin pathway, carbohydrate recognition domains of the mannan-binding lectin bind appropri-
ately spaced sugar residues, such as mannose, on the pathogen surface. If complement activation
occurs (C3 and C5 convertases formed) complement effector functions, common to all 3 path-
ways, can occur. The effector functions include the following: 1. recruitment of inflammatory
cells 2. Opsonization (coating) of pathogens for enhanced removal by phagocytes. 3. Formation
of the membrane attack complex (MAC). The MAC forms a lytic pore in the pathogen membrane
and has traditionally been thought of as the sole method whereby antibodies can exert a bacteri-
cidal effect in the absence of phagocytic cells
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on complement in immunity against Borrelia, as would be expected in the host
response to an extracellular bacterium.

2.2 Complement Evasion by Borrelia

Despite the evidence described in the previous section, recent studies have shown
that Borrelia develops resistance to certain forms of complement-dependent killing,
particularly by evasion of the alternative complement pathway (see Fig. 2) (reviewed
in Kraiczy et al. 2001c; van Dam et al. 1997). In Lyme disease, this evasion is medi-
ated by the binding of the complement regulator-acquiring surface proteins
(CRASPs) and proteins of the OspE/F Erp family, present on the spirochete surface,
to host Factor H and Factor H-like protein-1 (FHL-1) (Alitalo et al. 2002; Brooks
et al. 2005; Hartmann et al. 2006; Hellwage et al. 2001; Hovis et al. 2006¢;2001b,
2003, Kraiczy et al. 2004; Rossmann et al. 2006). Complement evasion is made
possible by Factor H and FHL-1, which are host alternative complement pathway
regulators, acting as cofactors for Factor 1. This in turn promotes the degradation of
C3b and C3 convertase and thus inhibits the lytic effects of complement. The
CRASPs bind to the C-terminus of Factor H or FHL-1, orienting them in such a way
as to allow for the continuation of their regulatory function, contributing to comple-
ment evasion by Borrelia (Hartmann et al. 2006; Kraiczy et al. 2001a, 2004). This
binding interaction is quite intricate because it seems to depend on the existence of
a discontinuous binding site, in which charge—charge and hydrophobic interactions
both contribute, and is stabilized by C-terminal CRASP residues (Cordes et al. 2005,
2006). There has been some debate as to whether CRASP-1 has a significant role in
complement evasion, as it was shown that patient serum did not react against
CRASP-1 in immunoblots (McDowell et al. 2006). Moreover, upregulation of the
CRASP-1 gene did not occur in B. burgdorferi recovered from infected mice
(McDowell et al. 2006). However, patient serum has shown reactivity to this pro-
tein in its native form, suggesting that it is expressed in human infection and rele-
vant to complement evasion in vivo (Rossmann et al. 2006; von Lackum et al. 2005).
Proteins of the OspE/F Erp family also function in a similar manner, although their
binding may depend on the presence of coiled-coil domains, with contributing
C-terminal lysine residues (Alitalo et al. 2004; Hellwage et al. 2001; Kraiczy et al.
2003; McDowell et al. 2004). These complement evasion proteins have been shown
to possess the ability to bind Factor H from different animal hosts, presumably con-
tributing to the host range of Lyme disease Borrelia (Hovis et al. 2006¢; Stevenson
et al. 2002). Similar alternative complement evasion occurs in relapsing fever infec-
tion as well (Hovis et al. 2004; McDowell et al. 2003). This is mediated by Factor
H-binding protein Al (FhbAl) and FhbA2, which are functionally similar to the
CRASP and OspE/F proteins. Their binding is contingent on N- and C-terminal
residues and may depend on loop or coiled-coil domains (Hovis et al. 2006a, 2006b).
Since Borrelia has been shown to be resistant to the effects of complement via the
alternative pathway, the other major constituents of humoral immunity, antibodies,
certainly acquire greater importance in the host response.
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Interestingly, relapsing fever spirochetes B. recurrentis and B. duttonii were
shown to bind C4b-binding protein (C4BP), the functional homolog to Factor H in
the classical complement pathway (see Fig. 2) (Meri et al. 2006). This binding was
achieved in a manner similar to the binding of Factor H by Borrelia. This suggests
that relapsing fever Borrelia may be capable of evading destruction via the classical
complement pathway as well. If this is the case, evasion of complement deposition
may contribute to the survival of relapse populations in the infection, and more
importantly, may explain the importance of complement-independent, bactericidal
antibodies associated with immunity to relapsing fever (see Sect. 3.3) (Barbour and
Bundoc 2001; Connolly and Benach 2001; reviewed in Connolly and Benach 2005;
Connolly et al. 2004; Newman and Johnson 1981).

3 The Role of B Cells and Antibodies in the Host Response
to Borrelia

B cells can be divided into two main sets, B1 and B2, each with two subsets (see
Fig. 3) (Janeway et al. 2001; Martin and Kearney 2001). B1 B cells, which contain
the Bla and Blb subsets, are T cell-independent, self-renewing B cells found
mainly in the pleural and peritoneal cavities (Janeway et al. 2001; Martin and
Kearney 2001; see also the chapter by N. Baumgarth et al., this volume). These
B cells are responsible for natural IgM (Ochsenbein et al. 1999), but can be driven
to expand and secrete specific IgM, which is important in the early responses to
some infections (Alugupalli et al. 2003, 2004; Baumgarth et al. 2000; Haas et al.
2005; Montecino-Rodriguez and Dorshkind 2006; see also the chapter by K.R.
Alugupalli, this volume). Mature B2 B cells, which contain follicular (FO) and
marginal zone (MZ) B cell subsets, account for the majority of B cells found within
a host. Follicular B cells are the textbook examples of B cells, which require T cell
help, generally of the T helper-2 (T ,,) phenotype (Janeway et al. 2001; Rohrer et al.
1983). Marginal zone B cells are T cell-independent, IgM-secreting B cells found
in the MZ at the border of the white pulp in the spleen and do not recirculate
(Guinamard et al. 2000; Janeway et al. 2001; Kumararatne et al. 1981; Kumararatne
and MacLennan 1981, 1982; Oliver et al. 1999; Pillai et al. 2005). In infection with
Lyme disease and relapsing fever Borrelia, there are both T cell-dependent and
T cell-independent antibody responses. This review will consider both mechanisms
and the contexts in which they operate.

3.1 T Cell-Dependent B Cell Responses in Borrelia Infection

In Lyme disease, FO B cells are considered to be of particular importance in
immunity, as a T, response is associated with resolution of infection and disease
(see Fig. 3) (Kang et al. 1997; Matyniak and Reiner 1995; Rohrer et al. 1983).
This is apparently based upon the cytokines elicited by B. burgdorferi infection



70 T.J. LaRocca, J.L. Benach

Primary lymphoid .
follicle Primary

follicle

Secondary
lympheid
follicle

vessels

Paracartical

area Marginal

sinus
Secondary

lymphoid organ
(lymph node)

Primary source of

Vascular
sinusoid

Marginal zone

Spleen

Primary source of

center  Blood
vessels

Peritoneal
cavity

Pleural and peritoneal
cavities

Primary source of

FO B cells MZ B cells Bl B cells
Produced after birth Produced after birth Produced in fetus
Recirculate Do not recirculate Do not recirculate

Derived from bone marrow

Derived from bone marrow

Self-renewing

Diverse Ab repertoire

Restricted Ab repertoire but
indications of diversity have been
demonstrated

Partially restricted Ab repertoire
but indications of diversity have
been demonstrated

Predominantly secrete IgG, but
can secrete all Ab classes

Predominantly secrete IgM

Predominantly secrete IgM

Mainly respond to protein Ags

Some response to protein Ags

Some response to protein Ags

Some response to carbohydrate
Ags

Respond to carbohydrate Ags

Respond to carbohydrate Ags

Require T cell help

Do not require T cell help

Do not require T cell help

High somatic hypermutation

Little-no somatic hypermutation

Little-no somatic hypermutation

High memory

Little memory, but indications of
memory have been demonstrated

Little memory, but indications of
memory have been demonstrated

Little spontaneous Ab production

Little spontaneous Ab production

High spontaneous Ab production

Important in host response against

Important in clearance of
Lyme disease infection i

Important in clearance of
relapsing fever spirock f i

I fever spiroch

Fig. 3 Different B cell subsets and their locations. Follicular (FO) B cells are commonly located
in secondary lymphoid organs such as the spleen and lymph nodes (depicted). FO B cells can be
found within the primary and secondary lymphoid follicles in lymph nodes. Within the secondary
lymphoid follicles are regions of intense B cell proliferation called germinal centers in which
T cell dependent B cell responses occur (class switching, somatic hypermutation, affinity matura-
tion). FO B cells elicited by a T,, response are known to be important in the host response against
Lyme disease infection (B. burgdorferi), however there is evidence that this immunity occurs in
the absence of T cells, as well. Marginal zone (MZ) B cells are located in the marginal zone at the
border of the white pulp in the spleen as indicated in the diagram. B1 B cells are commonly found
in body cavities such as the pleural and peritoneal cavities depicted in the diagram. Both MZ and
B1b B cells have been shown to be important in the host response to relapsing fever Borrelia
(B. hermsii) and function in the absence of T cell help. These cells produce serotype-specific IgM
which is critical for the clearance of relapsing fever spirochetemia. Notable characteristics of each
B cell subset are listed in the table

in BALB/c and C3H/HeN (or C3H/HeJ) mice (Matyniak and Reiner 1995). In
C3H mice, where a severe, nonresolving arthritis phenotype is always seen, IFN-y
is the predominant cytokine elicited. This is consistent with a T, -type cellular
immunity, in which inflammation would play a large part and would be a contributor
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to Lyme arthritis, whereas neutralization of IFN-y attenuates disease (Isakson
et al. 1982; Matyniak and Reiner 1995; Stevens et al. 1988). In contrast, BALB/c
mice, which are associated with much milder disease that eventually resolves,
have a predominant IL-4 response to B. burgdorferi. This response is consistent
with a T, -type humoral immunity, as IL-4 is a cytokine important for inducing
antibody class switch in B cells (Matyniak and Reiner 1995; Snapper and Paul
1987; Stevens et al. 1988). At 2 days postinoculation (d.p.i.) in BALB/c mice, the
predominant response is T, , which may provide a first line of defense, followed
by the emergence of the T,, response at 14 d.p.i and lasting until 30 d.p.i., at
which point arthritis resolves, clearly indicating the importance of FO B cells
(Kang et al. 1997; Matyniak and Reiner 1995). Moreover, transfer of a B. burgdorferi-
reactive T, cell line to naive mice conferred protection, and depletion of CD4
T cells in BALB/c and C3H/HeN mice increased arthritis severity as well as spi-
rochete numbers in joints and skin (Keane-Myers and Nickell 1995b; Rao and
Frey 1995). Adoptive transfer of T cell-enriched lymphocyte populations from
previously infected mice to infected SCID mice led to mild improvement in
Lyme arthritis and carditis (Barthold et al. 1996). In C3H mice, there is an
increase in IgG2a and decrease in IgG1, characteristic of a T,, response, and in
BALB/c mice there is an increase in IgG1, the characteristic antibody subclass
elicited in a T,, response (Isakson et al. 1982; Keane-Myers and Nickell 1995a;
Snapper and Paul 1987; Stevens et al. 1988). Treatment of C3H mice with rIL-4
early in infection led to greater control of the infection as joint swelling and spi-
rochete numbers decreased (Keane-Myers et al. 1996). Treatment with rIL-4 also
led to a decrease in IFN-y, IgG2a, and 1gG3 and an increase in T, ,-associated
IgGl in vitro (Keane-Myers et al. 1996). Experiments with IL-47- BALB/c mice
demonstrated the development of a T, response, as IgG2a and carditis severity
increased, in contrast to the less severe carditis seen in IL-4** mice (Satoskar et al.
2000). Further demonstration of the involvement and importance of T, humoral
immunity in response to Lyme disease was seen as active immunization of C3H/
HeJ mice with rOspA elicited an OspA T cell epitope, which induced the produc-
tion of OspA-reactive IgG (Bockenstedt et al. 1996). Also, in vitro co-incubation
of T and B cells from hamsters 2 weeks after vaccination with B. burgdorferi
allowed for the production of bactericidal antibodies (Jensen et al. 1998).
However, T cells from 1 or 3 weeks postinoculation (w.p.i.) suppressed the pro-
duction of bactericidal antibodies, suggesting a dual induction/suppression role
for T cells in the antibody response against B. burgdorferi (Jensen et al. 1998).
A possible factor in promotion of a T, response is IL-6, as IL-6-deficient mice
developed arthritis faster and had reduced 1gG2b, consistent with a lowered T,
response (Anguita et al. 1998). The need for T cells in B. burgdorferi immunity
is further underscored by the induced migration of T cells across human umbili-
cal vein endothelial cells (HUVEC) in response to B. burgdorferi, in vitro (Dame
et al. 2007; Gergel and Furie 2001, 2004). That the T, , response develops in
mouse strains that are more resistant to infection such as BALB/c and C57BL/6,
is an indication of the strong protective role of antibodies that are associated with
this response.
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3.2 T Cell-Independent B Cell Responses in Borrelia Infection

Though T, -type immunity was shown to be important in helping the B cell anti-
body response in Lyme disease infection, there is evidence suggesting that T cells are
not necessary to battle B. burgdorferi infection successfully. Initial evidence was
observed in CB-17 SCID mice, as presensitized B cells alone conferred partial pro-
tection against B. burgdorferi (Schaible et al. 1994). Further evidence was shown
in BALB/c, C3H/HeN, and C57BL/6 mice previously immunized with B. burg-
dorferi soluble sonicate antigen and then challenged at different times. Both T, -
and T, ,-type antibodies were elicited early in the response after immunization and
infection, however, without production of the Tm—associated IL-4 (Frey and Rao
1995). In comparison to controls, there was no difference in arthritis and remission
in CD40 ligand (CD40L)-deficient mice, which would be defective in T cell help,
as CD40L is a T cell costimulatory molecule responsible for antigen presenting cell
activation. Sera from these mice passively protected SCID mice, suggesting that
T cell help, in this setting, may be expendable (Fikrig et al. 1996). Sera from class
II transactivator (CIITA)-deficient mice (defective in antigen presentation) were
also shown to be protective in C3H and SCID mice (Fikrig et al. 1997). T cell-
deficient (deficient in all T cells) mice were shown to have no effect on the reso-
lution of Lyme arthritis and carditis, and sera from these mice protected naive mice,
but it did not resolve arthritis when passively administered to SCID mice (McKisic
and Barthold 2000). These experiments indicate that T cell-independent antibody
responses to B. burgdorferi infection can occur.

T cell-independent antibody responses also occur in relapsing fever infection
and seem to be the predominant method for the clearance of spirochetemia in this
disease (see Fig. 3). Neonatally thymectomized mice, nude mice (deficient in o3
T cells), and mice deficient in all T cells cleared B. turicatae with similar efficiency
to normal mice, providing the first piece of evidence that T cells are not needed for
an efficient immune response against relapsing fever (Newman and Johnson 1984).
B cells were shown to be responsible for immunity, and IgM was the predominant
antibody class produced even when T cells were present (Newman and Johnson
1984). Furthermore, nude mice had no defect in clearing B. hermsii infection, as
well (Barbour and Bundoc 2001). A robust, early IgM response was shown to be
responsible for relapsing fever clearance in vivo (Connolly and Benach 2001), and
mice incapable of secreting IgM were unable to clear infection, suggesting that [gM
is critical and other antibody classes are not, as would be the case in a T cell-
independent response (Alugupalli et al. 2003). Additionally, activation-induced
deaminase-deficient mice (AID™) cleared B. hermsii without a problem, suggesting
a T cell-independent response, as there was no antibody class switch (Alugupalli
et al. 2004). Mice of SCID and Rag™ phenotypes could not clear B. hermsii infection,
pointing to the importance of lymphocytes and antibodies in relapsing fever clearance.
It was further shown that IgM induction by B1b B cells, a subset known to function
independently of T cell help, contributed to the resolution of relapsing fever caused
by B. hermsii (Alugupalli et al. 2003). Mice deficient in T cells (TCR™) and both
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T and FO B cells (IL-77) exhibited efficient B. hermsii clearance, suggesting the
importance of other B cell subsets, such as B1 and MZ B cells. Those mice with a
depleted B1 cell population (X-linked immunodeficiency [xid] mice) exhibited
longer, more severe spirochetemia, and were even driven to expand their already
depleted B1b B cells after B. hermsii resolution, clearly suggesting an important
role for this B cell subset in relapsing fever immunity (Alugupalli et al. 2003). The
immunity afforded by this subset of B cells in relapsing fever infection was shown
to be long-lasting, as primed Blb B cells from convalescent mice conferred
protection to Rag”~ mice upon reconstitution and induced the rapid production of
B. hermsii-specific IgM (Alugupalli et al. 2004). This certainly suggested a role for
B1b B cells in a T cell-independent, IgM memory response. These findings also
seemed to implicate B1b B cells as the most important B cell subset in the early
host response to B. hermsii, as splenectomized mice (deficient in MZ B cells) also
cleared infection. However, these mice could not clear spirochetemia when a low-
passage, virulent B. hermsii strain was used, indicating that B1b B cells are not the
only important subset in this host response (Alugupalli et al. 2003). Indeed, another
T cell-independent B cell subset, MZ B cells, was shown to be important in relaps-
ing fever immunity, and may work cooperatively with B1b B cells (Belperron et al.
2005). Marginal zone B cells become activated after association with virulent
B. hermsii, and loss of activation is coincident with IgM production and spirochete
burden reduction. Mice depleted of MZ B cells, by anti-LFA-1 and anti-o. 431
integrin MAD treatment, had reduced anti-B. hermsii IgM and increased pathogen
burden. CD1d (a nonclassical MHC molecule predominant on MZ B cells and
important in the recognition of lipid antigens) was shown to have a role in spiro-
chete reduction and anti-B. hermsii antibody production from MZ B cells. CD1d "~
mice had similar results to MZ B cell-depleted mice in terms of spirochete burden
and were defective in MZ B cell IgM secretion (Belperron et al. 2005). This may
suggest a new function for CD1d, since traditionally CD1d has been known to be
involved in lipid antigen presentation to natural killer T cells, which in turn pro-
mote IgM and IgG1 production, provide T, cytokines, and have immune regulatory
function (reviewed in Bendelac et al. 2001; reviewed in Galli et al. 2003; reviewed
in Vincent et al. 2003; Yang et al. 2003). As MZ B cells in CD1d” mice retained
an activated state longer than those from wild type mice, the involvement of
CD1d in immune regulation of MZ B cells is suggested during the host response
to B. hermsii (Belperron et al. 2005). It could be that CD1d is providing an auto-
crine signal to MZ B cells (without T cell assistance) promoting the production of
Borrelia-specific IgM in response to B. hermsii antigens (Belperron et al. 2005).
Recently, MyD88, a toll-like receptor adaptor molecule, was shown to contribute
to the kinetics of the IgM response against B. hermsii (Bolz et al. 2006). MyD88"
mice displayed a very slight delay in IgM response that was overcome by 6 d.p.i .
Despite this delay, antibodies from these mice could clear spirochetemia when
transferred to SCID, so the precise role that MyD88 may play in this is still unclear
(Bolz et al. 2006). These results collectively give strong support to the idea that
antibody-mediated immunity against relapsing fever infection is largely T cell-
independent, and that rapid production of [gM by B1b and MZ B cells is a necessity
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for an efficient host response and immunological memory to these pathogens (see
also chapter by K.R. Alugupalli, this volume).

The mitogenic properties of Borrelia lipoproteins are also suggestive of T cell-
independent responses and may be indicative of what is occurring in the T
cell-independent responses against Lyme disease and relapsing fever. Borrelia
burgdorferi sonicate and membrane blebs stimulated proliferation and differ-
entiation of B cells into antibody-secreting cells (IgM) in the absence of acces-
sory cells and concomitant with IL-6 production in vitro (Schoenfeld et al.
1992; Whitmire and Garon 1993). These results were replicated in vivo, and
OspA and OspB were specifically shown to be capable of B cell mitogenic
stimulation (Ma and Weis 1993; Yang et al. 1992). OspA and OspB were
capable of inducing IgM production in vitro and both proteins were shown to
have equal activity, suggesting that this may be a property of all Borrelia lipo-
proteins (Ma and Weis 1993). These effects were also seen in human B cells,
as B. burgdorferi sonicate or OspA were mitogenic to these cells and stimu-
lated IL-6 in vitro (Tai et al. 1994). Another B. burgdorferi antigen consisting
of lipoprotein and glycolipid induced proliferation of B cells and antibody
secretion in vitro (Honarvar et al. 1994). This indicates the involvement of
many different Borrelia antigens in B cell mitogenic stimulation. The inherent
mitogenic properties of Borrelia lipoproteins may drive the development of a
T cell-independent antibody response in these infections.

3.3 The Protective Role of Antibodies in Experimental Models

Bactericidal antibodies are of extreme importance in the host response to Borrelia,
as antisera have been shown to be bactericidal, and a number of bactericidal MAbs,
directed against OspA, OspB, and OspC in B. burgdorferi, and different Vmps in
relapsing fever Borrelia, have been discovered and investigated (Aydintug et al.
1994; Barbour and Bundoc 2001; Coleman et al. 1992; Connolly et al. 2004; Ma et
al. 1995; Munson et al. 2000; Rousselle et al. 1998; Sadziene et al. 1994).
Bactericidal antibodies of IgG1, IgG2a, and IgG2b isotypes against OspA appear
to be dependent upon complement for their action and are produced extensively in
response to IL-6 in vitro. In addition, IL-6 also causes an expansion in B cell
number, seen previously upon mitogenic B cell stimulation (discussed in Sect. 3.2)
(Munson et al. 2006). Treatment with IL-4 or IFN-v inhibit the production of these
antibodies in vitro with anti-IL-4 or anti-IFN-y restoring antibody production
(Munson et al. 2000, 2002). This seems to contrast with what was discussed in
Sect. 3.1; however, these in vitro cultured B cells have already undergone class
switch as they produce IgG. Thus, one may not expect IL-4 to have an effect, while
IL-6 may be important for in vitro B cell proliferation and stimulation of antibody
secretion. Interestingly, B cells treated with anti-IFN-y cause severe destructive
arthritis in vivo, perhaps suggesting an overwhelming antibody response that may
promote pathology (Munson et al. 2004). Exogenous macrophages were required
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in conjunction with IL-6 to cause increased anti-OspA bactericidal antibody
production, suggesting that macrophages may process Borrelia antigens and elicit
IL-6 for antibody production (Munson et al. 2006). However, macrophages were
not required for the IL-6-stimulated production of anti-OspC bactericidal IgG2b in
vitro (Remington et al. 2001). These findings indicate some of the important factors
required for antibody production/suppression in Borrelia infection, particularly
those which rely on complement-mediated lysis.

The first demonstration of the vast importance of antibodies in defense against
Borrelia infection in vivo was the finding that passive transfer of immune sera is
protective against these infections. Passive transfer of rabbit immune serum to hamsters
conferred sufficient protection against B. burgdorferi, and was the first demonstra-
tion of the protective capacity of antibodies in this infection (Johnson et al. 1986).
Subsequently, antibodies have been shown to be the primary mediators of this
protection, as immune serum was shown to protect SCID mice, which are deficient
in both B and T cells (Barthold et al. 1996, 1997, 2006; Schaible et al. 1990; Zhong
et al. 1997). Indeed, this has been studied extensively, and the protective capacity of
sera against specific Ags, and monoclonal antibodies (MAbs) derived from these
immune sera, was assessed (Barthold and Bockenstedt 1993; Barthold et al. 1997,
2006; Fikrig et al. 1994; Mbow et al. 1999; Probert et al. 1997; Schaible et al. 1990;
Schmitz et al. 1992; Zhong et al. 1997). Anti-OspC serum was shown to be effective
therapeutically in eliminating spirochetes. It also induced arthritis and carditis reso-
Iution in SCID mice (Zhong et al. 1997, 1999). Anti-OspB serum was effective in
growth inhibition of B. burgdorferi as well as protection of C3H/HeJ mice (Probert
et al. 1997; Zhong et al. 1997, 1999). Passive transfer of MAbs, reactive against
arthritis-related protein (Arp) and decorin-binding protein A (DbpA), to SCID mice
was also shown to induce arthritis and carditis remission (Barthold et al. 2006). Only
anti-DbpA was protective, however, and neither sera caused reduction in tissue
spirochetes, when administered after infection, pointing to the importance of antibodies
reactive to other antigens (Barthold et al. 2006). Anti-OspA IgG2a and IgG2b con-
ferred protection in SCID mice. Immunoglobulin G2 from 3-week immune serum
protected hamsters, and anti-OspC IgG2a protected C3H/HeJ mice, underscoring the
importance of this antibody class in protection against B. burgdorferi (Mbow et al.
1999; Schaible et al. 1990; Schmitz et al. 1992).

The importance of antibodies in Borrelia immunity can also be seen in the success
of active immunization studies specific for B. burgdorferi infection. These studies
made use of OspA (by itself or delivered on bacterial or viral surfaces, delivered
orally or by syringe), truncated OspA, OspC, Omp66, and DbpA, all of which elic-
ited protective antibodies as the main mediators of protection (Bockenstedt et al.
1997; Dunne et al. 1995; Exner et al. 2000; Fikrig et al. 1990, 1991, 1992a; Koide
et al. 2005; Luke et al. 1997; Nassal et al. 2005; Scheckelhoff et al. 2006; Simon et al.
1991; Skamel et al. 2006; Ulbrandt et al. 2001).

Antibodies are also of critical importance to immunity against the various tick- and
louse-borne relapsing fever species of Borrelia and play a critical role in clearance
of these pathogens from the blood. The protective capacity of passively transferred
immune sera was demonstrated several times in this infection, the first demonstration
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dating as far back as 80 years prior to this same discovery in Lyme disease (Calabi
1959; Novy 1906; Stoenner et al. 1982). Subsequently, serotype-specific IgM
antibodies were shown to mediate passive protection of BALB/c and SCID mice
against infection with different relapsing fever Borrelia spp. (Barbour and Bundoc
2001; Connolly et al. 2004; Yokota et al. 1997). This underscores the vast importance
and dependence upon this antibody class in immunity against relapsing fever Borrelia
spp. and the importance of antibodies, in general, in immunity to Borrelia.

Antibodies are also involved in the mechanism of antigenic variation utilized by
these spirochetes (Stoenner et al. 1982). Initially, it was observed that fluorescent
antiserum to B. hermsii was serotype-specific (Coffey and Eveland 1967a). This
was expanded by the finding that the antibody response in relapsing fever develops
specific to the dominant serotype of a spirochetemia peak, eliminating this population,
and allowing for a different serotype, previously present in very low numbers, to
thrive. In this manner the antibody/relapse cycle perpetuates in the infection
(Stoenner et al. 1982). These serotype-specific antibody responses occur due to the
fact that the majority of relapsing fever spirochetes at any one time are comprised
of those that predominantly express one Vmp, the major antigens of this disease
(Barbour et al. 1982; Barstad et al. 1985).

An antibody class response profile has been observed in B. duttonii infection of
BALB/c mice (Yokota et al. 1997). A rapid antibody response was seen as IgM first
emerged, followed by IgG2a and IgG3, after which the subsequent emergence of
IgG1 and IgG2b occurred. It was assessed that IgG3 and IgM were the most important
antibody classes in this response, as they were both shown to be passively protec-
tive against B. duttonii infection (Morshed et al. 1993; Yokota et al. 1997).

An interesting role for antibodies in relapsing fever infection was seen in
B. duttonii infection (Morshed et al. 1993). Here it was shown that antibody trans-
fer from mother to young ddY mice through milk or yolk sac route was effective
for protection of offspring. IgG1 and IgG2a were shown to be predominantly trans-
ferred in milk, low levels of IgG2b were transferred via both routes, IgG3 was
predominantly transferred through the yolk sac, and IgM was not transferred at all.
Furthermore, IgG3 was the only class shown to be protective for offspring,
suggesting that this antibody class may be important for protection in this aspect of
the disease (Morshed et al. 1993).

The protection afforded by antibodies in Borrelia infection also includes phago-
cytosis of opsonized spirochetes (Benach et al. 1984; Filgueira et al. 1996; Lovrich
et al. 2005; Montgomery et al. 1993, 1994, 2002; Montgomery and Malawista
1996; Rittig et al. 1992, 1998; Spagnuolo et al. 1982). It appears that Borrelia can-
not survive the bacterial-killing weaponry of professional phagocytes. The general
consensus is that spirochetes are killed by the cells that ingest them and that there
are no known defense mechanisms against phagocytosis. The predominant mecha-
nism of spirochete ingestion appears to be coiling phagocytosis (Rittig et al. 1992).
This is a mechanism in which the phagocyte forms one pseudopod and coils around
the pathogen until it is brought to the cell within a phagosome (Horwitz 1984).
Destruction of B. burgdorferi by this mechanism occurs without the involvement
of lysosomes and is influenced by NO and O, radical formation (Modolell et al. 1994;
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Rittig et al. 1992). This type of phagocytosis is capable of spirochete discrimination
as different removal frequencies were induced depending on the invading spiro-
chete (Rittig et al. 1998). The Rho GTPase, CDC42Hs, is important for B. burgdor-
feri removal since its inhibition reduced pseudopod formation. Wiskott-Aldrich
Syndrome protein, Arp2/3 (actin polymerization regulators), and f-actin are
recruited to coiling pseudopods, suggesting the importance of these components in
formation of pseudopods for B. burgdorferi removal (Linder et al. 2001).
Opsonization of B. burgdorferi by antibodies plays an important role as the rate of
coiling phagocytosis, NO and O, radical synthesis, and spirochete killing were all
enhanced when borreliae were opsonized (Modolell et al. 1994; Rittig et al. 1992).
In this aspect of the host response, antibodies are important as they bridge the
innate and acquired immune systems by opsonizing borreliae for removal via Fc
receptors on phagocytes. Considering that Borrelia can evade complement deposi-
tion, opsonization by antibodies followed by recognition of the Fc fragment may be
the best method of phagocytic removal in Borrelia infection.

3.4 Antibody Responses and the Clinical Setting

Borrelia burgdorferi is a fastidious organism with a long cell division period. For
this reason, bacterial cultures have never been used for diagnosis of active infec-
tions. Since a robust antibody response is the hallmark of the host response to
Borrelia, serology (antibody reactivity to certain antigens) is the main method for
diagnosis of Lyme disease. In studies prior to the discovery of B. burgdorferi,
immunoglobulins and immunoglobulin complexes were shown to be useful mark-
ers supplementing the clinical diagnosis of Lyme disease (reviewed in Golightly
1997). Cryoglobulins and immune complexes were shown to be associated with
disease (Hardin et al. 1979a, 1979b, 1984; Steere et al. 1977, 1979). These immune
complexes, of the IgM and IgG classes, were found throughout disease and were
specifically detected with the '*I-Clq, Clq solid phase, or Raji cell assays (Hardin
et al. 1979b). Antibodies were absolutely critical in the discovery of B. burgdorferi,
as reactivity of patient sera to spirochetes and spirochetal lysate isolated from
Ixodes scapularis ticks provided the first evidence linking this spirochete to the
disease (Burgdorfer et al. 1982). Identification of common antigens between spiro-
chetes isolated from patients and those isolated from ticks by MAbs solidified this
identification (Barbour et al. 1983).

Since antibodies were instrumental in the identification of the Lyme disease
agent, studies began investigating the use of antibodies in serodiagnosis of Lyme
disease. Initially, an indirect immunofluorescence assay (IFA) utilizing whole spiro-
chetes was used to screen antibodies in patient sera (Russell et al. 1984; Wilkinson
1984), but soon the enzyme-linked immunosorbent assay (ELISA) with whole
B. burgdorferi lysate became the method of choice (Russell et al. 1984; Wilkinson
1984). However, the ELISA had specificity problems, especially with cross-reactivity
of patient sera to other spirochetes and even other bacteria, and with sensitivity
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during the early stages of the disease (Karlsson et al. 1989; Sood et al. 1993). An
immunoblot procedure containing whole B. burgdorferi lysate was added to the
ELISA for a two-tiered ELISA-immunoblot serodiagnosis protocol (Davidson et al.
1996; Johnson et al. 1996; Ledue et al. 1996; Pachner and Ricalton 1992; Stanek
1991). Distinct banding pattern criteria were developed for the immunoblot, which
allowed the two-tiered test to improve serologic sensitivity and specificity. The two-
tiered test remains the preferred method for the laboratory diagnosis of Lyme disease.
This diagnostic algorithm is recommended by the CDC (Johnson et al. 1996; Ledue
et al. 1996; U.S. Department of Health and Human Services 1995) and is based on
the banding criteria developed by testing well-defined patient populations (Dressler
et al. 1993; Engstrom et al. 1995). Alternative serodiagnosis methods have been
developed, such as the borreliacidal antibody test (Callister et al. 1991, 1993). This
test measured bactericidal activity of patient sera against B. burgdorferi. If a certain
level of bactericidal activity was observed, patients were considered seropositive for
Lyme disease (Callister et al. 1991, 1993). This method was further refined using
flow cytometry (Callister et al. 1994, 1996; Creson et al. 1996).

More recently, a very specific ELISA for Lyme disease, the C, Lyme test, was
developed. This test utilizes C, a peptide derived from invariant region 6 (IR ) of
the Vmp-like sequence expressed (VISE) antigen (Liang et al. 1999a, 1999b; Liang
and Philipp 1999; Zhang et al. 1997). The ELISAs were initially performed with
the entire VISE protein, but were soon after cut down to the C6 fragment, as its size
allows for easy production and as IR is the most conserved region in VISE (Liang
et al. 2000a). Currently, this seems to be the best serodiagnostic test for Lyme
disease because it is very specific, sensitive, and rapid, allowing for the omission
of a confirmatory test (Bacon et al. 2003; Embers et al. 2007; Jansson et al. 2005;
Lawrenz et al. 1999; Liang et al. 1999b, 2000b; Magnarelli et al. 2002; Mogilyansky
et al. 2004). Furthermore, there is evidence that this assay can also be used to stage
the disease as a decline in antibody levels to C, correlates with successful treatment
(Philipp et al. 2001; Philipp et al. 2005). This test underscores the tight relationship
between the observations of basic science and the clinical applicability of such
observations. The characterization of VISE as the antigen associated with antigenic
variation in B. burgdorferi had nothing to do with serologic diagnosis (Liang et al.
2000a; Zhang et al. 1997), yet the antigen has been adapted successfully to the
clinical setting, reflecting the obvious benefits of translational research. The fact
that serodiagnosis is the main method of diagnosis for Borrelia infection under-
scores the scope and importance of the antibody response in this infection and adds
one more important role to the antibody repertoire of function.

Antibodies are important in diagnosis of relapsing fever, as well. Recently, an
antigen specific to relapsing fever was discovered and used to differentiate Lyme
disease from relapsing fever in serodiagnosis, as Vlps and Vsps are far too variable
for this purpose. The glycerophosphodiester phosphodiesterase (GlpQ) of B. herm-
sii and B. recurrentis was identified as a borrelial antigen specific to relapsing fever
and not present in B. burgdorferi or Treponema (Porcella et al. 2000; Schwan et al.
1996, 2003). Anti-GlpQ antibodies were also reactive against B. crocidurae,
B. parkeri, B. turicatae, B. coriaceae, and B. anserina indicating that this antigen
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can be used to distinguish louse-borne and a number of tick-borne relapsing fever
species from Lyme disease and syphilis in serodiagnosis (Porcella et al. 2000).
Interestingly, a glpQ ortholog was identified in B. lonestari, the suspected agent of
southern tick-associated rash illness (STARI), and so this may play a role in differ-
entiating this pathogen from other borreliae in serodiagnosis (Bacon et al. 2004).

3.5 Antibody Responses Associated with Specific Tissue
Manifestations of Borrelia Infection

Intrathecal antibodies, produced locally, have been shown to be induced in the neu-
roborreliosis of Lyme disease (reviewed in Garcia-Monco and Benach 1995;
Garcia-Monco and Benach 1997; Halperin et al. 1989; Hansen et al. 1990; Kaiser
and Rauer 1998; Li et al. 2006; Martin et al. 1988; Murray et al. 1986; Steere et al.
1990; Wilske et al. 1986). Accumulation of B cells in cerebrospinal fluid (CSF)
correlated with the intrathecal antibody response, suggesting compartmentalization
of the B cell response in the nervous tissue (Baig et al. 1989; Beuche et al. 1992).
Immunoglobulin G, IgM, and IgA classes with reactivity against OspA, OspB, and
OspC have all been associated with neuroborreliosis in CSF (Baig et al. 1989;
Schutzer et al. 1997). In patients where neuroborreliosis occurred early in disease,
an intrathecal IgM response to OspC was observed, consistent with the antigenic
profile of B. burgdorferi (Schutzer et al. 1997). Intrathecal antibodies are markers
of neurologic disease in patients, and have been used effectively for diagnosis and
staging of the infection. While intrathecal antibodies are not unique to borrelia
infections of the CNS, these are particularly prominent in neuroborreliosis.

Some evidence suggests that intrathecal antibody responses may not occur during
infection with relapsing fever Borrelia. In the first 2 weeks of B. crocidurae infection
in C57BL/6 mice, there was minimal B and T cell infiltration in the brain (Andersson
et al. 2007). Infiltrates predominantly consisted of innate immune cells (Andersson et al.
2007). This, however, was one case and may not be representative of other relapsing
fever infections in which B cells and plasma cells comprised a prominent portion of
infiltrates (Garcia-Monco et al. 1997). Interestingly, differences were observed in the
pathogenesis of two different B. turicatae serotypes during infection of CB-17 and
C3H SCID mice (Cadavid et al. 1994; Pennington et al. 1997). One serotype (serotype A)
exhibited central nervous system (CNS) invasion early in infection, and an increased
ability to penetrate HUVEC monolayers. The other serotype (serotype B), however,
exhibited a preference for joint infiltration as it caused enlarged and reddened joints,
severe arthritis as determined by histology, and impaired the ability of mice to bal-
ance on a walking bar (Cadavid et al. 1994). Furthermore, serotype B achieved higher
levels in the blood and joints (Pennington et al. 1997), whereas serotype A achieved
higher levels in the leptomeninges and brain (Cadavid et al. 2001; Sethi et al. 2006).
This is of interest as antibodies are linked to the production of different relapsing
fever serotypes (discussed in Sect. 4). In this scenario, the host antibody response
may eliminate one relapsing fever serotype with a preference for a certain tissue,
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allowing for the production of an alternate serotype and thus preference for a differ-
ent tissue. This becomes apparent as residual brain infection with B. turicatae
serotype A occurred in about 20% of immunocompetent C57BL/6 mice (Cadavid et al.
2006). This suggests that the other 80% of mice were infected with B. turicatae that
were forced to seroconvert due to the host antibody response, and thus lost their
neurotropism. These findings indirectly demonstrate a role for host serum antibodies
in relapsing fever Borrelia tissue preference.

In initial observations of chronic Lyme arthritis, serum IgM was seen in disease
and IgG associated with remission (Steere et al. 1979). Elevated IgA immune com-
plexes, in the form of rheumatoid factors, were seen in approximately 25% of
patients with Lyme arthritis in one study, but did not seem to be associated with
disease (Axford et al. 1999). Recently it was shown that IgG is in abundance in
chronic Lyme arthritis synovial fluid, and appears to be present due to antigen-
driven selection (Ghosh et al. 2005). The importance of serum IgG in Lyme arthri-
tis was further demonstrated as the presence of the neonatal Fc receptor (FcRn), an
important receptor in recycling IgG and extending its serum half-life, was shown
to contribute to the resolution of arthritis (Crowley et al. 2006). This was achieved
by demonstrating that FcRn”- mice infected with B. burgdorferi had decreased
anti-B. burgdorferi bactericidal IgG and increased ankle swelling (Crowley et al.
2006). Transfer of immune serum to B. burgdorferi infected SCID mice has also
been shown to mediate arthritis remission (Barthold et al. 1996, 1997, 2006).

Removal of opsonized B. burgdorferi by phagocytes, while beneficial in the host
response, has been associated with Lyme arthritis pathology, as there is evidence for
the involvement of macrophages in the induction of severe destructive Lyme arthritis
(Du Chateau et al. 1996). Interaction of macrophages with T cells was shown to
induce severe destructive Lyme arthritis and these cells synergistically induced the
condition (DuChateau et al. 1997, 1999). So, as there are benefits in the phagocytic
removal of Borrelia, it seems as though enhancement of B. burgdorferi phagocytosis
also plays a role in the promotion Lyme arthritis. These findings indicate the involve-
ment and importance of antibodies not only in immunity to Borrelia in the blood but
also in the resolution and possibly the pathology of tissue manifestations.

3.6 Antibody-Mediated Autoimmunity in Borrelia Infection

Autoimmunity has long been sought as a major reason for the pathogenesis of
chronic infections. In particular, the chronic course of the spirochetoses, whether
syphilis or the borrelioses, has prompted investigations into the possible role of
autoimmunity to explain the long-term infectious process. Antibodies elicited by
Borrelia infection have raised the possibility of autoimmunity in the neurological
and, more recently, the arthritic manifestations of Lyme disease (reviewed in
Garcia-Monco et al. 1995; reviewed in Sigal 1997). Manifestations of acute and
chronic neuroborreliosis include cranial neuropathy resulting in facial palsy (Bell’s
palsy) and axonopathy in peripheral neurologic Lyme disease and central nervous
system involvement, including encephalopathy (reviewed in Garcia-Monco et al. 1995;
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reviewed in Halperin 2003, 2005; Halperin and Golightly 1992; Halperin et al. 1987,
1989, 1991; reviewed in Sigal 1997; reviewed in Steere 2001). Borrelia burgdor-
feri is rarely seen in nervous system tissue biopsies and has never been seen in
peripheral nerve tissue biopsies in the mouse model. This suggests that something
other than infection, possibly autoimmunity, may contribute to this manifestation
(reviewed in Duray 1989; reviewed in Sigal 1997). An early indication of autoim-
mune involvement in neuroborreliosis was the finding that serum from neurologic
Lyme patients contained an abundance of anti-B. burgdorferi IgM, autoreactive to
human peripheral nerve axons (Sigal and Tatum 1988). Furthermore, a murine
monoclonal IgG (H9724) specific for B. burgdorferi flagellin,, ,,, was shown to be
reactive against human nerve axons and immature neuritic processes, and, more
specifically, heat shock protein (HSP)-60 of neuroblastoma cells (Fikrig et al.
1993; Sigal 1993; Sigal and Tatum 1988; Yu et al. 1997). Patient sera was also
shown to be reactive against HSP-60, indicating this host protein as a primary
autoimmune target of antibodies in neurologic Lyme disease (Sigal 1993). The
effects of H9724 were shown to prevent axonal formation, even in the presence of
neuronal growth factor (NGF) and basic fibroblast growth factor (bFGF) (Sigal and
Williams 1997). This suggests that autoreactive antibodies may be causing the pre-
vention of axon formation associated with neurological Lyme disease. Autoreactive
antibodies have also been observed in the central nervous manifestations of Lyme
disease (Schluesener et al. 1989), as IgM antibodies cross-reactive against ganglio-
sides and nonprotein antigenic fractions have been induced by B. burgdorferi infec-
tion (reviewed in Garcia-Monco et al. 1995; Garcia Monco et al. 1993; Wheeler et al.
1993). Antibodies to nonprotein components of B. burgdorferi were detected by
thin-layer chromatography of lipid or glycolipid fractions of these organisms
(Wheeler et al. 1993). The Borrelia glycolipids have been identified as cholesteryl
6-0-acyl-B-d-galactopyranoside (B. burgdorferi glycolipid I [Bb GL-I]) and 1,2-di-
O-acyl-3-0-0.-d-galactopyranosyl-sn-glycerol (B. burgdorferi glycolipid II [Bb
GL-II]) (Ben-Menachem et al. 2003; Schroder et al. 2003). Intrathecal antibodies
of the IgG, IgM, and IgA classes from patient cerebrospinal fluid were also shown
to be autoreactive, as they bound myelin basic protein and different neurofilament
proteins (Kaiser 1995). In addition, anti-OspA antibodies have been shown to be
cross-reactive with neurons in the brain, spinal cord, and dorsal root ganglia, impli-
cating autoantibodies induced by B. burgdorferi as potential contributors to the
pathology of the disease (Alaedini and Latov 2005).

Treatment-resistant Lyme arthritis (TRLA) is a condition observed in approxi-
mately 10% of Lyme arthritis patients, characterized by continuous joint inflammation
that does not resolve upon therapy, and, moreover, is not associated with active
B. burgdorferi infection (reviewed in Guerau-de-Arellano and Huber 2002;
reviewed in Steere et al. 2001; reviewed in Weinstein and Britchkov 2002). T, -cell
cross-recognition of OspA . .. and human lymphoid/myeloid adhesion molecule
LFA-1 has previously been associated with TRLA, making a strong case for
autoimmunity in the pathology of this condition (Gross et al. 1998; Guerau-de-
Arellano and Huber 2002; Steere et al. 2003; Trollmo et al. 2001). Subsequent to
this discovery, the involvement of autoreactive antibodies was suggested to
contribute to this condition (Guerau-de-Arellano and Huber 2002). Antisera reactivity
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to OspA and OspB has consistently been observed in patients with TRLA (Chen et
al. 1999; Kalish et al. 1993). Indeed, through experiments that made use of single-
chain variable fragments (scFvs) derived from IgG found in patient synovium,
antibody cross-reactivity between OspA and host cytokeratin (CK)-10 was
observed (Ghosh et al. 2005, 2006). Thus, there seems to be a role for autoantibod-
ies in the pathology of TRLA that has not yet been completely elucidated. The role
for autoimmunity in the pathogenesis of Borrelia would certainly explain the many
enigmatic observations that have been made in the natural human infection as
well as in the experimental murine setting.

4 Unique Properties of Antibodies in Borrelia Infection

4.1 Immune Pressure and Development of Escape Mutants

In addition to their traditional roles in host defense, antibodies are the effectors in
antigenic variation of Borrelia. The specificity of antibodies is such that only certain
epitopes are recognized (serotype specificity) and organisms bearing those epitopes
are eliminated, allowing other serotypes to have unrestricted growth. Thus, antibod-
ies appear to impose such stress on Borrelia that they cause the appearance of sur-
face antigen escape mutants (Coleman et al. 1992, 1994; Hodzic et al. 2005; Liang
et al. 2002; Sadziene et al. 1994). In C3H/HeN mice, it was seen at 17 d.p.i. that
anti-OspC antibodies emerge coincident with the appearance of OspC variants
(Liang et al. 2002). Moreover, the variants re-expressed OspC in culture and naive
mice. In SCID mice, OspC was persistently expressed by B. burgdorferi; however,
passively administered anti-OspC MAb eliminated these spirochetes, which then re-
emerged when MADb was taken away (Liang et al. 2002). OspC mRNA was also
greatly decreased under immune pressure in vivo, and BBFO1 and vIsE were con-
comitantly upregulated (Liang et al. 2004). In SCID mice, OspA transcription was
regulated by the presence of mouse serum, IgG, or IgM, suggesting that Osp expres-
sion is greatly influenced by host antibodies (Hodzic et al. 2005). Furthermore, con-
stitutive expression of OspC by the B. burgdorferi flagellar gene (FlaB) promoter
resulted in clearance of spirochetes in vivo (SCID mice), when anti-OspC MAb was
administered (Xu et al. 2006). This indicates that differential Osp expression in
response to the great pressure imposed by host antibodies is an important persistence
mechanism of B. burgdorferi during infection (Xu et al. 2006).

4.2 Antibody Interactions Within the Tick Vector

Antibodies against Borrelia also have an effect on spirochetes in the tick vector
(see Fig. 4). This was clearly demonstrated in the work that led to the creation of a
Lyme disease OspA subunit vaccine. It was observed early on that OspA elicited
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Fig. 4 Tick transmission of Borrelia. Depicted in the diagram is the tick-transmission of Lyme
disease Borrelia via a hard-bodied Ixodes tick. In an unfed tick, spirochetes are present in very
low numbers in the tick midgut (23°C, pH ~7.5) and predominantly express the surface lipoprotein
OspA (depicted in blue). Upon feeding, mammalian blood enters the midgut and dramatically
changes the environment (35°C, pH <7.0). The new environment allows for the spirochetes to rep-
licate to greater numbers. As the tick feeds, spirochetes migrate to the salivary glands where they
now predominantly express OspC (depicted in green) in place of OspA. While in the salivary
glands, spirochetes can be transmitted to the mammal via tick saliva. The tick must feed for
approximately 48 hours for efficient transmission of Lyme disease Borrelia. Tick-transmission of
relapsing fever Borrelia occurs similarly via the soft-bodied Ornithodoros ticks. However, these
ticks feed for very short periods of time (less than a half hour) and can efficiently transmit the
infecting spirochetes in this time frame. Relapsing fever Borrelia express different lipoproteins
than do Lyme disease Borrelia, as well

protective antibodies, but exactly how the antibodies prevented infection became
apparent when the effect of the antibody was shown to occur in the tick vector stage
(Fikrig et al. 1990, 1992b). Outer surface protein A is highly expressed by spiro-
chetes in the tick gut (as it is in culture) and downregulated upon blood feeding by
the tick. Increased expression of OspC was noted more or less simultaneously with
incoming host blood (see Fig. 4) (Schwan et al. 1995). Antibodies to OspA blocked
transmission of spirochetes to mammalian hosts by acting within a narrow window
of time, when blood meal, where host antibodies would be present, is taken up by
the ticks (de Silva et al. 1996). As possible variation in surface Osps became a
question, it was shown that OspA antiserum was more efficient at spirochete killing
in the presence of complement in vitro, allowing for destruction of escape variants
(Nowling and Philipp 1999; Sole et al. 1998). However, complement is likely inac-
tivated in the tick and was shown to be dispensable for efficient spirochete blockage,
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as anti-OspA antibodies were not required to kill B. burgdorferi in the tick gut to
exert their transmission-blocking effects (de Silva et al. 1999; Gipson and de Silva
2005; Rathinavelu et al. 2003). The fact that antibodies are the sole purveyors in
blocking Borrelia transmission from the tick is direct evidence of their power and
versatility. The protection afforded by antibodies in response to the OspA vaccine
was quite novel at the time of its discovery, and was remarkably effective. In clini-
cal trials it was 72% and 92% effective with and without adjuvant, respectively
(Sigal et al. 1998; Steere et al. 1998). A number of concerns regarding the vaccine
resulted in its removal from the market (Akin et al. 1999; Croke et al. 2000; Gross
et al. 1998; Rose et al. 2001). Studies are currently underway for the design of a
second-generation OspA vaccine that eliminates the N-terminal portion of the pro-
tein implicated in autoimmunity (Koide et al. 2005; Nassal et al. 2005; Scheckelhoff
et al. 2006; Willett et al. 2004). It has been noted recently that B cell inhibitory
proteins exist within Ixodes ricinus and Hyalomma asiaticum asiaticum tick vec-
tors, but what this means to spirochete transmission is not quite clear (Hannier
et al. 2004; Yu et al. 2006). The method of protection of anti-OspA antibodies
underscores the importance of interactions that may occur at the tick—host interface,
and widens the potential roles that antibodies may play in immunity.

4.3 The Presence and Importance of Complement-Independent,
Bactericidal Antibodies

The array of functions performed by antibodies was expanded with the discovery
of Borrelia-specific antibodies that had complete bactericidal capability in the
absence of complement. Initial indications of this unique capability were seen in
vivo as complement was shown to be dispensable for efficient immunity against
relapsing fever and Lyme disease Borrelia. Mice deficient in C5, required for the
lytic effects of complement, had no defect in removal of relapsing fever agent
B. turicatae as compared to controls (Newman and Johnson 1981). The irrelevance
of complement in the host response to relapsing fever was further demonstrated as
C5-, C3-, and Clg-deficient (defective for complement opsonization) mice effi-
ciently cleared the spirochetemia caused by an uncultivable relapsing fever Borrelia
originally isolated from patients (Anda et al. 1996; Connolly and Benach 2001;
Connolly et al. 2004). In B. burgdorferi murine infection, depletion of complement
with cobra venom factor suggested that complement may not be necessary for an
efficient host response against the spirochete; however, at times during the infec-
tion complement was needed (Schmitz et al. 1991). Further in vivo studies with
C5-deficient mice conclusively showed that lytic complement was unnecessary for
efficient immunity against B. burgdorferi (Bockenstedt et al. 1993).

The first anti-Borrelia complement-independent MAb, CB2 (IgG1), was specific
to OspB in B. burgdorferi and shown to exert bactericidal effects in vitro (Coleman
et al. 1992). The CB2:OspB interaction was shown to be dependent on lysine 253
in OspB, without which binding does not occur and bactericidal activity is
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abrogated (Coleman et al. 1994). Importantly, the Fab fragment of CB2 was shown
to be bactericidal in the absence of complement in vitro, proving that agglutination
did not contribute to activity, as these molecules are monomeric. The damage
imparted to B. burgdorferi after CB2 binding included destabilization and destruc-
tion of the outer membrane, likely resulting in lysis of the spirochete (Coleman
et al. 1992; Escudero et al. 1997). Another complement-independent, bactericidal
MAD specific for OspB, H6831(IgG2a), was discovered and shown to be function-
ally identical to CB2, even dependent upon the same residue, lysine 253, for binding
and activity (Sadziene et al. 1994). Other B. burgdorferi-specific, complement-
independent, bactericidal antibodies with reactivity to OspA, OspB, and P39 have
also been discovered, but have not been investigated insofar as to completely char-
acterize them and their bactericidal ability (Aydintug et al. 1994; Barbour and
Bundoc 2001; Ma et al. 1995; Scriba et al. 1993).

Complement-independent, bactericidal MAbs against relapsing fever Borrelia
spp. have also been discovered and investigated, and seem to function similarly to
those B. burgdorferi-specific MAbs previously discussed (Barbour and Bundoc
2001; Connolly et al. 2004; Sadziene et al. 1994). Two such MAbs are CB515 and
H4825, of IgM and IgG2a classes, respectively (Connolly et al. 2004; Sadziene et al.
1994). One of these MAbs, CB515, has shown in vivo significance, as it was derived
from a polyclonal complement-independent IgM response to relapsing fever and was
shown to passively protect B cell-deficient, C5-deficient, and wild type C57BL/6
mice (Connolly and Benach 2001; Connolly et al. 2004). This IgM was shown to be
reactive against a Vsp and caused similar damage to that caused by CB2, H6831, and
H4825. This included the disruption of the spirochetal outer membrane, allowing for
exposure of periplasmic flagella and the induction of severe membrane blebbing,
likely resulting in lysis of the pathogen (Connolly et al. 2004). It is tempting to specu-
late that the in vivo complement-independent IgM response against relapsing fever
from which CB515 is derived, and other complement-independent IgM MAbs
against relapsing fever, may be derived from a T cell-independent, B1b/MZ B cell
response, shown to be critical for resolution of relapsing fever spirochetemia. As
B1b and MZ B cells are both IgM secreting cells and as both these B cell subsets and
complement-independent IgM antibodies were shown to be critical for spirochetemia
clearance in relapsing fever, they seem to correlate. However, production of comple-
ment-independent IgM antibodies from these particular cells has not been directly
observed experimentally (Alugupalli et al. 2003, 2004; Belperron et al. 2005).
Therefore, whether or not these B cells are the source of the complement-independent
IgM antibodies has not yet been conclusively proven.

The fact that these antibodies are capable of bactericidal activity is quite unique,
as MAC formation via classical complement recruitment has traditionally been
thought of as the mechanism whereby antibodies can exert a bactericidal effect with-
out cellular assistance. However, complement-dependent antibodies against Borrelia
exist (discussed in Sect. 2.1), and generally it is thought that complement-dependent
and complement-independent antibodies work in concert to make possible efficient
immunity against Borrelia infection (Aydintug et al. 1994; Bockenstedt et al. 1993;
Ma et al. 1995; Schmitz et al. 1991). Where have the complement-independent
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antibodies come from, and are they present in immunity against any infection? The
answers to these questions are not known; however, there may be some clues as to
why these antibodies exist in the Borrelia immune response and are particularly
prominent and effective in the response to relapsing fever. Borrelia have the ability
to evade complement-mediated destruction via the alternative pathway (discussed in
Sect. 2.2). Since they are complement-resistant, this may increase the importance of
complement-independent antibodies. However, this does not rule out possibility of
B. burgdorferi destruction induced by complement via the classical pathway, on
which complement-dependent antibodies rely (Kochi and Johnson 1988; Kochi et al.
1991, 1993). The recent finding that relapsing fever Borrelia are also able to bind
C4BP, suggests that these spirochetes are capable of evasion of the classical comple-
ment pathway (Meri et al. 2006). Interestingly, this may render complement com-
pletely ineffective againstrelapsing fever Borrelia, allowing complement-independent,
bactericidal antibodies to come into prominence in immunity against this infection.
This may explain why complement-independent, bactericidal antibodies are so critical
for relapsing fever clearance. These connections, however, have not been made
experimentally and are, thus far, speculation.

Although the bactericidal mechanism has not been elucidated, there have been
studies that investigated the function of some of these complement-independent,
bactericidal antibodies. Polar blebbing was shown to be induced in B. burgdorferi
upon CB2 Fab:OspB immune complex formation (Escudero et al. 1997). This
was followed by OspA colocalization, and spheroplast induction causing outer
membrane destabilization and, ultimately, lysis of the spirochetes (Escudero et al.
1997). Bactericidal function of the CB2 Fab was also shown to be dependent on
the presence of Mg?* and Ca**, but how these ions may be specifically involved
in the process remains unclear (Escudero et al. 1997). Upon binding, CB2 also
causes a change in OspB that is reflected in a difference in the susceptibility of
the antigen to certain proteases (Katona et al. 2000). Specific structural changes,
in the form of a disordered secondary structure, were observed in OspB upon
H6831 Fab binding, after investigation of the immune complex crystal structure
(Becker et al. 2005). The fact that OspB undergoes changes after complement-
independent, bactericidal MADb binding suggests that these antibodies may induce
a process in Borrelia upon binding. In fact, upregulation of blyA and blyB phage
holins system genes, of circular plasmid (cp) 32 in B. burgdorferi, was observed
upon CB2 Fab binding to OspB (Anderton et al. 2004). It is not known if com-
plete phages were assembled upon binding. However, the BlyA protein is known
to be membrane-interactive and, upon blyA and blyB upregulation, phage induc-
tion has been shown to occur (Damman et al. 2000). Interestingly, phage release
was associated with spontaneous lysis of B. hermsii (Barbour and Hayes 1986),
which contain homologous holins genes to B. burgdorferi (Stevenson et al.
2000). Moreover, phage production in Borrelia has been shown to be induced in
response to environmental stress (Hayes et al. 1983; Neubert et al. 1993). This
lends support to the idea that complement-independent MAb binding to Borrelia
may result in phage formation, possibly contributing to the bactericidal effect of
this interaction.
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Other possibilities include the utilization of the antibody-catalyzed water-oxidation
pathway (ACWOP) (Wentworth et al. 2000). This is a process proposed to be
universal among all antibodies regardless of specificity. In this process, antibodies
can utilize singlet oxygen ('O,") and water in order to produce reactive oxygen spe-
cies such as hydrogen peroxide (H,0,), dihydrogen trioxide (H,0,), and ozone (O,)
(Wentworth et al. 2000, 2003). Production of such species would allow the antibod-
ies to become intrinsically bactericidal (Wentworth et al. 2000, 2002, 2003). It is
proposed that there is an active site located in all antibodies within the interfacial
region of the constant and variable regions, which catalyzes this reaction (Zhu et al.
2004). This is proposed as residues within both the constant and variable regions of
Fab fragments were modified after exposure to UV radiation or H,O,. While some
of these modifications were inconsistent, a residue within the constant region,
Trp™'%, was consistently and extensively modified when exposed to UV or H,0,.
Modification of Trp“!®* occurred in two different Fabs, and this residue is highly
conserved among murine antibodies, suggesting that it is important in the utiliza-
tion of this reaction (Zhu et al. 2004). In a host, it is thought that this reaction may
be allowed to begin as 'O," is released from phagocytes due to oxidative burst
(Babior et al. 2003). It is unlikely that these Borrelia complement-independent
MAbs utilize this as their method of killing, as a source of 'O,", such as a phago-
cyte, was not included in their in vitro bactericidal assays. Irrelevant MAb controls
used in these experiments did not affect Borrelia either, further suggesting that
conditions for this pathway probably did not exist in these experiments (Coleman
et al. 1992; Connolly et al. 2004; Ma et al. 1995; Sadziene et al. 1994). It has
recently been shown that antibodies can catalyze the antibody-catalyzed water-
oxidation pathway through utilization of riboflavin (vitamin B2) (Nieva et al.
2006). This may possibly be a mechanism utilized by the anti-Borrelia complement-
independent MAbs, as riboflavin is a component of the Barbour-Stoenner-Kelly
(BSK)-H medium in which the in vitro bactericidal assays were conducted.
However, as stated previously (Sect. 2.1), there are anti-Borrelia antibodies that are
nonbactericidal in the absence of complement and the presence of a source of ribo-
flavin (serum or BSK-H) (Aydintug et al. 1994; Lovrich et al. 1991; Ma et al. 1995;
Munson et al. 2000, 2006; Nowling and Philipp 1999; Remington et al. 2001;
Rousselle et al. 1998). Thus utilization of riboflavin by antibodies from these
sources seems unlikely, and casts doubt as to whether these particular antibodies
utilize this pathway. Since Trp“!®® of the constant region seems to be essential for
utilization of this pathway, investigation of an scFv derived from an anti-Borrelia
complement-independent, bactericidal MAb should indisputably indicate whether
or not this pathway accounts for the unique bactericidal capability of these MAbs.
An scFv would be an ideal vehicle for this investigation as these molecules contain
no constant region and are wholly composed of the antibody variable region
(reviewed in Holliger and Hudson 2005; Huston et al. 1988).

It is entirely possible that the anti-Borrelia complement-independent MAbs
utilize a completely different and previously overlooked method to become bacte-
ricidal. As Fabs of some of these MAbs have been shown to exert bactericidal
activity (Coleman et al. 1992; Sadziene et al. 1994), perhaps the answer may lie in
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their variable regions. Are the variable regions of these MAbs bactericidal on their
own? It may be possible that part of the variable regions encode something not
present in complement-dependent antibodies that allow these MAbs to have an innate
bactericidal quality. An scFv would be useful in testing this theory, as well, since
constant regions would not be present. If these MAbs are innately bactericidal, maybe
they work in concert with changes that occur in their antigens and the borreliae upon
binding, as discussed before. The question has, as yet, remained unanswered.
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Abstract Pathogenesis of infectious disease is not only determined by the viru-
lence of the microbe but also by the immune status of the host. Vaccination is the
most effective means to control infectious diseases. A hallmark of the adaptive
immune system is the generation of B cell memory, which provides a long-last-
ing protective antibody response that is central to the concept of vaccination.
Recent studies revealed a distinct function for B1b lymphocytes, a minor subset
of mature B cells that closely resembles that of memory B cells in a number of
aspects. In contrast to the development of conventional B cell memory, which
requires the formation of germinal centers and T cells, the development of B1b
cell-mediated long-lasting antibody responses occurs independent of T cell
help. T cell-independent (TI) antigens are important virulence factors expressed
by a number of bacterial pathogens, including those associated with biological
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threats. TI antigens cannot be processed and presented to T cells and there-
fore are known to possess restricted T cell-dependent (TD) immunogenicity.
Nevertheless, specific recognition of TI antigens by B1b cells and the highly
protective antibody responses mounted by them clearly indicate a crucial role
for this subset of B cells. Understanding the mechanisms of long-term immunity
conferred by B1b cells may lead to improved vaccine efficacy for a variety of
TI antigens.

Abbreviations AID: Activation-induced cytidinedeaminase; BCR: B cell antigen
receptor; Btk: Bruton’s tyrosine kinase; CSR: Class switch-recombination; FO:
Follicular; LPS: Lipopolysaccharide; MZ: Marginal zone; NP: 4-Hydroxy-
3-Nitrophenyl-Acetyl; PerC: Peritoneal cavity; PS: Polysaccharide; Ragl:
Recombination-activating gene 1; SHM: Somatic hypermutation; TD: T cell-dependent;
TI: T cell-independent; TI-1: T cell-independent type 1; TI-2: T cell-independent
type 2; TLR: Toll-like receptor; Xid: X-linked immunodeficiency; XLA: X-linked
agammaglobulinemia

1 Introduction

Infectious diseases are the leading cause of mortality and morbidity worldwide.
The acquisition of virulence-encoding genetic elements by horizontal transfer,
the high mutation rates of pathogens, and the emergence of antibiotic resistance
make it difficult to control infectious diseases by therapeutic means. Vaccination
is the most effective way to control infectious diseases because it induces long-
lasting immunity. A hallmark of the adaptive immune system is the development
of B cell memory, which provides a protective antibody response upon re-exposure
to the same antigen and is central to the concept of vaccination (MacLennan et
al. 2000). T cells are crucial for the formation of germinal centers, a specialized
microenvironment of the secondary lymphoid organs in which proliferation of
antigen-specific B cells, affinity maturation of B cell antigen receptor (BCR) by
somatic hypermutation (SHM), and alteration of antibody isotype by class-
switch recombination (CSR) occur. The ultimate outcome of the germinal center
reaction is the development of memory B cells and long-lived plasma cells that
generate high-affinity antibodies of different Ig isotypes (McHeyzer-Williams et
al. 2001; McHeyzer-Williams 2003). T cell-independent (TT) antibody responses
are highly protective and develop much faster than T cell-dependent (TD) anti-
body responses (Maizels and Bothwell 1985; Vos et al. 2000; Martin and
Kearney 2001). In spite of the potential utility of TI responses as a preventive
and therapeutic intervention against a wide range of pathogens, little work has
been done in this area. One reason is that, until recently, TI antibody responses
have been considered exclusively short-lived and incapable of conferring long-
lasting protection.
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2 T Cell-Dependent and -Independent Antigens

Protein antigens such as tetanus, diphtheria, and pertussis toxins are potent immu-
nogens. They induce generation of antigen-specific T cells that help B cells by pro-
viding cognate and noncognate interactions crucial for B cell responses. Such
antigens are referred to as TD antigens. Vaccines made up of this group of antigens
generate highly protective and long-lasting antibody responses (Zinkernagel 2000).
Antigens that induce antibody responses without T cell help are referred to as TI
antigens (Fagarasan and Honjo 2000; Vos et al. 2000). TI antigens are typically
resistant to proteolysis and cannot be processed and presented to T helper cells via
MHC class II, and thus are not capable of establishing cognate interaction with
T cells, which can account for the restricted immunogenic nature of TI antigens
(Lesinski and Westerink 2001). TI type 1 (TI-1) antigens, the prototype of which is
bacterial lipopolysaccharide (LPS), activate B cells primarily by stimulating
mitogenic receptors, for example Toll-like receptors (TLRs). Therefore, the anti-
bodies generated by such stimuli are predominantly polyclonal (Vos et al. 2000).
On the other hand, type 2 (TI-2) antigens such as bacterial capsular polysaccharides
(PS) and other macromolecules with repetitive antigenic determinants, can induce
antibody responses by primarily cross-linking the BCR of specific B cells (Vos
et al. 2000; see also the chapter by J.J. Mond and J.F. Kokai-Kun, this volume).

3 B Cell Subsets

Mature B cells that generate antibody responses can be divided into four subsets:
follicular (FO), marginal zone (MZ), Bla and B1b subsets (Martin and Kearney
2001; Montecino-Rodriguez and Dorshkind 2006; see also the chapter by
N. Baumgarth et al., this volume). Each appears to have a distinct function in the
immune system. FO B cells (also known as B2 cells), comprise the majority of
B cells in the body, recirculate among the B-cell rich lymphoid follicles, participate
in germinal center reactions, and mount TD antibody responses (McHeyzer-Williams
2003). MZ B cells localized to the marginal sinus of the spleen are strategically
located to capture blood-borne TI particulate antigens and mount a very rapid
response (Martin and Kearney 2000, 2001). The Bla subset is abundant in coe-
lomic cavities but can also be found in the spleen (Martin and Kearney 2000, 2001).
Bla cells, though developmentally distinct from MZ B cells, are also efficient in
generating TI antibody responses (Berland and Wortis 2002). Bla and MZ B cell
subsets recognize evolutionarily conserved antigens such as phosphorylcholine
moieties present on bacteria. When mice are challenged with phosphorylcholine-
expressing bacteria such as Streptococcus pneumoniae, these two B cell subsets
unite in the development of a rapid response (Martin et al. 2001). Aspects contrib-
ute to this response include the ability of these B cell subsets differentiate into
plasmablasts rapidly. Primed accessory cells of the myeloid lineage such as
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dendritic cells and macrophages appear to facilitate this response (Balasz et al.
2002; Martin and Kearney 2001). Nevertheless, Bla cells constitutively secrete
antibodies mainly of the IgM isotype and are referred to as natural antibodies
because they occur spontaneously in human cord blood, in naive antigen-free mice,
and in normal individuals in the absence of apparent antigen stimulation (Boes
2000). These antibodies have been shown to play an important role in controlling
a wide range of pathogens (Boes 2000). Although the B1b subset was described
years ago (Stall et al. 1992), a functional role for these cells in protective immune
responses has not been found until recently (Alugupalli et al. 2004; Haas et al.
2005; Hsu et al. 2006).

4 Bl1b Cells

B1b cells share a number of features with Bla cells including the expression of
cell-surface markers and anatomical location such as the peritoneal cavity (PerC)
(Stall et al. 1992). Both subsets express high levels of membrane IgM and Macl
(integrin o, ), low levels of IgD and B220, and lack CD23 expression. The only
phenotypic marker to date that distinguishes these two B1 subsets is the expression
of CD5 on Bla but not on B1b cells. Additional differences in developmental path-
ways (Montecino-Rodriguez et al. 2006; Tung et al. 2006) and cytokine responses
also exist between these two subsets. Unlike the consistent expression of CD5 on
B1la cells found elsewhere (e.g. spleen) the expression of Macl is restricted to the
Bla and B1b cells localized to the PerC. Thus, identification of the B1b subset in
sites other than PerC is limited by the lack of any other B1b-specific phenotypic
marker. Interestingly, a recent analysis of PerC cells from chimeric mice revealed
that an [gM"¢", gD, Mac1* B1 cell population emerges over time in Ragl~ mice
reconstituted with wild type peripheral lymph node cells (Hsu et al. 2006). The
majority of their PerC B1 cell population lacked CDS5 expression, indicating that
lymph node cells predominantly reconstitute the B 1b but not the B1a compartment.
Thus, the number of B1b cells and/or B1b cell precursors in mice could be far more
abundant than those found in coelomic cavities. The small number of B cells trans-
ferred compared to the numbers of B1b cells recovered in the PerC of the Ragl™"-
chimeras likely reflects proliferation of these cells after transfer, as the Bl cell
subsets are known to maintain their numbers in the PerC by their unusual self-
renewing capability even after an arrest of bone marrow B lymphopoiesis (Carvalho
et al. 2001; Kantor et al. 1995). Although the reasons are not completely clear, the
mechanism for the preferential homing of Bla and Blb cell subsets to the PerC
appears to be due to their selective attraction to CXCL13, a chemokine produced
by cells in the omentum and by peritoneal macrophages (Ansel et al. 2002). Mice
deficient in CCR7 and CXCRS, the receptor for CXCL13, also exhibit a PerC hom-
ing defect of B1 cells (Hopken et al. 2004; Muller et al. 2003). As a consequence
of this migration impairment, the immunity of the coelomic cavity is significantly
compromised in these mice (Ansel et al. 2002). Parabiosis experiments revealed
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that B1 cell subsets do not actively circulate compared to B2 cells (Ansel et al. 2002).
Nevertheless, PerC B1 cells have the capability to leave the PerC upon appropriate
stimulation. In an immunoglobulin transgenic B1 cell mouse model, it was shown
that microbial products induce the migration of PerC B1 cells to mesenteric lymph
nodes where they rapidly differentiate into antibody-secreting cells (Watanabe
et al. 2000). Recently, it was demonstrated that Toll-like receptor (TLR)-mediated
stimulation induces a rapid and transient downregulation of integrins, resulting in
an efficient movement of PerC B1 cells in a chemokine-dependent fashion (Ha
et al. 2006). These data and the presence of Blb cells or their precursors in the
lymph node suggest that they can move in a dynamic fashion and are poised to
encounter pathogens not only in the PerC, but elsewhere with high frequency and
thus play an important role in protective immunity.

5 Role of B1b Cells in T Cell-Independent Responses

5.1 Immunity to Borrelia hermsii

While investigating the immune mechanism required for controlling the relapsing
fever bacterium B. hermsii, we found for the first time a specific function for B1b
cells in protective immunity. Rodents are natural reservoirs for relapsing fever
bacteria, and murine infection recapitulates the critical pathophysiological aspects
of the human disease (Southern and Sanford 1969; Cadavid et al. 1994; Garcia-Monco
et al. 1997; Gebbia et al. 1999; Alugupalli et al. 2001a, 2001b, 2003b; see also the
chapter by T.J. LaRocca and J.L. Benach, this volume). The hallmark of this
infection is recurrent episodes of high-level bacteremia (~10% bacteria/ml blood),
each caused by antigenically distinct populations of bacteria generated by DNA
rearrangements of the genes encoding the variable major proteins (Barbour 1990).
Remarkably, each episode is resolved rapidly within 1-3 days (Barbour and
Bundoc 2001; Connolly and Benach 2001; Alugupalli et al. 2003a). TI B cell
responses are necessary and sufficient for controlling B. hermsii infection (Barbour
and Bundoc 2001; Alugupalli et al. 2003a). IgM is the most dominant isotype in TI
responses (Martin and Kearney 2001). We found that mice deficient only in the
secretion of IgM, but not SHM or CSR, suffer persistently high bacteremia and
become moribund, indicating that IgM is the essential antibody isotype required for
controlling B. hermsii (Alugupalli et al. 2003a). Consistent with these results, it was
shown that passive transfer of IgM from convalescent mice is sufficient to confer
protection (Arimitsu and Akama 1973; Yokota et al. 1997). Nevertheless, it was
demonstrated that other IgG isotypes, for instance IgG3 and IgG2b, are also capa-
ble of conferring passive protection (Yokota et al. 1997). Since the control of a
bacteremic episode occurs rapidly within 1-3 days, and IgM is the first isotype to
be made during primary immune response to antigen/pathogen exposure (Boes
2000), we anticipated that neither the generation of other immunoglobulin isotypes
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by CSR nor affinity maturation of variable regions of the immunoglobulin by SHM
which typically takes more than 1 week, play a critical role in this process.
Activation-induced cytidine deaminase (AID) is essential for both CSR and SHM
that typically occurs during a TD germinal center reaction (Muramatsu et al. 2000).
Indeed, the resolution of the bacteremia and the kinetics of the B. hermsii-specific
IgM response are indistinguishable between wild type and AID™ mice, demon-
strating that unmutated IgM is sufficient for controlling B. hermsii infection
(Alugupalli et al. 2004).

To identify the B cell subsets that are capable of generating this protective IgM
response we have infected IL-77" mice, which are deficient in FO B cells but not
Bla, B1b, and MZ B cell subsets (Carvalho et al. 2001), and found that they control
bacteremia as efficiently as wild type mice (Alugupalli et al. 2003a). Using bone
marrow chimeric mice deficient in Bla cells, we have ruled out a requirement for
Bla cells in the protective response against B. hermsii (Alugupalli et al. 2004).
Severe bacterial burden in splenectomized mice during the primary bacteremic
episode suggested that MZ B cells play a role in controlling B. hermsii (Alugupalli et
al. 2003a, 2003b). Consistent with this, recently Bockenstedt and colleagues have
demonstrated that MZ B cells mount anti-B. hermsii antibody responses (Belperron
et al. 2005). Nonetheless, the rapid control of bacteremia during secondary epi-
sodes of a virulent strain or a moderate bacteremic episode by a partially attenuated
strain of B. hermsii in splenectomized mice suggested that MZ B cells are not the
only subset that contributes to protection. Having ruled out a role for the other three
B cell subsets, we investigated whether B1b cells might play a role in controlling
B. hermsii bacteremia. Mutations affecting the BCR signaling pathway result in a
severe deficiency of B1 cell subsets, which are the major producers of IgM
(Berland and Wortis 2002). Due to the lack of a B1b-deficient mouse model, we
examined a potential role for B1b cells in X-linked immunodeficient (xid ) mice
(Khan et al. 1995; Thomas et al. 1993). Bacteremic episodes in xid mice are more
severe than those of wild type mice, which suggests that B1b cells may play a role
in controlling B. hermsii (Alugupalli et al. 2003a). Although xid mice were clearly
impaired in bacterial clearance, by 4 weeks postinfection bacteremia was com-
pletely resolved, an apparent paradox if B1b cells are indeed critical for controlling
bacteremia. One possible explanation is that the markedly reduced B1b subset of
xid mice expands during this infection. In fact, Kearney and colleagues (Martin et al.
2001) have previously shown that antigen-specific TI B cell clones expand in mice
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Fig.1 A Expansion of the B1b cell population in B. hermsii-infected mice. PerC cells of unin-
fected or 4-week post-infected xid (CBA/N) mice were harvested and stained with antibodies spe-
cific for IgM, IgD, and Mac1 or CDS5 and analyzed by flow cytometry (Alugupalli et al. 2003a).
All B cells were first identified by IgD and IgM dual positivity (plots not shown) and were further
resolved as B1 (i.e., Bla + B1b) and Bla populations by Macl and CD5 positivity, respectively.
The percent frequency values of B1 and Bla cells, among the all PerC cells are indicated within
the plots. The frequency of B1b cells was inferred from values obtained from the subtraction of
the percent of Bla (CD5*) cells from the percent of all B1 cells (Mac1*). Data were generated
by analyzing a minimum of 20,000 cells and are representative of four separate experiments.

(continued)
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Fig. 1 (continued) The 5% contour plots are shown. B Persistent expansion of B1b lymphocytes
in B. hermsii-infected mice. PerC cells of uninfected or B. hermsii-infected xid (CBA/N) mice at
the indicated days postinfection (dpi) were harvested and frequencies of B1b, Bla, and B2 subsets
were determined by flow cytometry. The absolute cell counts of B1b (IgMhieh, IgD"**, Mac1*, and
CD5"), Bla (IgM"¢h, IgD"**, Mac1*, and CD5*) and B2 (IgD"¢", I[gM'"*, Mac1-) were calculated as
a product of their frequency and the PerC cell yield. The mean + SD values of respective subsets
of three mice at the indicated dpi are given. Significant expansion of B1b cells occurred in
infected xid mice (**, p<0.002) (Alugupalli et al. 2004). C Expansion of B1b cells is T cell-inde-
pendent. PerC cells of naive or convalescent (40 dpi) TCR-Bx37~ mice were harvested and stained
with IgM, IgD, and Mac1 or CD5 and the absolute cell numbers of B1b, Bla, and B2 were deter-
mined. The mean + SD values of five mice are shown. Significant expansion of B1b cells occurred
in infected TCR-Bx87 mice (**, p<0.002) (Alugupalli et al. 2004). D Rapid egress of B1b cells
from the peritoneal cavity (PerC) during B. hermsii infection. Wild type mice were infected intra-
venously with 5x10* B. hermsii strain DAH-p1. On each of the indicated days postinfection, three
mice were killed. Bacteremia and frequency of B1b cells in the PerC were measured by micro-
scopic counting and flow cytometry, respectively. Significant reduction of B1b cells occurred dur-
ing the acute phase of the bacteremia (i.e., 2 and 3 dpi) (*, p<0.05)
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immunized with S. pneumoniae. To detect a potential expansion of Blb cells, we
analyzed the frequencies of PerC B cells in xid mice. Remarkably, the frequency of
B1b cells as defined by the surface markers IgM"e!, TgD"¥, Macl* and CD5" in
convalescent xid mice is significantly greater than in uninfected xid mice (Fig. 1A)
and comparable to the frequency of B1 cells in wild type mice (Alugupalli et al.
2003a). This expansion was selective for B1b cells but not for Bla or B2 cell
subsets (Fig. 1B) and occurred regardless of whether the xid mice were infected
with a highly virulent or a partially attenuated strain of B. hermsii. These findings
indicate a role for B1b cells in the control of both high and moderate bacteremic
episodes (Alugupalli et al. 2003a). Since IgM is essential for controlling this infection
and B1b expansion was detected as early as by 7 days postinfection (Fig. 1B), we
predicted that xid mice would be capable of mounting an anti-B. hermsii IgM
response, despite their inherent deficiency in preimmune IgM levels. As predicted,
with some delay, xid mice generated a specific IgM response coincident with the
resolution of bacteremia (Alugupalli et al. 2007).

A significant increase in B1b cell numbers also occurs in TCR-By &7 mice,
demonstrating that this expansion is a TI process (Fig. 1C). Remarkably, the con-
valescent TCR-By 0 were as resistant as that of the wild type mice to reinfection,
suggesting that a memory-like response can be generated by B1b cells independent
of a germinal center reaction (Alugupalli et al. 2004). Indeed, we eliminated a role
for two very important TD germinal center events, namely SHM and CSR in con-
trolling B. hermsii infection (Alugupalli et al. 2004). Movement of PerC B1 cells
is crucial for their protective immune responses (Ansel et al. 2002; Ha et al. 2006;
Hopken et al. 2004; Muller et al. 2003). We therefore anticipated that B1b cells
leave the PerC to differentiate into IgM secreting plasma cells that are critical for
the B. hermsii immunity. Upon infection with B. hermsii, a rapid egress of Blb
cells from the wild type mouse PerC was also observed. The magnitude of the
egression was directly proportional to the bacterial burden (Fig. 1D). Interestingly,
soon after resolution of bacteremia, B1b cell numbers in the PerC were rapidly
restored to basal levels, suggesting an active turnover and that these cells are capa-
ble of participating in protective immunity in the blood stream (Fig. 1D).

To directly determine whether B1b cells are capable of providing long-lasting
immunity, we transferred B1b cells from convalescent mice into Rag1~”~ mice that
are otherwise completely incapable of eliminating B. hermsii (Alugupalli et al.
2003a). Rag1™ mice reconstituted with B1b cells controlled B. hermsii bacteremia,
demonstrating for the first time a crucial role for B1b cells in protective immunity
(Alugupalli et al. 2004). The fact that naive mice suffer recurrent bacteremic epi-
sodes indicates that naive B1b cells are functionally less effective than convales-
cent B1b cells. As expected, transfer of the same number of naive Blb cells to
Ragl™ mice conferred only partial protection (Alugupalli et al. 2004). Consistent
with the requirement for IgM in the clearance of bacteremia, the transferred Blb
cells in Ragl~ mice confer protection by mounting a specific [gM response
against B. hermsii, and the generation of this IgM is coincident with the resolution
of bacteremia. B1b cells do not mount an antibody response in the absence of
specific stimulation, indicating that they maintain a quiescent state like conventional
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memory B cells (Alugupalli et al. 2004). This property of B1b cells is not unique
to the B. hermsii infection, and recently has been extended to another important
human pathogen, S. pneumoniae.

5.2 Immunity to Streptococcus pneumoniae

A number of clinically important pathogens, including S. pneumoniae, Haemophilus
influenzae, and Neisseria meningitidis express PS capsules (Lesinski and Westerink
2001). Some pathogens associated with biological threats such as Bacillus anthracis,
the etiological agent of anthrax, express capsules made of poly-y-d-glutamic acid
(Wang and Lucas 2004). Due to the restricted immunogenicity for TD responses, the
masking of potentially immunogenic TD protein antigens, and the provision of
serum resistance, capsules enable the persistence of these pathogens in the host and
eventually cause serious diseases ranging from bacteremia to meningitis (Kelly et al.
2004; Scorpio et al. 2007). A critical factor in preventing these infections from
becoming systemic is the ability of B cells to rapidly generate protective antibodies
against capsules. As mentioned earlier, bacterial capsules are TI-2 antigens and
antibodies to capsules are highly protective. In fact, the introduction of conjugate
vaccine against the capsular PS (Hib) had a major impact in reducing the incidence
of H. influenzae type b disease worldwide (Kelly et al. 2004).

Using a well-established murine model of S. pneumoniae infection in mice suf-
ficient or deficient in CD19, Haas and colleagues found that CD19, though an
important molecule for B cell development is, surprisingly, not necessary for gen-
erating protective IgM or IgG3 responses against the capsular PS of S. pneumoniae
(Haas et al. 2005). CD197~ mice have a severe deficiency in Bla cells and MZ B
cells but not B1b cells, suggesting that this subset is responsible for the observed
anti-PS specific antibody response. Conversely, CD19 transgenic (CD19Tg) mice
that are severely deficient in B1b cells but not Bla or MZ B cells were incapable
of mounting an antibody response to capsular PS (Haas et al. 2005). Immunization
of CD197 but not CD19Tg mice with capsular PS protects mice from a
lethal S. pneumoniae challenge. These correlations suggest that B1b cells might be
involved in generating long-lasting anti-PS responses. To identify the B cell subsets
responsible for the anti-PS antibodies, Haas and colleagues transferred wild type
B1b, Bla, or MZ B cells into Ragl™ mice. None of the reconstituted mice sponta-
neously generated anti-PS antibodies over a period of 4 weeks. However, upon PS
immunization only B1b-reconstituted mice mounted an exuberant anti-PS IgM and
IgG3 response (Haas et al. 2005). Unreconstituted mice died as early as 2 days
postinfection when challenged with as few as 100 colony-forming units of S. pnue-
moniae. In striking contrast, greater than 75% of Ragl~ mice reconstituted with
B1b cells survived this lethal dose (Haas et al. 2005). These data demonstrate yet
another example of B1b cell-mediated immunity to a clinically important bacterial
pathogen. In the pneumococcal infection mouse model Bla cell subsets were also
shown to play an important complementary role in protective immunity by virtue
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of their natural antibody repertoire. Unlike constitutively secreted natural
antibodies, antibodies generated by B1b cells are inducible only by specific antigen
stimulation (Haas et al. 2005), as in the case of B. hermsii-specific B1b cell
response (Alugupalli et al. 2004). To date, two independent studies, using clinically
distinct murine infection systems, reveal a long-lasting and antigen-specific B1b
cell response (Alugupalli et al. 2004; Haas et al. 2005). In both cases, the function
of B1b cells was revealed unpresumptuously. Therefore, it is tempting to consider
an important role for B1b cells in protection against other infections.

5.3 Response to NP-Ficoll, a Model TI-2 Antigen

Due to the division of labor within TI B cell subset responses during an infection
and the host or tissue tropism of bacterial pathogens, it is not easy to dissect the role
of B1b cells in other infection systems. Moreover, the lack of a B1b cell-specific
marker currently poses a challenge in tracking B1b cell responses in compartments
such as the spleen, lymph nodes, and bone marrow. Nevertheless, while exploring
the identity of B cell populations involved in the response to 4-hydroxy-3-nitrophenyl
acetyl (NP), a frequently used hapten for studying antigen-specific antibody
responses in mice, MacLennan and colleagues revealed an involvement for B1lb
cells in anti-NP responses (Hsu et al. 2006). NP-conjugated polysaccharide Ficoll
is a widely used model antigen for studying TI-2 responses. It is known that extra-
follicular antibody responses induced by immunization of NP-Ficoll persist for
long periods of time (de Vinuesa et al. 2000). Adoptive transfer experiments were
performed using Ragl~~ mice reconstituted with wild type mouse PerC cells which
were depleted of either B2 or Bla cells. These mice generated normal levels of
NP-specific IgM and IgG3 antibodies (Hsu et al. 2006). In contrast, Ragl~ mice
reconstituted with Bla and B1b cell-depleted PerC cells failed to generate NP-
specific antibody responses, indicating B1b cells are involved in this response (Hsu
et al. 2006). In support of the specific induction of B1b cell-derived IgM seen in
B. hermsii and S. pneumoniae infection models (Alugupalli et al. 2004; Haas et al.
2005), NP-specific B1b cells did not generate an anti-hapten response spontane-
ously (Hsu et al. 2006). The magnitude of the anti-NP response increased dramati-
cally following NP-Ficoll immunization (Hsu et al. 2006), revealing once again a
requirement for specific-antigen stimulation in the B1b cell response (Alugupalli et al.
2004; Haas et al. 2005; Hsu et al. 2006). Surprisingly, Rag1~~ mice reconstituted
with lymph node B cells also generated NP-specific IgM and IgG3 responses as
efficiently as the PerC cell-reconstituted Ragl~”~ mice (Hsu et al. 2006). Analysis
of PerC cells isolated from lymph node cell-reconstituted Ragl~ mice revealed a
robust generation of B1b cells but not Bla cells. Approximately 2% of lymph node
B220* cells are IgM"e" and IgD"*" , which are characteristics of B1b cells. These
results indicate that B1b cells and/or B1b cell precursors are present in lymphoid
compartments and are poised to contribute to TI-2 antigen-specific responses.
Recently, it was demonstrated that IgM memory B cells are generated upon
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NP-Ficoll immunization and such cells can be detected in spleen (Obukhanych and
Nussenzweig 2006). The phenotype of these B cells is distinct from that of MZ B
and FO B cells. It is possible that these cells might represent splenic B1b cells
(Obukhanych and Nussenzweig 2000).

6 Activation of Antigen-Specific T Cell-Independent
B Cell Responses

Antigens driving B1b cell responses appear to be heterogenous. For example, one
B. hermsii antigen targeted by B1b cells is a protein implicated in virulence of this
pathogen (M.J. Colombo and K.R. Alugupalli, unpublished data). In the case of
S. pneumoniae, it is a carbohydrate (Haas et al. 2005), whose expression is impli-
cated in a variety of immune evasion strategies. Thus, the recognition of
biochemically different bacterial products and even synthetic haptens such as NP
(Hsu et al. 2006) by B1b cells clearly indicates that the B1b repertoire is capable of
responding to a wide spectrum of antigens. Unbiased analysis of the CDR3 regions
of VH genes revealed that unlike B1la cells, B1b cells have high junctional diversity
that is comparable to B2 cells (Kantor et al. 1997; Tornberg and Holmberg 1995).
Furthermore, immunization with NP-Ficoll can result in low levels of SHM in the
VH regions even without T cell help (Toellner et al. 2002). This process presuma-
bly occurs by BCR cross-linking induced AID expression without the requirement
for CD40-CD40L (Faili et al. 2002; Weller et al. 2001). This could also explain the
existence of other antibody isotypes such as IgG3 by CSR during TI responses
(Martin and Kearney 2001). However, unlike conventional B2 cells, the affinity
and overall Ig repertoire of B1b cell-derived antibodies may be limited due to the
lack of an involvement with TD germinal center reactions.

6.1 Role of Btk in T Cell-Independent B Cell Responses

Although antigen-specific B1b cells respond to various TI antigens, for example
pneumococcal PS, hapten NP, and B. hermsii surface protein (Haas et al. 2005; Hsu
et al. 2006) (M.J. Colombo and K.R. Alugupalli, unpublished data), the mechanism
of activation of this response can vary. Xid mice, which carry a point mutation in
Bruton’s tyrosine kinase (Btk), a cytoplasmic kinase belonging to the Tec family of
kinases is crucial for BCR-mediated activation. B cells of these mice cannot respond
to anti-BCR cross-linking and are therefore impaired primarily in response to TI-2
antigens such as NP-Ficoll (Amsbaugh et al. 1972; Khan et al. 1995; Scher et al.
1975; Thomas et al. 1993; see also the chapter by J.J. Mond and J.F. Kokai-Kun, this
volume). In fact, these mice cannot generate protective antibody responses to
capsules of S. pneumoniae or B. anthracis (Briles et al. 1981; Wang and Lucas 2004).
Mice that have a targeted deletion in the Btk gene recapitulate the xid mouse phenotype



116 K.R. Alugupalli

(Khan et al. 1995). Surprisingly, the phenotypes seen in these mice are not identical
to X-linked agammaglobulinemia (XLA) patients, the human equivalent of xid. Mice
deficient in Tec, a kinase belonging to the same family as Btk, have no major pheno-
typic alterations of the immune system (Ellmeier et al. 2000). Interestingly, mice
deficient in both Btk and Tec exhibit a phenotype that is similar to human XLA
(Ellmeier et al. 2000). Although the exact reasons for these differences is not clear, it
was demonstrated that retroviral-mediated transfer of the human Brk gene corrects a
number of functions, including TI-2 responses in Btk and Tec double knockout mice,
indicating a functionally conserved and crucial role of Btk in both mice and humans
(Yu et al. 2004). Xid mice respond to LPS, a model TI-1 antigen (Hiernaux et al.
1983; Mosier et al. 1977). The moderate impairment of xid mouse B cells to LPS
stimulation (Khan et al. 1995) is likely due to a potential role for Btk in TLR-mediated
signaling rather than its role in BCR-mediated signal (Jefferies et al. 2003; Jefferies
and O’Neill 2004), since the IgM response induced by LPS is polyclonal and nonspe-
cific (Andersson et al. 1972; Mosier et al. 1976). In support of this, it was shown that
mice deficient in MyD88, involved in TLR- but not BCR-mediated signaling,
exhibit impaired LPS-induced B cell activation (Kawai et al. 1999). In fact, these
mutant mice generate normal anti-NP-Ficoll antibody responses (Schnare et al.
2001). These data together reveal the critical role for Btk in TI-2 responses.

Although xid mice are deficient in B1 cells, as previously mentioned (see
Sect. 5.1), the impairment of a specific antibody response to TI-2 antigens is not
entirely due to a deficiency of these B cell subsets. Increasing the B cell numbers
in xid mice by blocking apoptosis of B cells with the transgenic expression of Bcl2,
does not restore B cell functions, including TI-2 responses in xid mice (Woodland
et al. 1996). Transgenic expression of IL-9 or injection of this cytokine induces
selective expansion of B1b cells in wild type mice (Vink et al. 1999). Such a trans-
gene can even correct the B1b cell deficit of xid mice but does not restore the spe-
cific antibody response to pneumococcal capsular PS or NP-Ficoll (Knoops et al.
2004). In contrast, a Btk transgene restores NP-Ficoll and antiviral TI-2 responses
of xid mice in a dose-dependent fashion (Pinschewer et al. 1999; Satterthwaite
et al. 1997). Furthermore, the defective anti-PS response of xid mice is not attrib-
uted to lack of a specific VH gene family involved in TI-2 responses (Feng and
Stein 1991; Selinka and Bosing-Schneider 1988). These data suggest that the impaired
TI response in xid mice is due to a compromised BCR-mediated signal rather than
a deficiency in B1b cells or a potential deficiency in the BCR repertoire itself.

6.2 Role of Co-stimulatory Signals in T Cell-Independent
B Cell Responses

6.2.1 CD40 and Its Ligand CD40L

Despite a BCR-mediated signaling defect, xid or Btk”~ mice generate near normal
responses to TD antigens (Khan et al. 1995). This response is likely mediated by
CD40-CD40L co-stimulation provided by T cells, since mice deficient in both Btk
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and CDA40 are severely compromised for TD antibody responses (Khan et al. 1997).
In fact, in vitro co-stimulation of xid B cells with CD40 obviates the need for Btk
in BCR-mediated signal as detected by cell cycle progression and nuclear translo-
cation of NF-xB, a transcription factor involved in a variety of B cell responses
(Mizuno and Rothstein 2003; Mizuno and Rothstein 2005). Consistent with this,
injection of anti-CD40 antibodies as a surrogate for CD40L restores immune
responses to NP-Ficoll in xid mice (Dullforce et al. 1998; Vinuesa et al. 2001). In
striking contrast to that of typical TI-2 responses induced by capsular PS or
NP-Ficoll, the antibody response to B. hermsii is clearly different. For example,
unlike pure TI-2 antigens, an active infection is expected to engage several immune
activation pathways. Although xid mice suffer more severe bacteremia than wild
type mice, they control all episodes of B. hermsii bacteremia and the resolution of
the infection coincides with an expansion of B1b cells in these mice (see Sect. 5.1)
(Alugupalli et al. 2003a). Xid mouse B cells are defective in homeostatic prolifera-
tion (Cabatingan et al. 2002; Woodland and Schmidt 2005), hence this B1b cell
expansion is likely to be antigen-driven. In support of this, xid or Btk mice gener-
ate an antigen-specific IgM response capable of controlling infection (Alugupalli et al.
2007). The magnitude of the specific IgM response in wild type mice is comparable
to that of TCR-Bx&” mice, implying an unlikely role for CD40-CD40L-mediated
co-stimulation, provided by T cells in this infection (Alugupalli et al. 2007)
(Fig. 2A). The observation that CD40L " mice generate a robust TI IgM response
to the related bacterium B. burgdorferi supports this notion (Fikrig et al. 1996).
Although the physiological relevance of CD40-CD40L interaction in TI responses
is not clear, the above data indicate that a role exists for alternate pathways of
activation during TI responses.
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Fig. 2 Kinetics of the B. hermsii-specific IgM response in various knockout mice. A Wild type
(n=3), T cell-deficient (TCR-Bxd7; n=3), C37~ (n=5), or IL=1R”~ (n=5) mice; B Wild type (n=3)
or mice deficient in either Btk (Btk KO; n=3) or MyD88 (MyD88 KO; n=3) or both (Btk x MyD88
KO; n=4) were infected intravenously with 5x10* B. hermsii strain DAH-p1. B. hermsii-specific
IgM responses in the blood on the indicated days postinfection were measured by ELISA and
mean + SD values are shown (Alugupalli et al. 2007)
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6.2.2 Complement Component C3 and Its Receptor CR1/2

The high expression of CR1/2, the C3 receptor on B cells (Zandvoort and Timens
2002), is necessary for specific targeting of C3 conjugated TI-2 antigens such as
pneumococcal capsular PS to MZ B cell (Breukels et al. 2005; Guinamard et al.
2000). Mice deficient in C3 have reduced responses to TI-2 antigens (Guinamard
et al. 2000). Some viral pathogens also behave like TI antigens and induce TI-2 like
responses in vivo (Fehr et al. 1998; Ochsenbein et al. 1999; Szomolanyi-Tsuda et
al. 2001; Szomolanyi-Tsuda and Welsh 1998). Studies of vesicular stomatitis virus
have demonstrated a correlation between antigen repetitiveness (TI-2 like
arrangement) and the degree to which B-cell activation is independent of T cells.
The rigidly structured Poliovirus efficiently induces neutralizing IgM antibodies
independent of T cell help (Fehr et al. 1998). For example, Poliovirus and Vaccinia
virus expressing vesicular stomatitis virus glycoproteins do not induce antibody
responses in xid mice (Pinschewer et al. 1999; Szomolanyi-Tsuda et al. 2001).
However, as mentioned earlier, a Btk transgene compliments these responses in xid
mice, suggesting that BCR signaling is the limiting component (Pinschewer et al.
1999). However, impaired TI responses to these viral pathogens, in C37~ or CR27-
mice, implied that simultaneous engagement of C3-coupled antigen to CR1/2 and
BCR promotes B cell stimulation (Ochsenbein et al. 1999; Szomolanyi-Tsuda et al.
2006). In fact, priming of human B cells with C3 engagement to CR1/2 enhances
anti-IgM-mediated B cell activation even to very low levels of BCR cross-linking
(Carter and Fearon 1989; Carter et al. 1988). This co-stimulatory pathway seems to
be more appropriate for the activation of MZ B cells than B1b cells. For instance,
B1b but not MZ B cells are crucial for the clearance of B. hermsii and C37~ mice
control this infection efficiently (Connolly and Benach 2001; Connolly et al. 2004).
The kinetics of the anti-B. hermsii IgM response in C37~ mice is comparable to that
of wild type mice (Fig. 2A). This result is in agreement with the C3-independent
IgM-mediated killing of relapsing fever bacteria (Connolly and Benach 2001;
Connolly et al. 2004).

Xid B cells respond to TI-2 antigens when co-stimulated by IL-1 (Couderc
et al. 1987). However, we found that IL-1R”" mice generate a robust IgM
response to B. hermsii (Fig. 2A) (Alugupalli et al. 2007). Our results on the
pathogen-specific IgM response in xid or Btk”~ mouse infections suggested that
even in the absence of normal BCR-mediated signaling, B. hermsii is capable of
rapidly activating antigen-specific B cells, presumably by stimulating other sig-
naling pathways such as the TLR-mediated pathway. In fact, when xid B cells
are co-stimulated with TLR ligands, they respond to BCR cross-linking (Couderc
et al. 1987).

6.2.3 Toll-Like Receptors

TLRs play important roles in activation of the immune system (Takeda and Akira
2005). Importantly, TLR9 has been shown to activate auto-reactive B cells
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(Leadbetter et al. 2002) and memory B cells (Bernasconi et al. 2002), indicating a
possible role for TLRO in the development of rapid and long-lasting TI-2 antibody
responses. Since B. hermsii is a prokaryote, it is expected to contain a high fre-
quency of CpG DNA, the ligand for TLR9. Despite these expectations, TLR9"~
mice generate rapid anti-B. hermsii IgM responses (Alugupalli et al. 2007).
B. hermsii possess other potential TLR ligands such as lipoproteins, the ligands
for TLR2 (Shang et al. 1998) that could redundantly activate distinct members of
the TLR family, thereby restoring responses in xid mice. Indeed, mice deficient in
MyD88, a common cytoplasmic adaptor for all TLRs except TLR3, exhibited a
significantly delayed anti-B. hermsii IgM response (Fig. 2B). Analysis of individ-
ual TLR knockout mice revealed important roles for TLR1 and TLR2 in anti-B.
hermsii IgM responses (Alugupalli et al. 2007). CD14 is known to augment TLR2-
mediated responses and as expected, CD147 mice have impaired antibody
responses to B. hermsii (Alugupalli et al. 2007). CD14 is not only involved in
TLR2 signaling but also in TLR4-mediated signaling. Although B. hermsii is not
a Gram-negative bacterium and hence does not contain LPS, other evolutionarily
distant microbial components such as glycolipids of Treponema (Schroder et al.
2000), pneumolysin of S. pneumoniae (Malley et al. 2003), and fusion protein of
respiratory syncytial virus (Kurt-Jones et al. 2000) are recognized by TLR4. This
may explain the delayed and reduced B. hermsii-specific IgM response in TLR27-
mice. The magnitude of the specific IgM response in TLR4~~ mice was also some-
what lower than wild type mice (Alugupalli et al. 2007). As expected, this
potential TLR4-mediated response did not resemble an LPS-induced response,
since mice deficient in MD2, a protein crucial for the LPS response (Nagai et al.
2002), generated normal antibody responses (Alugupalli et al. 2007). These results
indicate that B. hermsii may also signal through TLR4 in addition to TLR1 and
TLR2, by a mechanism distinct from that of LPS-induced stimulation. Mice defi-
cient in TLR3, which is involved in recognizing double-stranded RNA, a signature
for viral rather than bacterial infection, generated IgM responses comparable to
wild type mice (Alugupalli et al. 2007).

Due to the redundancy in TLR function, we tested whether MyD88 provides
synergistic or partially redundant functions in triggering an antibody response
to B. hermsii in xid mice. Indeed, mice deficient in both Btk and MyD88 are
severely compromised in IgM production and bacterial clearance but not TD
antibody responses that utilize CD40-CD40L (Alugupalli et al. 2007). Despite
a normal response both in terms of kinetics and magnitude of specific IgM or
IgG to the model TD antigen NP-conjugated chicken gammaglobulin, Btk x
MyD88 mice are unable clear B. hermsii even transiently, highlighting the
critical role for TI responses in protective immunity (Alugupalli et al. 2007)
(Fig. 2B). Although B1b cells are capable of efficiently recognizing chemi-
cally distinct antigens, these data suggest the involvement of a co-stimulatory
mechanism in B1b cell activation during TI responses. Understanding the
sources of TLR signaling and how they regulate B1b cell function may help
develop strategies to restore efficient responses in individuals with impaired
TI responses.
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7 Impaired T Cell-Independent B Cell Responses

Children and the elderly respond poorly to TI antigens, and as a consequence suffer
severe and recurrent infections by both encapsulated and nonencapsulated bacteria
(Kelly et al. 2004, 2005; Lesinski and Westerink 2001; see also the chapter by J1J.
Mond and J.F. Kokai-Kun, this volume). A number of possibilities could account
for this impairment, some of which are reminiscent of the defects seen in xid mice,
suggesting that the xid mouse is an appropriate model for studying impaired TI
responses in children. Similar to the BCR-mediated activation defect of xid B cells
(Couderc et al. 1987), it has been shown that the B cells of neonatal, very young,
and aged wild type mice exhibit an activation defect to PS antigens and multivalent
membrane Ig crosslinking, a mimic of TI-2 antigen-induced stimuli (Chelvarajan et
al. 1998, 1999; Snapper et al. 1997). This impairment of the surface IgM cross-link-
ing and NP-Ficoll responses in neonatal B cells can be corrected by a number of the
above-mentioned (see Sect. 6) co-stimulatory signals for xid B cells (Couderc et al.
1987; Vinuesa et al. 2001) such as CD40-L, TLR ligands, IL-1, and IL-6
(Chelvarajan et al. 1998, 1999; Snapper et al. 1997). A defect in accessory cell-
mediated co-stimulation for neonatal and aged mouse B cell activation has also
been proposed to explain the poor responses of children and the elderly. These
accessory cells are mainly of the myeloid lineage, such as monocytes and macro-
phages, but not T cells (Bondada et al. 2000; Chelvarajan et al. 2004, 2005, 2006;
Landers et al. 2005; Yan et al. 2004a, 2004b). In fact, compared to adult human
monocytes, neonatal monocytes express significantly lower levels of MyD88 pro-
tein, which is required for IL-1 and almost all TLR-mediated signaling (Yan et al.
2004Db). In agreement with these signaling defects, we have recently demonstrated
that mice deficient in both MyD88 and Btk are severely compromised for TI
antibody responses (see Sect. 6.2.3).

The lack of appropriate B cell subsets and/or IgM memory B cells could also
explain the impaired TI responses in the young (Kruetzmann et al. 2003; Zandvoort
et al. 2001). For example, the lack of MZ B cell development and the low expres-
sion of CR1/2 on MZ B cells in the spleens of children under 2 years of age has
been suggested as a reason for their impaired responses to PS (Zandvoort and
Timens 2002). Nevertheless, upon immunization with NP-Ficoll, pyk-27 mice,
deficient in MZ B cells but not B1 cells, generate IgM and IgG3 antibody responses
more than two orders of magnitude higher than preimmune levels (Guinamard et
al. 2000). This implies that other B cells, likely B1b cells, play an important role in
this TI-2 response. In agreement with this possibility, two independent studies
reviewed here (see Sects. 5.2 and 5.3) provided direct evidence using Ragl™"
chimeras that B1b cells generate the majority of the anti-TI-2 IgM and IgG3
responses to NP-Ficoll and PS (Haas et al. 2005; Hsu et al. 2006). It is interesting
that the splenic localization of PS conjugates can also be independent of the pres-
ence of C3 (Breukels et al. 2005), which could explain the significant anti-NP-Ficoll
response in pyk-27- mice (Guinamard et al. 2000). In agreement with this, mice
deficient in CD19, the signal-transducing moiety of the C3 receptor CR1/2, generate
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B1b cells normally and mount efficient protective antibody responses to capsular
PS (Haas et al. 2005). In fact, C3”~ mice also generate normal IgM responses to
B. hermsii (Fig. 2A) (Connolly and Benach 2001; Connolly et al. 2004). While it is
not clear that all distinctions between B cell subsets defined in the mouse hold true
for humans, these data also suggest that children lack sufficient protection from
functional IgM-secreting (memory) B1b cells. Such a lack in the rapid as well as
long-lasting responses to TI antigens by B1b cells may explain recurrent infections
by encapsulated bacterial pathogens in children.

8 Memory B1b Cells

The functional definition of immunological memory is the ability of the immune
system to respond more rapidly and effectively to pathogens that have been
encountered previously and reflect the preexistence of clonally expanded popula-
tions of antigen-specific lymphocytes (Janeway et al. 2004). The long-term immu-
nity provided by Blb cells functionally resembles that of canonical B cell
memory; however, it is generated and maintained in the complete absence of
T cells (Alugupalli et al. 2004).

The B1b cell responses to three distinct TI antigens reviewed here (Sects. 5.1,
5.2, and 5.3) have revealed strikingly common characteristics to memory B cell
responses. Such characteristics include (1) the generation of B1b cell responses that
do not require continuous B lymphopoiesis (Alugupalli et al. 2003a; Carvalho et al.
2001); (2) B1b cells maintain their numbers by self-renewal (Kantor et al. 1995);
(3) B1b cells maintain a quiescent state in terms of their differentiation into plasma
cells, and their activation requires specific-antigenic stimulation (Alugupalli et al.
2004; Haas et al. 2005; Hsu et al. 2006); and (4) B1b cells generate long-lasting
antibody responses (Alugupalli et al. 2004; Haas et al. 2005; Hsu et al. 2006). In
the B. hermsii infection system, expanded B1b cells persist for a remarkably long
time in convalescent mice (Fig. 1B) and upon challenge, expanded B1b cells rap-
idly differentiate into antibody secreting cells (Alugupalli et al. 2004). While naive
B1b cells also generate specific IgM, the magnitude of the response is significantly
lower compared to that of expanded B1b cells. The kinetics of the IgM response is
also considerably delayed (K.R. Alugupalli, unpublished data). These properties
indicate that a subset of Blb cells behave like memory B cells. Reasons that
account for the evolution of the enhanced protection or antibody responses by such
a subset may include an expansion of antigen-specific B1b cells. In addition, anti-
genic stimulation may have conferred upon immune or convalescent mouse Blb
cells a distinct property that naive B1b cells do not possess, similar to those that
distinguish TD memory B cells from naive B cells, as illustrated in Fig. 3.

The robust binding of Blb cell-derived IgM to B. hermsii without SHM
(Alugupalli et al. 2004) suggests an increased quantity of antigen-specific B1b cells
in convalescent mice rather than an affinity maturation of the VH regions of
specific B1b clones. Interestingly, the VH sequences of the majority of the Ig
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Fig. 3 A model for the efficient protection conferred by B1b cells to pathogens in convalescent
mice. Upon infection or exposure to a specific T cell-independent antigen, B1b cells of varying
affinities generate a short-lived IgM response. In this primary response, a division of labor by
appropriate MZ B and/or Bla subsets (not shown in the figure) may also contribute to the IgM
response. While a significant fraction of this IgM may recognize the pathogen, only some of this
response is protective during primary infection. On the other hand, a subset of B1b cells driven
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repertoire of NP-Ficoll immunized mice have no SHM, and these antibodies are of the
IgM isotype (Maizels and Bothwell 1985; Maizels et al. 1988). This unmutated
IgM response is not unique to the carrier, Ficoll. In fact, mice deficient in BCL6,
which cannot develop a germinal center reaction, are capable of mounting hapten-
specific antibody responses when immunized with NP-conjugated to chicken gam-
maglobulins as a carrier, a frequently used model TD antigen. The VH regions of
the NP-specific IgM memory B cells in BCL6™ mice are also unmutated. These
results indicate that generation of unmutated IgM memory occurs without germinal
center formation and is specific to the antigen driving such a response (Toyama et
al. 2002). In fact, such an unmutated IgM response is sufficient for conferring
immunity even to a rapidly replicating bacterial pathogen, since TI control of B.
hermsii occurs in AID” mice. Furthermore, we have also shown that convalescent
AID”" mice are also resistant to reinfection, demonstrating that the unmutated IgM
memory of B1b cells is functional (Alugupalli et al. 2004).

9 Concluding Remarks

To date three distinct model systems have revealed that the B1b cell subset mounts
the majority of the antigen-specific TI response (Alugupalli et al. 2003a, 2004;
Haas et al. 2005; Hsu et al. 2006). This B1b cell subset is also capable of generating
a unique response that is functionally but not developmentally similar to the classi-
cal memory B cell response. The generation of rapid and long-lasting IgM induc-
tion from the B1b cell subset may not be an unnecessary complexity in the
seemingly linear conventional TD B cell memory development, as suggested
recently (Tarlinton 2006). The existence of B1b cell memory does not appear to be
a redundant arm of the memory B cell compartment, as B1b cell memory has
already been shown to play an indispensable role in two clinically important bacte-
rial infections (Alugupalli et al. 2004; Haas et al. 2005). In fact, TD responses do
not contribute to protective immunity in these systems. The dichotomy in the
development of B cell memory, such as the generation of TI memory B1b cells and
canonical TD memory B cells seem to imply the humoral immune system’s inher-
ent strategy to cover two major categories of immunogens, the TI and TD antigens,
respectively. The division of labor by these two distinct arms of B cell memory
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Fig. 3 (continued) by specific antigens expand with the help of a T cell-independent co-
stimulatory signal (see Sect. 6), persist in convalescent mice with higher frequency, and maintain
a quiescent state in terms of their further differentiation into plasma cells. Such B1b cells acquire
a functional memory B1b cell phenotype. Compared to their naive counterparts, the ability of
memory B1b cells to mount a heightened IgM response, upon antigen exposure, results in efficient
protection from reinfection. Factors that may contribute to this rapid response include an altered
transcriptomic profile and surface expression of other signaling receptors. Since AID can be
induced by BCR cross-linking and TLR stimulation, IgM secreting B1b cells could also switch
to other isotypes, such as IgG3
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could ensure achieving sterilizing immunity to a wider range of pathogens in an
overlapping and timely fashion. The rapid and antigen-specific IgM response
enhances the germinal center reaction by forming antigen—IgM complexes and
facilitates an accelerated development of high-affinity antibody response to TD
antigens, suggesting a role for B1b-derived IgM in the development of canonical B
cell memory (Corley et al. 2005). In addition, B1b cell-derived TI responses may also
be beneficial in decreasing the incidence of morbidity associated with opportunistic
pathogens in individuals with decreased T cell counts and T cell dysfunction
(Chinen and Shearer 2002). For instance, a selective reduction in CD27* conven-
tional memory B cells in drug naive and in highly active anti-retroviral therapy-
treated HIV-1-infected individuals compromises their TD responses and increases
susceptibility to a number of opportunistic infections (Chong et al. 2004).
Elucidation of the developmental pathways involved in B1b cell generation, activa-
tion, expansion, and the long-term maintenance of antigen-specific B1b cells may
provide new approaches to the induction of long-lasting protective antibody
responses in individuals impaired in TI and/or TD responses.
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Abstract Salivary IgA antibody responses to mutans streptococci can be observed
in early childhood, sometimes even before permanent colonization of the oral
biofilm occurs. Many of these early immune responses are directed to components
thought to be essential for establishment and emergence of mutans streptococci
in the oral biofilm. Initial responses are likely to be modulated by antigen dose,
by immunological maturity, and by previous encounters with similar antigenic
epitopes in the pioneer commensal flora. Our understanding of these modulating
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factors is modest and is an opportunity for continued investigation. Under controlled
conditions of infection, experimental vaccine approaches have repeatedly shown
that infection and disease can be modified in the presence of elevated levels of
antibody in the oral cavity. Protection can be observed regardless of antibody
isotype or method used to actively or passively provide the immune reagent.
Limited clinical trials have supported the utility of both of these approaches in
humans. Refinements in antigen formulation, delivery vehicles, enhancing agents
and routes of application, coupled with approaches that are timed to intercept most
vulnerable periods of infection of primary and permanent dentition may well provide
the healthcare practitioner with an additional tool to maintain oral health.

Abbreviations MS: Mutans streptococci; S. mutans: Streptococcus mutans;
Gbp: Glucan-binding protein; Ag I/Il: Antigen I/II; S. sobrinus: Streptococcus
sobrinus; SpaA: Surface protein antigen A; WapA: Cell wall-associated protein;
Gtf: Glucosyltransferase; CA-Gtf: Cell-associated glucosyltransferase; CF-Gtf:
Culture supernatant glucosyltransferase; GCF: Gingival crevicular fluid; IgG:
Immunoglobulin G; IgA: Immunoglobulin A; IgM: Immunoglobulin M; IgY:
Immunoglobulin Y; SIgA: Secretory immunoglobulin A; MALT: Mucosa-
associated lymphoid tissue; GALT: Gut-associated lymphoid tissue; T cells:
Thymus-derived lymphocytes; B cells: Bone marrow-derived lymphocytes; MHC:
Major histocompatibility complex; S. mitis: Streptococcus mitis; S. salivarius:
Streptococcus salivarius; ELISA: Enzyme-linked immunosorbent assay; NALT:
Nasal-associated lymphoid tissue; SBR-CT: Salivary binding reception-chol-
era toxin; scFc: Single chain Fc; VHH: Variable domain of llama heavy chain
homodimeric IgG

1 Introduction

Oral biofilms are exposed to a variety of innate and adaptive host components
which enter via the major and minor salivary glands, gingival crevice, or perfuse
through the oral epithelium. The impact, both short and long-term, of this exposure
on individual members of the biofilm is difficult to measure in the native state.
Adaptive host responses occur to permanent constituents as well as to transient
bacteria, provided microorganisms are in sufficient concentration or duration of
exposure. The level of colonization need not be high since distinct and complex
salivary immune responses can be observed to pioneer microbiota within a few
weeks of life. Oral immune responses are complex with regard to specificity,
amount, isotype, and source. These responses experience a degree of modulation as
microorganisms adapt to a commensal state through mechanisms that are not well
understood. Oral bacteria regarded as pathogens under certain conditions are
frequently members of the normal oral flora. Hallmarks of host responses to these
pathogens can be identified before and during diseases caused by them.
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Against this backdrop, there has been significant effort to identify and understand
host responses to one of these pathogens, Streptococcus mutans, and related species
(mutans streptococci) which are considered to initiate dental caries, especially in
children. Given the presumption that induction of host responses to bacterial infections
can be a means to interfere with their pathogenic consequences, many investigators
have adopted vaccine approaches in order to block the entry or reentry of mutans
streptococci into established oral biofilms and thus to thwart the dental caries disease
process. This review will briefly outline the relationship of mutans streptococci with dental
caries and highlight those features of most interest immunologically. The characteristics
of immune responses to mutans streptococcal exposure will be described, together
with the challenges of interpreting the dynamic relationships of host response, infection,
and disease. Adaptive and passive approaches that seek to modify the colonization or
disease potential of these cariogenic streptococci will also be discussed.

2 Mutans Streptococci

2.1 Cariogenicity of Mutans Streptococci

Dental caries is an infectious disease that occurs because of an imbalance in the
homeostasis between the host and oral flora. This imbalance promotes the emergence of
cariogenic microorganisms in the oral (dental) biofilm. Cariogenic organisms are
defined as those able to cause tooth demineralization because of their capacity to
accumulate, produce, and tolerate extremely low pHs in the dental plaque. Abundant
evidence exists implicating mutans streptococci as the principal organisms associated
with the onset and progression of dental caries (see Loesche 1986; Tanzer 1995, for
reviews). Although mutans streptococci include seven distinct species, only two,
Streptococcus mutans and Streptococcus sobrinus, are exclusively isolated from
humans (Whiley and Beighton 1998). These streptococci can accumulate in the
plaque enough to cause a decrease in biofilm pH to less than 5 by virtue of synthesis
of lactic acid from the fermentative metabolism of dietary sugars and from intracel-
lular and extracellular reservoirs of saccharides. The low pH responsible for tooth
demineralization is tolerated by mutans streptococci that can physiologically adapt to
this acidic condition, thus promoting irreversible tooth damage.

Mutans streptococci (MS) have been identified worldwide, although the fre-
quency and intensity of infection and associations with dental caries varied with the
population studied (Tanzer et al. 2001). An early association between childhood
caries and mutans streptococcal infection was made by Alaluusua and Renkonen
(1983) who reported that children with detectable levels of MS at 2 years of age
had a caries incidence 11-fold higher than children not colonized at the same age.
Later, Kohler et al. (1988) observed that children who had been colonized by
S. mutans before 2 years of age had caries scores which were many-fold higher
when they were 4 years old, compared with children who were colonized later.
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Subsequent prospective studies have confirmed that preventive programs which
significantly reduce MS levels of mothers, delayed colonization of their children,
which had a significant long-lasting impact on their caries development (Kohler
and Andreen 1994; Kohler et al. 1983).

2.2 Initial Colonization

Mutans streptococci require nonshedding tooth surfaces to become permanently
established in the oral cavity (Catalanotto et al. 1975), although more sensitive DNA-
specific probes suggest that these microorganisms may be found in the oral cavity
prior to tooth eruption (Tanner et al. 2002). These infections are primarily transmitted
vertically from the primary caregiver (Li and Caufield 1995; Klein et al. 2004),
though there is evidence for horizontal transmission (Mattos-Graner et al. 2001b).
Although children are repeatedly exposed to maternally derived mutans streptococci,
permanent colonization of the primary teeth typically occurs in the 2nd and 3rd year
of life. The natural history of MS colonization was analyzed in a prospective study of
46 children from birth to 5 years of age whose mothers had relatively high levels of
MS (Caufield et al. 1993). They observed that all children who acquired MS were
colonized between the ages of 19 and 31 months. The reasons that account for this
so-called window of infectivity are not fully understood but may be associated with
the eruption of molars, which provide virgin and retentive occlusal surfaces for colo-
nization. Later studies performed in American children confirmed the notion of a
window of infectivity (Smith et al. 1998). Interestingly, both studies described a sub-
set of children who remained free of mutans streptococci in the biofilm until much
later in childhood. It was hypothesized that if the biofilm matured on the fully erupted
primary dentition without mutans streptococci, then an appropriate niche would not
become available to these microorganisms until permanent teeth appeared.
Conditions exist whereby the window of infectivity can open earlier in life. If
children are under high infectious challenge as a result of frequent exposure to heav-
ily infected caregivers, coupled with excessive sucrose intake, then infection may be
demonstrated within the Istyear (Kohler and Andreen 1994; Tanner et al. 2002;
Mattos-Graner et al. 2001a; Karn et al. 1998). Other host and environmental factors
may influence the time of MS acquisition, one of which may be the status of
immunological maturation. Whether the age of infection is early or late, once mutans
streptococci become members of the oral biofilm, they remain permanent residents.

3 Molecular Pathogenesis of Disease

Mutans streptococci produce several proteins important to the pathogenesis of den-
tal caries. These proteins are involved in the ability to colonize teeth and to impose
their ecological advantage over other commensal organisms when the dental biofilm
is under environmental stress. For initial colonization, MS are able to adhere to
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saliva-coated tooth surfaces by specific interactions (adhesins) with salivary com-
ponents and with surface proteins of other bacterial species. Following adhesion,
MS are able to increase in proportion to other microorganisms within the biofilm
community through the enzymatic synthesis (via glucosyltransferases) of an extra-
cellular matrix of water-insoluble glucans, which then interact with glucan binding
proteins (Gbp) on bacterial surfaces (see Banas and Vickerman 2003). Expression
of these and other virulence factors are under environmental regulation via intra-
and interspecies communication systems (Senadherra et al. 2005, 2007), which
allow these organisms to increase in proportion when under extreme stress condi-
tions that can result from external environmental factors and from their own bacte-
rial products (Burne et al. 1997; Quivey et al. 2001). Because of their ability to
adapt to acidic environments, mutans streptococci can accumulate during periods of
biofilm acidification, thus increasing the extent of pH drop, resulting in tooth dem-
ineralization. Understanding the molecular mechanisms of pathogenesis has allowed
investigators to identify targets for controlling S. mutans infection and virulence.

The group of surface adhesins expressed by S. mutans, first discovered by
Russell and Lehner (1978), are variously termed antigen I/II (Ag I/IT), SpaP, Pac or
P1, and in S. sobrinus, SpaA. The cell wall-anchored S. mutans adhesin binds to a
high-molecular-weight glycoprotein called salivary agglutinin, or gp340. Antigen
I/IT has been reported to interact with the gp340 ligand via an alanine repeat region
in an N-terminal domain and by conformational epitopes between the alanine-rich
and a more centrally located proline-rich region (Seifert et al. 2004). Polypeptides
from this family of proteins have also been observed in other commensal species
such as Streptococcus gordonii and Streptococcus intermedius (reviewed in
Jenkinson and Lamont 2005). S. mutans also expresses a cell wall-associated pro-
tein (WapA), which was suggested to bind saliva-coated smooth surfaces and to
participate in sucrose-dependent adherence, but its role in cariogenesis is not fully
understood (Harrington and Russell 1993; Qian and Dao 1993).

Glucosyltransferases (Gtf) have a crucial role in the accumulation of S. mutans
in the biofilm, since they catalyze the synthesis of an extracellular matrix of glu-
cans from sucrose (Smith 2002). S. mutans expresses three Gtf isotypes (GtfB,
GtfC, and GtfD) that produce glucans with distinct degrees of water solubility,
depending of the proportion and type of glycosidic linkages. The isotypes GtfB and
GtfC synthesize ou1-3)-rich water-insoluble glucans, while GtfD synthesizes
water-soluble glucans that are rich in ou(1-6) glycosidic linkages. S. sobrinus also
expresses several Gtfs with significant homologies and water solubility of glucan
products to those of S. mutans. Gtfs have two functional domains, a catalytic
domain located in the N-terminal half of the molecule, and a glucan-binding
domain located in the carboxy-terminal third. The glucan-binding domain contains
amino acid repeats that resemble ligand-binding domains of various Gram-positive
bacteria and that were also found to be necessary for the catalytic activity. The
number of repeats in this domain affects the structure of glucans, and thus may affect
adherence properties (Banas and Vickerman 2003).

The molecular interaction of S. mutans cells with the extracellular glucan matrix
is not fully understood, but a heterogeneous group of proteins have been shown to
bind glucans, and for that property were named glucan-binding proteins (Gbps).
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S. mutans expresses at least four distinct Gbps (GpbA, GbpB, GbpC, and GbpD)
whose letter description is based on the order in which they were first described.
Apart from their affinity for glucan, genetic and biochemical studies of each protein
have indicated a variety of biological functions (reviewed by Banas and Vickerman
2003). GbpA has homology with the glucan-binding domain of S. mutans GtfB and
GtfC (Banas et al. 1990). In contrast, GbpB shows no homology with other glucan-
binding proteins or domains, but may function in the maintenance of cell wall
integrity (Mattos-Graner et al. 2001a, 2006; Chia et al. 2001). Production of GbpB
(Smith et al. 1994) appears to promote the ability of S. mutans genotypes to grow
in artificial biofilms (Mattos-Graner et al. 2001a), but mechanisms regulating
expression of this protein are still unclear (Chia et al. 2001; Mattos-Graner et al.
2006; Senadheera et al. 2005). GbpC is expressed in conditions of osmotic stress,
allowing involvement in S. mutans aggregation in the presence of glucan and dextran
and adherence of S. mutans to saliva-coated tooth surfaces (Sato et al. 1997). GbpD
has characteristics of both dextran-binding and lipase activity (Shah and Russell
2004). S. sobrinus also secretes several glucan-binding proteins (Smith et al. 1998).

4 Immune Responses to Mutans Streptococcal
Infection in Adults

Antibody activity to mutans streptococcal antigens can be detected in both salivas
and sera (reviewed in Michalek and Childers 1990). These antibody specificities
are not unexpected, given the life-long presence of mutans streptococci in the oral
biofilm. The presence of IgG antibody to mutans streptococci can be detected in
infant sera as a consequence of placental transfer (Luo et al. 1988) and reflects
maternal experience with these microorganisms. Children then begin to synthesize
serum antibody to mutans streptococcal antigens in early childhood. Serum IgG
antibody levels increase during childhood and remain detectable throughout life.
Most studies that examined the association between serum antibody to S. mutans
and dental disease were conducted in young adults and usually found negative cor-
relations between IgG antibody and disease levels (Block et al. 1979; Challacombe
1980; Gregory et al. 1986). In contrast, studies of older adults revealed a positive
correlation between serum IgG antibody to these cariogenic streptococci and their
cumulative dental caries experience (Kent et al. 1992).

The local oral expression of the systemic immune response can be studied, in
part, in the gingival crevicular fluid (GCF). The antibody component of this fluid
is a mixture of serum-derived immunoglobulins and locally synthesized IgG and
IgA. As in serum, IgG is the dominant isotype. Several studies have shown that at
least some of the IgG antibody to S. mutans in GCF is locally derived and that anti-
body levels can vary from site to site in the same individual (Lehner et al. 1987,
Camling et al. 1992; Smith et al. 1994). Attempts to draw general conclusions
about the significance of naturally synthesized GCF antibody on colonization and
disease are complicated by differences in study designs and the intricate dynamics
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of biofilm maintenance. For example, Camling and co-workers (1991) found no cor-
relation between GCF antibody activity and levels of indigenous S. mutans coloniz-
ing buccal surfaces of the first permanent molars in a group of young school-age
children. In contrast, studies in older adults suggested that diminished recoloniza-
tion of cleaned tooth surfaces with indigenous S. mutans was associated with the
presence of IgG antibody in the locally secreted GCF (Smith et al. 1994).

Attempts to draw conclusions on the relationship between the levels or specificity
of naturally formed salivary IgA antibody and dental disease in adults have been no
less problematic. Some investigators have found that elevated levels of IgA antibody
to intact bacteria reflected lower caries experience, while others found consistent
elevations in antibody levels only when active carious lesions were present
(reviewed in Michalek and Childers 1990; Smith and Taubman 1991). A higher
diversity of salivary IgA-reactive antigens of S. mutans was described for caries-
free, when compared to caries-active 12- to 13-year-old Thai children (Bratthall et al.
1997). Again, comparisons of saliva studies are challenging for some of the same
reasons as indicated for systemic comparisons. In addition, salivary studies are fur-
ther complicated by factors such as dietary intake of fermentable carbohydrates,
salivary flow rates, the absorptive capacity of microbiota, and the contribution of
GCEF antibody when whole saliva is used for analysis. What is clear is that salivary
IgA antibody to a variety of mutans streptococcal components is present to some
extent in parotid, submandibular/sublingual, and minor gland fluids of most healthy
adults. After mucosal immune maturation is complete (see Sect. 5) parotid IgA
(Smith et al. 1992; Challacombe et al. 1995) and parotid IgA antibody levels to
S. mutans (Percival et al. 1997) remain relatively constant throughout life, although
IgA concentrations in stimulated minor gland saliva have been reported to show a
significant reduction with age (Smith et al. 1992).

The relationships between mutans streptococcal levels or dental caries and host
response in these cross-sectional snapshots of older children and adults must be
understood in context. Subjects have had life-long associations with mutans strep-
tococci. During this time, immune responses to these cariogenic members of the
normal oral biofilm may have several, overlapping effects. For example, initial
immune responses to mutans streptococcal antigens may influence the time and rate
at which these streptococci join the biofilms of the primary dentition. The level and
specificity of the immune response may also modify the ability of commensal
mutans streptococci to colonize subsequently erupting primary or permanent teeth.
Antibody from any of the sources discussed above may influence the accumulation
of a cariogenic flora at various stages of infection. However, dental disease may
progress under diverse environmental challenges in spite of the putatively protec-
tive immune response. This disease would likely increase the antigenic load and
result in additional responses. Thus the levels of oral immune parameters, infection,
and past or present disease in adulthood may tell us little about the effect of the
immune response on the establishment or pathogenesis of oral microorganisms.
Perhaps examination of relationships between bacterial colonization and immune
responses that take place during the initial formation of the oral biofilm may be
more instructive.
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5 Ontogeny of Salivary/Secretory Immunity in Children

5.1 Induction of Mucosal Immunity

Secretory IgA (SIgA) antibody in the saliva appears as a consequence of induction of
immune responses in one or more specialized anatomical areas, collectively known
as mucosa-associated lymphoid tissue (MALT) (Brandtzaeg 2007). Swallowed bac-
teria can be taken up by specialized epithelial M cells overlying Peyer’s patches in
the lower ileum. These cells then pass bacterial components to dendritic cells, mac-
rophages and B cells. These cells then present antigen to CD4* helper T cells which,
when activated, liberate cytokines which cause mucosal B cells to differentiate, pri-
marily to IgA-committed cells, which then migrate through the lymphatic circulation
to the mesenteric lymph nodes, then reach the peripheral circulation through the tho-
racic duct. These primed mucosal memory/effector B cells home to mucosal sites via
mechanisms which include adhesion molecules, chemokines and, in some cases, topi-
cally available antigen (Brandtzaeg et al. 2005). IgA dimers then bind poly- immu-
noglobulin receptor (pIgR) on the glandular epithelium, are endocytosed, and finally
secreted into the glandular lumen as secretory IgA (SIgA) to which modified pIgR
(aka secretory component) is covalently attached. Once seeded in local mucosal tis-
sue, final differentiation to IgA dimer-secreting plasma cells takes place. Because of
the significant regionalization of the mucosal immune system, inductive sites in
Waldeyer’s ring, which contain MHC class II molecule-expressing follicle-associ-
ated epithelium (Johansen et al. 2005), are likely to be important for priming effector
B cells to oral antigens and subsequent antibody-secreting plasma cells in the salivary
glands. Salivary SIgA antibody levels may also be amplified by the transport of oral
antigens via dendritic cells to cervical lymph nodes, which also are thought to have
mucosal immune inductive properties.

5.2 Ontogeny of Mucosal Immunity

Effective pediatric dental caries vaccine approaches depend, in part, on an under-
standing of mucosal immune ontogeny. Ideally, immune intervention would take
place during initial mutans streptococcal colonization events. Although some
immunological issues which are important for the application of a childhood dental
caries vaccine are incompletely resolved, sufficient data are available to formulate
reasonable strategies. For example, the natural history of mutans streptococcal
infection described above indicates that a child’s mucosal immune system needs to
be sufficiently mature by the end of the 1st year of life in order for a vaccine to
induce an effective response. Since children of this age do not now receive mucosal
immunizations, knowledge of the immunological responsiveness of the secretory
immune system primarily comes from analysis of mucosal responses to infections
with indigenous organisms.
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Of necessity, the oral immune environment undergoes rapid, early development.
Although secretory IgA antibody in saliva and other secretions is essentially absent
at birth (Haworth and Dilling 1966), IgM and IgA-containing immunocytes are
present in salivary tissue at this time (Thrane et al. 1987, 1990; Iwase et al. 1987)
and salivary epithelial cells contain a secretory component. Following birth, expo-
sure to bacterial, viral, and food antigens causes a rapid expansion of IgA plasma
cells in mucosal lamina propria (Spenser et al. 1990). Immunomodulatory factors
in breast milk apparently enhance this expansion since neonates receiving breast
milk have significantly higher concentrations of salivary IgA than those receiving
nutrition by other means (Hayes et al. 1999; Newburg and Walker 2007). Salivary
(secretory) IgA concentrations continue to increase at a higher rate in breast vs bot-
tle fed infants during the first 6 months of life (Fitzsimmons et al. 1994). Salivary
IgA concentrations of 30 ug/ml are typical at this age. Children between 12 and
24 months exhibit a broader range of generally higher salivary IgA concentrations
(median concentrations of 50-60 ug/ml, although some range to greater than
200 ug/ml) than seen in the st year (Gahnberg et al. 1985).

Mature SIgA, i.e., dimeric IgA with bound secretory component, is the principal
salivary immunoglobulin secreted by 1 month of age (Smith et al. 1989). At this
early stage, many infant salivas are dominated by the IgA1 isotype (Smith et al.
1989; Fitzsimmons et al. 1994; Childers et al. 2003). Many oral biofilms of infants
contain relatively large proportions of bacteria that secrete IgA1 proteases, a condition
that would theoretically reduce the protective capacity of salivary IgA antibody at
this time. However, there is little evidence of proteolytic cleavage of IgA in whole
salivas from infants with IgA 1 protease-secreting flora (Smith et al. 1998), suggesting
that potential cleavage is principally occurring within the biofilm, rather than in the
planktonic phase. After 6 months of age, most children exhibit a more adult-like
distribution of salivary IgA1 and IgA2 subclasses, both of which contain antibody
specificities to oral commensal microbiota (Smith and Taubman 1992; Cole et al.
1998; R.D. Nogueira et al., unpublished observations).

Commensal flora represent a significant antigenic stimulus to the developing
mucosal immune system. As a result, mucosal IgA antibody to pioneer gut
(Escherichia coli, Gleeson et al. 1985; Mellander et al. 1984) and oral (Streptococcus
mitis and S. salivarius, Smith et al. 1990, 1992; Cole et al. 1999) microbiota can be
detected within weeks of initial exposure. Neonatal infections with rotovirus
(Jayashree et al. 1988) or poliovirus (Hanson et al. 1987) also induce detectable
salivary IgA antibody. IgA antibody to tetanus toxoid and poliovirus appears in the
saliva within the first months of life as a consequence of pediatric immunization
with these injected and oral vaccines (Smith et al. 1990). The significance of these
responses to antigens present in the developing commensal flora is not yet under-
stood. One of the difficulties in quantitatively assessing mucosal immune responses
in young children is that, in addition to the increasing concentrations of IgA,
antibody reactivity is measured in whole saliva, rather than pure glandular secre-
tions. Also, the increasing diversity of commensal flora and dietary components,
eruption of primary dentition, and variation in salivary flow rates have considerable
impact on salivary antibody concentration.
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Nonetheless, the characteristics of response patterns to initially colonizing strep-
tococci have been followed through the first years of life. Cole and co-workers
(1999) measured salivary IgA antibody to formalin-killed S. mitis biovar 1, S. oralis,
S. mutans, and Enterococcus faecalis in children from birth to 2 years of age. They
found no differences in concentrations of IgA antibody to formalin-killed cells of
each of these species during this time period. In contrast, our study of the relationship
between initial colonization with so-called pioneer streptococci and the corre-
sponding longitudinal development of salivary IgA antibody revealed a different
picture (Smith and Taubman 1992). Using culture supernatants from recently iso-
lated S. mitis as antigen, Western blots (Fig. 1) were done with two children’s sali-
vas taken between 9 to 43 months of age. As the age of the child increased, so did
the number and intensity of responses to S. mitis components reacting with salivary
IgA. A similar finding was observed among 6- to 18-month-old children using
boiled whole S. mitis cells as antigen (Nogueira et al. 2005). These latter studies
suggested that a quantitative increase in the amount of salivary IgA antibody to
many S. mitis components took place, although this was likely to be influenced by
underlying increases in salivary IgA secretion.

Cole and co-workers (1999) also found that much of the salivary IgA antibody
reactive with S. mitis and S. salivarius formalin-killed cells could be removed by
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Fig. 1 Western blot of Streptococcus mitis culture supernatant component reaction with IgA
antibody in salivas from two children. Salivas were collected at 9, 16, 22, and 34 months of life
from child A, and 10, 25, 33 and 43 months of life from child B. Migration of standards is indi-
cated on the right edge of the blot by arrows and the corresponding kDa
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adsorption with other viridans streptococci, including S. mutans, which do not
colonize until much later. They suggested, therefore, that the predominant salivary
IgA antibody response in young children to the four tested streptococcal species
was directed to cross-reactive antigens. This may reflect innate-like polyclonal
responses observed to commensal gut flora, which are characterized by limited
repertoire, cross-reactive SIgA antibody of low affinity (Bouvet and Fischetti 1999;
Macpherson et al. 2000). Superimposed on these low-level responses are adaptive,
higher-affinity responses to species-specific antigens, which may result from initial
bacterial challenge or pathogen exposure. For example, salivas from a separate lon-
gitudinally studied group of children were exposed in Western blot to culture super-
natants from recently isolated S. mitis and S. mutans (Smith et al. 1998) Little or no
salivary IgA antibody reactivity was observed to S. mutans antigens in the 2nd year
of life (prior to colonization with mutans streptococci), although the same salivas
reacted vigorously with several S. mitis components (Fig. 2). These studies would
indicate that a significant level of specificity exists in the early mucosal responses
to the current and future members of the mature biofilm, superimposed on an
underlying modulated response to shared antigens. The challenge is to understand
the role which these responses play in the development of biofilm communities.
Taken together, the evidence suggests that mucosal immune maturation has devel-
oped to the stage at which a detectable salivary IgA immune response to mucosally
applied dental caries vaccines could be expected by the end of the st year of life,
at least to protein antigens.
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Fig. 2 Western blot of Streptococcus mutans (left side) and Streptococcus mitis (right side) culture
supernatant (CS) component reactions with IgA antibody in salivas from three children (c). The age
at which salivas were collected from each child is indicated below the respective lane. Migration
of standards is indicated on the left edge of the blot by arrows and the corresponding kDa
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6 Salivary IgA Antibody Following Initial Mutans
Streptococcal Exposure

Natural exposure to mutans streptococci results in a mucosal immune response to
these organisms. This response is often first observed beginning late in the 2nd year
of life, when mutans streptococci begin to accumulate on primary tooth surfaces.
Western blot and ELISA analyses reveal that the major responses often appear to be
directed to streptococcal components which are considered to be important in colo-
nization and accumulation (Smith et al. 1998). Prominent among the components
reacting with IgA antibody are antigen I/II, glucosyltransferase, and glucan-binding
protein B. Interestingly, salivary IgA reactivity with an unidentified component
migrating to 110 kDa is frequently observed in salivas from young children.

The epitopic specificity of the natural response to Gtf and GbpB has been
recently explored in groups of children during colonization of primary (5-13 months
old) or permanent teeth (10-12 years old) with mutans streptococci (unpublished
observations). Salivary IgA antibody levels were measured to 14 linear peptides
derived from regions of suspected functional activity or MHC class II binding
potential of Gtf and GbpB. Salivary antibody from either group of children reacted
most consistently with peptides associated with the glucan-binding domain of Gtf.
In addition, a salivary IgA-responsive epitope was often detected at an activity-
associated site in the central portion of the enzyme. Salivary IgA reaction with the
glucan-binding domain is also observed as a consequence of experimental infection
of rats with mutans streptococci. Epitopes in the N terminal third of GbpB were
most prominent in the salivary IgA immune response to this protein in both groups
of children. This pattern was also reflected in the rodent response to infection with
S. mutans. These observations not only provide more natural immune response
detail, but also permit informed targeting in the design of subunit vaccines for den-
tal caries, or in preparation of monoclonal passive immune reagents.

Permanent colonization with mutans streptococci leading to accumulation
apparently is not always required for the induction of detectable levels of salivary
IgA antibody to species-specific antigens. Antibody reactivity with mutans strepto-
coccal antigens can be observed independent of the ability to detect ongoing infec-
tion in some children (Smith et al. 1998; Nogueira et al. 2005). As is the case with
many bacterial challenges throughout the body, the threshold of immunological
response is lower than that of persistent infection; therefore it is not surprising to
observe antibody to S. mutans antigens in the absence of its colonization, since
most children are being exposed to these organisms by their primary caregivers
from birth. Thus colonization, at least not extensive colonization with mutans strep-
tococci is not necessary for the development of salivary antibody to associated
mutans streptococcal antigens. As indicated above, the relatively late appearance of
these S. mutans antibody specificities suggests that they may not be primarily the
result of cross-reactive responses to earlier colonizing microbiota.

Salivary IgA antibody responses to mutans streptococci show significant individual
characteristics in early childhood. Children respond at different rates following
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infection, a condition which may be partly the result of the extent of infection
(antigen dose) or the age at the time of infection (maturation of immune response).
Siblings may also differ in their responses to MS antigens, despite being initially
challenged with the same maternal subspecies. For example, Fig. 3 shows Western
blots of the IgA reactivity patterns in two young siblings’ (S1 and S2) salivas with
culture supernatant antigen from the S. mutans isolated from S2. The patterns are as
different as those seen in two unrelated adults (A1l and A2). Children may be chal-
lenged with several mutans streptococcal strains (Saarela et al. 1993), primarily by
vertical (Li and Caufield 1995; Kozai et al. 1999), but also by horizontal (Mattos-
Graner et al. 2001b) transmission. However, they become colonized with only some,
one, or none, of these strains, a process which is influenced by salivary protein
characteristics, epithelial receptors, and preexisting microbiota. The rate, specificity
and/or extent of the mucosal immune response to previous encounters with the
organism may also contribute to the success or failure of permanent colonization.
Nogueira and co-workers (2005) have evidence suggesting that vigorous
immune responses to antigens important to colonization/accumulation may delay
S. mutans infection under certain circumstances. Five- to 13-month-old children
were paired with respect to age, number of teeth, IgA concentration and racial
background, but differed in the presence or absence of S. mutans. All children were
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Fig. 3 Western blot of reactions of culture supernatants of two different Streptococcus mutans
isolates (strains DI and AM) with IgA antibody in salivas from one sibling pair (SI and S2) who
were 23 and 36 months of age, respectively, at the time of collection. Salivary IgA antibody reac-
tivity with S. mutans antigens is also shown for a third, unrelated child (C3, 30 months of age) and
two adults (Al and A2). Migration of standards is indicated on the left edge of the blot by arrows
and the corresponding kDa
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considered to be under heavy exposure to oral mutans streptococcal challenge,
based in the high levels of infection of primary caregivers and sucrose-rich diets
(Nogueira et al. 2005 ). Antibody reactivity with Gtf and antigen I/II was detected
in most of the children regardless of the infection status. However, salivary IgA
antibody reactive with GbpB was observed in only 38% of infected children, while
76% of the uninfected children had Western blot IgA antibody reactivity with
GbpB. Furthermore, among the anti-GbpB-positive children, the amount of densit-
ometrically determined IgA antibody was generally much higher in the uninfected
group, suggesting that GbpB was immunodominant in young children before
detectable levels of mutans streptococci could be established in the oral cavity.
Thus, children under heavy challenge with mutans streptococcal antigens can
mount secretory IgA responses to S. mutans-specific antigens in the 1st year of life.
In addition, these data suggest that the specificity of this natural response has the
potential to influence colonization. Exploring factors which may define patterns of
natural response to GbpB may provide important insights for the application of this
antigen in anti-caries vaccines.

Taken together, the evidence from salivary IgA responses to commensal and
pathogenic oral microorganisms indicates that the mucosal immune system is well
developed by the period during which children typically become infected with
mutans streptococci. Most children apparently respond immunologically to tran-
sient infection or ongoing colonization with mutans streptococci in early childhood.
Although the distribution and specificity of children’s responses are not identical,
antibody to a few major antigens predominates. The possibility exists that such
responses could be protective if induced prior to critical colonization events.

7 Active Inmunization

Several strategies have been employed to test the hypothesis that the presence of
antibody prior to infection can interfere with infection and disease. Virtually all
approaches target either Streptococcus mutans or S. sobrinus as the principal etio-
logic agents of the disease. Most investigators sought to prevent initial colonization
rather than to remove cariogenic microorganisms from an established biofilm.
Bacterial colonization or accumulation was targeted by vaccines for inactivation/
blockage, rather than metabolic pathways critical to the survival of the
microorganism.

7.1 Targeting Adherence

Following early demonstrations that immunization with intact mutans streptococci
could induce protective immune responses in experimental models for dental caries
(reviewed in Michalek and Childers 1990), several investigators began to focus on
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antigens involved in adherence of S. mutans since the first step in the molecular
pathogenesis of the disease is the colonization of the tooth surface, or, more accu-
rately, colonization of the pre-existing biofilm on the tooth surface, through
adhesin-mediated mechanisms.

Abundant in vitro and in vivo evidence indicates that antibody with specificity
for S. mutans antigen I/II (AgI/IT) or S. sobrinus SpaA can interfere with bacterial
adherence and subsequent dental caries. Antibody directed to the intact Ag I/II
molecule or to its salivary-binding domain blocked adherence of S. mutans to
saliva-coated hydroxyapatite (reviewed in Koga et al. 2002). Furthermore, a variety
of immunization approaches have shown that active immunization with intact Ag
/11, or passive immunization with monoclonal or transgenic antibody (see Sect. 9)
to putative salivary binding domain epitopes within this component can protect
rodents, primates, or humans from infection or disease caused by S. mutans.
Immunization of mice with synthetic peptides (residues 301-319) from the alanine-
rich region of Ag I/II suppressed tooth colonization with S. mutans (Takahashi
et al. 1990). Intranasal immunization with Ag I/II, coupled to cholera toxin B subu-
nit, reduced dental caries by S. mutans in an experimental rat model (Hajishengallis
et al. 1998). Fusion proteins containing this adhesin were also shown to inhibit
sucrose-independent adhesion of S. mutans to saliva-coated hydroxyapatite beads
(Yu et al. 1997). Likewise, intranasally applied DNA vaccines encoding Ag I/II
sequence were shown to be protective (Jia et al. 2004). Immunization with
S. sobrinus SpaA constructs protected rats from caries caused by S. sobrinus infec-
tion (Redman et al. 1996). Thus, these streptococcal adhesins appear to be
candidates for dental caries vaccine applications.

7.2 Targeting Accumulation

Sucrose-dependent accumulation of mutans streptococci within the dental biofilm
has also been immunologically targeted in preclinical and clinical studies. Most
effort has centered on a group of glucosyltransferase enzymes which catalyze the
extracellular formation of alpha 1,3 and alpha 1,6-linked glucan from sucrose.
These polysaccharides provide multiple binding sites for the accumulation of
mutans streptococci in the plaque as well as serving as reservoirs of carbohydrate
for cell metabolism. Given the central role of glucan formation in the molecular
pathogenesis of dental caries, it is not surprising that Gtfs from S. mutans or S. sobrinus
could induce protective immune responses in preclinical (reviewed in Smith 2002)
or clinical studies in young adults (Smith and Taubman 1987). Thus, the presence
of antibody to glucosyltransferase in the oral cavity prior to infection can significantly
influence the disease outcome, presumably by interference with one or more of the
functional activities of the enzyme.

Immune responses to Gtf can also be directed to functional domains. A vari-
ety of biochemical, genetic, and sequence alignment techniques have identified
several residues within the N terminal region of Gtfs that appear to be associated
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with its catalytic activity. Other studies have shown that the repeating sequences
in the C terminal third of Gtf are associated with primer-dependent binding of
glucan (reviewed in Smith 2002). This information has directed the design of
Gtf subunit vaccines. For example, immunization with synthetic peptide con-
structs or recombinant peptides corresponding to sequences containing at least
five different catalytically active residues or glucan-binding domains of Gtf
have been shown to induce immune responses interfering with enzyme function
and/or with the cariogenic activity of mutans streptococcal infection
(Jespersgaard et al. 1999; Smith 2002). Protection has also been observed
recently with Gtf peptides associated with MHC class II-binding (Culshaw
et al. 2007).

Glucan-binding proteins have also received attention in the search for effective
antigens. Although several glucan-binding proteins (Gbp) have been described,
only one, S. mutans GbpB, has been reported to induce protective immunity in
experimental systems (Smith and Taubman 1996). Bioinformatic analysis of the
GbpB sequence has revealed several sequences with potential MHC class II-binding
activity. A synthetic peptide based on one of these sequences in the N terminal third
of the molecule has been shown to induce protective immunity in a rat model for
dental caries (Smith et al. 2002).

The ability to induce protective immunity with subunit vaccines based on
adhesin, Gtf, or GbpB sequences has led investigators to develop constructs com-
bining epitopes from one or more proteins. Taubman and co-workers (2001) have
shown that the combination of peptides from the catalytic and glucan-binding
domains of Gtf enhances the level of experimental enzyme and caries inhibition.
Fusion proteins constructed from the saliva-binding alanine-rich region of Ag I/Il
and the glucan-binding domain of Gtf induced immune responses that inhibited
water-insoluble glucan synthesis by S. mutans Gtf and also inhibited sucrose inde-
pendent adhesion of S. mutans to saliva-coated hydroxyapatite beads (Yu et al.
1997). DNA vaccines coding for both the adhesin and Gtf also have been shown to
induce protective responses (Guo et al. 2004). Incorporation of a Gtf catalytic
domain peptide within a construct containing a GbpB sequence with MHC class
II-binding characteristics greatly enhanced antibody formation to the Gtf peptide
(Smith et al. 2005). Thus the potential exists to broaden the protective potential of
the subunit vaccine approach.

8 Methods of Antigen Delivery and Immune Enhancement

8.1 Routes

Although the basic principle of immune protection from dental caries caused by
mutans streptococci has been established in preclinical studies, refinements to the
effective application of this approach to humans remain. One of the issues deals
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with the route of delivery. Early studies with mucosally applied caries vaccines
used the oral or intragastric route for antigen delivery. Although significant
effects on mutans streptococcal infection and disease were observed in animal
and human studies (reviewed in Smith et al. 2002), induction of immune
responses by the oral route requires antigen passage through the gut prior to
uptake in the gut-associated lymphoid tissue (GALT). Since transit through the
acidic stomach environment reduces the effective antigen stimulus, and the jour-
ney to GALT dilutes antigen concentration, induction of protective immunity in
mucosal sites that are in closer anatomical relationship to the oral cavity has been
pursued. Intranasal installation (IN) of antigen, which targets the nasal-associated
lymphoid tissue (NALT), has been used to induce experimental immunity to
many bacterial antigens, including those associated with mutans streptococcal
colonization and accumulation. Protective immunity after infection with cario-
genic mutans streptococci could be induced in rats by the IN route with many
S. mutans antigens or functional domains associated with these components.
Protection via this route could be demonstrated with S. mutans Ag I/11, the sali-
vary binding region (SBR) of Ag I/I, a 19-mer sequence within the SBR, the
glucan-binding domain of S. mutans GtfB, S. mutans GbpB or GbpB-derived
peptides (reviewed in Koga et al. 2002; Smith 2002), and fimbrial preparations
from S. mutans (Fontana et al. 1999), using antigen alone or in combination with
mucosal adjuvants. Additional routes have included exposure of antigen to ton-
sils (Childers et al. 2002), to minor salivary glands (Smith and Taubman 1990),
or rectal tissue (Smith et al. 2003b).

8.2 Adjuvants

Mucosal application of soluble antigen generally is insufficient to sustain an
immune response. Thus, several enhancement strategies have been employed.
One of these has been to take advantage of the immunostimulating ability of
enterotoxins such as cholera toxin (CT) or the closely related serogroups I and II
of E. coli heat labile enterotoxins (LT). CT could be shown to markedly enhance
the immune response and/or the protective potential of intragastrically or intrana-
sally applied mutans streptococcal antigens (Russell et al. 1991; Martin et al.
2000; Smith et al. 2001a). Adjuvant features of CT or LT for use in preclinical
studies of dental caries vaccines were preserved by removing the Al subunit
toxin domain from the CT complex, mutating residues in the A subunit domain,
or using only the nontoxic B subunit. Antigen or functional domains therein,
when mixed with detoxified adjuvant or chemically conjugated or genetically
fused with adjuvant subunits, dramatically increased salivary immune responses,
resulting in protective immunity (reviewed in Smith 2002). However, refine-
ments of these approaches are required because of potential retrograde transfer of
these GM 1-binding molecules to neuronal tissues following intranasal application
(van Ginkel et al. 2000).
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8.3 Delivery Systems

Targeting vaccine antigens to mucosal immune tissue or delivery in vehicles which
prolong or promote exposure of antigen to inductive tissue has also been used suc-
cessfully in preclinical studies. For example, intact adhesins, chimeric SBR-CTA2/
B proteins (Hajishengallis et al. 1996), or Gtf glucan-binding domains (Taubman
et al. 2004) were expressed in Salmonella, since these bacteria specifically bind to
the epithelial cells which overlie mucosal lymphoid tissue. Such constructs, deliv-
ered in attenuated Salmonella expression vectors, induced protective immune
responses when administered intragastrically or intranasally. Incorporation of anti-
gen in or on various types of microparticles or microspheres made of poly(lactide-
co-glycolide) or liposomes has also been employed in an attempt to increase uptake
via antigen particularization. These approaches have been shown to be useful in the
delivery of dental caries vaccine antigens for protective responses in preclinical
studies (reviewed in Smith 2002) or salivary antibody formation in humans
(Childers et al. 1999).

9 Passive Immunization

As an alternative to strategies that require active immune responses in the host,
antibody to critical S. mutans virulence factors can be passively introduced into
the oral cavity for protective effect (reviewed in Koga et al. 2002). Two pioneer-
ing studies established this concept. The first study, in which monkeys were
infused intravenously with simian IgG antibody directed to S. mutans cell sur-
face antigens, indicated that non-host IgG antibody entering the oral cavity via
the gingival crevicular fluid, could reduce dental caries in rhesus monkeys
(Lehner et al. 1978). A second pioneering study showed that mucosally derived
antibody could also impart protection. In this investigation, Michalek and
McGhee (1977) immunized rat dams with mutans streptococcal cells, resulting
in mucosal secretion of antibody to S. mutans in their milk. Offspring of these
dams, after suckling on antibody-rich milk, showed a significant degree of pro-
tection from dental caries caused by subsequent infection with S. mutans. These
experiments established the concept of passive protection for dental caries and
again showed that the specificity and presence of antibody in the oral cavity was
more important for protection than the method by which antibody entered the
oral cavity.

Some (Otake et al. 1991), but not all (Hamada et al. 1991) subsequent investiga-
tions, in which rats were given continuous dietary exposure to antibody to whole S.
mutans cells, supported the passive approach. Modest, short-term reductions in
plaque-associated S. mutans were also observed when bovine antibody to whole
cells was incorporated into the diet of gnotobiotic rats (Michalek et al. 1987) or
used as a mouth rinse in humans (Loimaranta et al. 1999).
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Improved protection followed the targeting of the antibody reagents to individual
components of the mutans streptococcal colonization or accumulation processes.
For example, polyclonal IgG antibody or IgG monoclonal reagents to surface
adhesins of S. mutans (Lehner et al. 1985) or Streptococcus sobrinus (van
Raamsdonk et al. 1993) could be shown to reduce colonization and inhibit dental
caries in Rhesus monkeys, or reduce colonization in rats, when administered by
repeated topical application. Human application of the passive immunization
approach was highlighted in several small clinical trials with monoclonal reagents
directed against an epitope of S. mutans antigen I/IL. In these experiments, teeth in
adult volunteers were treated for 9 days with chlorhexidine to remove most of the
dental microbiota. This antibacterial treatment was followed by a 3-week regimen
in which mouse monoclonal IgG (Ma et al. 1990) or transgenic SIgA/G (Ma et al.
1996) antibody to an adhesin epitope, prepared in tobacco plants, was topically
applied to the teeth. Recolonization of the tooth surfaces with S. mutans did not
occur in adhesin antibody-treated subjects over the course of the study, in contrast
to the tooth surfaces of subjects treated with antibody irrelevant to S. mutans. The
working hypothesis for these observations was that non-mutans streptococcal mem-
bers of the oral biofilm were given a selective advantage in filling the ecological
niche previously occupied by S. mutans as a result of passive antibody treatment,
thus blocking mutans streptococcal recolonization. A subsequent clinical trial
(Weintraub et al. 2005) employing a somewhat different protocol but using a similar
transgenic antibody reagent, replicated the safety, but not the effectiveness reported
by Ma and co-workers (1996).

A novel method for delivery of relevant monoclonal antibody specificities in the
oral cavity has been reported by Kruger and co-workers (2002, 2005). In this
approach, vectors encoding a single-chain Fv (scFc) fragment of antibody with
specificity for the Ag I/Il adhesin epitope were expressed in Lactobacillus zeae
(formerly, casei) so that the scFv was displayed on the lactobacillus surface. When
young, desalivated rats were orally swabbed with these transformed lactobacilli
throughout the course of S. mutans infection, significant reductions in infection and
dental caries were observed. The authors suggest that the surface display of svFc
on lactobacilli results in a multivalent entity, which would be predicted to have the
avidity and valence to prevent (re)colonization of the teeth by S. mutans.

Very recent efforts have explored the ability to enhance the protective effect of
passively applied antibody by fusing it to a bacteriocidal component, in this case,
glucose oxidase (Kruger et al. 2006). Glucose oxidase enhances the peroxidase system
through the generation of hydrogen peroxide, which can then be converted to
hypothiocyanite and hypoiodite, both of which have microbiocidal properties. In
these studies, antibody specificity to S. mutans was generated in the variable domain
of llama heavy-chain homodimeric IgG (VHH). Fusion proteins containing the VHH
and glucose oxidase sequences are expressed in Streptocmyces cerevisiae. These
fusion proteins are then applied daily to the oral cavities of desalivated rats that had
been infected with S. mutans. Although reductions in dental caries were modest,
perhaps because of the lack of peroxidase-containing saliva or less than optimal antibody
specificity, this general approach may have useful future application.
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Experimental approaches also demonstrated the value of passive antibody
administration to other primary immune targets in the molecular pathogenesis of
dental caries. Most used antibody derived from chicken egg yolk as the passive
antibody source. The yolk of the chicken egg contains high concentrations of an
IgG-like protein referred to as IgY. Antibody of the IgY immunoglobulin class
reflects the immunological experience of the hen. Thus, given regular egg produc-
tion, immunization of a limited number of birds can result in recovery of significant
amounts of IgY antibody to the immunizing agent. This production capacity makes
the IgY approach attractive for the quantities of antibody required for the passive
immunization approach. In addition, approval for human use may be facilitated
since egg products are already a common food source.

Hamada and co-workers (1991) prepared IgY antibody to cell-associated Gtf
(CA-Gtf) or Gtf from the culture supernatants (CF-Gtf) of S. mutans MT8148R.
In vitro analyses revealed that the more purified IgY antibody to CA-Gtf signifi-
cantly inhibited glucan formation by CA-Gtf and could interfere with sucrose-
dependent adherence of S. mutans. These features then served as the theoretical
bases for the protective effects seen in vivo. Significant reductions in plaque depo-
sition and caries development occurred in the rats fed purified IgY antibody to
CA-Gtf at concentrations up to 1% of the diet. Interestingly, dietary administration
of antibody to Cf-Gtf did not result in demonstrable protection, presumably
because this antibody reagent was significantly less inhibitory of Gtf-mediated
glucan synthesis than was antibody to CA-Gtf, and did not inhibit in vitro sucrose-
dependent adherence of S. mutans. More recently, immune milk containing anti-
body to a fusion protein consisting of the alanine-rich salivary binding region of
antigen I/II and the glucan binding domain of Gtf was used as a mouth rinse
(Shimazaki et al. 2001). Following cetylpyridinium treatment of the teeth of
adults, and mouth rinsing with immune milk, significant reductions in recoloniz-
ing mutans streptococci were reported.

This IgY approach was extended by Kruger and co-workers (2004), who
investigated the influence of IgY antibody to CA-Gtf in rats who were surgically
desalivated. This application is of interest because salivary flow has been
directly associated with oral health, including dental caries. Those individuals
whose salivary flow has been compromised by diseases such as Sjogren’s syn-
drome or by head and neck irradiation are, therefore, at increased risk for dental
caries. The group of rats drinking water containing IgY CA-Gtf antibody had sig-
nificantly lower caries scores and less severe lesions on both smooth and sulcal
surfaces than did rats drinking non-immune IgY. The authors suggested that these
data indicate that the IgY antibody not only prevented the initiation of caries, but
also their progression. Thus, passive provision of antibody to at least some epitopes
of S. mutans GTF in the diet or drinking water can provide effective protection under
experimental conditions in the rat.

Antibody to S. mutans glucan-binding protein B (GbpB) was also shown to
provide passive protection against experimental dental caries (Smith and Godiska
2001), even when antibody exposure occurred only in the initial stage of infection.
In these experiments, IgY antibody to GbpB, or pre-immune IgY, was added to
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cariogenic diet 2000 for 9 or 23 days and given to experimental or control groups,
respectively. Periodic measurement of the extent of infection with S. mutans
indicated that IgY antibody to GbpB had a significant effect on accumulation of
these cariogenic streptococci throughout the 78-day infection period. At the end
of this infection period, rats fed for 9 days had significant dental caries reductions
on smooth molar surfaces, while in rats fed for 23 days, reductions were significant
on both occlusal and smooth surfaces. Furthermore, when caries scores were calcu-
lated with respect to individual teeth, significant reductions were observed on eight
of 12 teeth in the second experiment. Interestingly, the level of caries protection
after 23 days of IgY antibody feeding was similar to that seen in experiments
where rats were actively immunized with GbpB followed by a similar S. mutans
infection period (Smith et al. 1997). Thus, early exposure to dietary IgY antibody
to S. mutans GbpB can diminish the extent of eventual dental disease, and possi-
bly bacterial accumulation, prior to observable disease. Furthermore, relatively
short-term administration of IgY antibody to GbpB was shown to be essentially
as effective as active immunization in inhibiting caries formation in this experi-
mental system.

10 Summary

Salivary IgA antibody responses to mutans streptococci can be observed in early
childhood, sometimes even before permanent colonization of the oral biofilm
occurs. Many of these early immune responses are directed to components
thought to be essential for establishment and emergence of mutans streptococci
in the oral biofilm. Initial responses are likely to be modulated by antigen dose,
by immunological maturity and by previous encounters with similar antigenic
epitopes in the pioneer commensal flora. Our understanding of these modulating
factors is modest and is an opportunity for continued investigation. Under con-
trolled conditions of infection, experimental vaccine approaches have repeatedly
shown that infection and disease can be modified in the presence of elevated lev-
els of antibody in the oral cavity. Protection can be observed regardless of anti-
body isotype or method used to actively or passively provide the immune reagent.
Limited clinical trials have supported the utility of both of these approaches in
humans. Refinements in antigen formulation, delivery vehicles, enhancing
agents, and routes of application, coupled with approaches that are timed to inter-
cept most vulnerable periods of infection of primary and permanent dentition
may well provide the health care practitioner with an additional tool to maintain
oral health.
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