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Abstract Tuberculosis (TB) remains a serious threat to public health, causing 2
million deaths annually world-wide. The control of TB has been hindered by the
requirement of long duration of treatment involving multiple chemotherapeutic
agents, the increased susceptibility to Mycobacterium tuberculosis infection in the
HIV-infected population, and the development of multi-drug resistant and exten-
sively resistant strains of tubercle bacilli. An efficacious and cost-efficient way to
control TB is the development of effective anti-TB vaccines. This measure
requires thorough understanding of the immune response to M. tuberculosis. While
the role of cell-mediated immunity in the development of protective immune
response to the tubercle bacillus has been well established, the role of B cells in
this process is not clearly understood. Emerging evidence suggests that B cells and
humoral immunity can modulate the immune response to various intracellular
pathogens, including M. tuberculosis. These lymphocytes form conspicuous
aggregates in the lungs of tuberculous humans, non-human primates, and mice,
which display features of germinal center B cells. In murine TB, it has been shown
that B cells can regulate the level of granulomatous reaction, cytokine production,
and the T cell response. This chapter discusses the potential mechanisms by which
specific functions of B cells and humoral immunity can shape the immune
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response to intracellular pathogens in general, and to M. tuberculosis in particular.
Knowledge of the B cell-mediated immune response to M. tuberculosis may lead
to the design of novel strategies, including the development of effective vaccines,
to better control TB.
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1 Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), is a major
global health threat, resulting in over 2 million deaths each year [1]. M. tuberculosis
is a remarkably successful pathogen due to its ability to modulate and to evade
immune responses [2–4]. Cell-mediated immunity effectively regulates bacterial
containment in granulomatous lesions in the lungs, usually without completely
eradicating the bacteria, which persist in a latent state [5]. However, reactivation of
TB can occur when the host immune system is compromised by various factors,
such as HIV infection and the use of tumor necrosis factor (TNF) blockade therapy
for a variety of inflammatory diseases [6–8]. The ability of M. tuberculosis to
manipulate and evade immune responses presents a major challenge for the
development of efficacious therapies and anti-TB vaccines [3, 4, 9–11]. Bacillus
Calmette-Guèrin (BCG), an attenuated strain of Mycobacterium bovis, is the only
anti-TB vaccine that is currently administered [12]. Although BCG protects ade-
quately against pediatric TB meningitis, its protective effect for adult pulmonary
TB, a most common form of the disease, is inconsistent at best [13–16]. A more
thorough understanding of protective immunity and the ways by which M. tuber-
culosis manipulates these responses will aid in the control of TB [12, 17, 18].

It has been well established that cell-mediated immunity plays critical roles in
defense against M. tuberculosis [3, 4, 11]; by contrast, B cells and antibodies gen-
erally have been considered unimportant in providing protection [19–21]. This
notion has derived, at least in part, from inconsistent efficacy of anti-TB passive
immune therapies tested in the late nineteenth century, which possibly could be due
to the varied treatment protocols and reagents employed [20, 22]. In the late nine-
teenth century, the development of the concept of cell-mediated immune response
based on Elie Metchnikoff starfish larvae observation as well as antibody-mediated
immunity derived from Ehrlich’s side-chain theory [23–25] set the stage for the
subsequent emergence of the view that defense against intracellular and extracel-
lular pathogens are mediated by cell-mediated and humoral immune responses,
respectively [26, 27]. Guided by this concept of division of immunological labor, the
role of humoral immune response in defense against M. tuberculosis, a prominent
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intracellular pathogen, is generally thought of as insignificant [19, 28, 29]. However,
accumulating experimental evidence derived from studying intracellular and
extracellular pathogens suggest that the dichotomy of niche-based defense mecha-
nisms is not absolute [19, 28, 29]. A more comprehensive unbiased approach to
evaluate the contribution of both the cell-mediated immune response and B cells and
humoral immunity to protection against pathogens regardless of their niche could
further advance our knowledge of host defense that may eventually influence on the
development of efficacious vaccines. The importance of this comprehensive
approach is further reinforced by the advancement of our knowledge in immunology
and vaccine development that highlights the significance of the interactions between
innate and adaptive immunity, as well as those between various immune cells and
subsets in the development of effective immune response against microbes [30].
This approach may be particularly important for pathogens, such as M. tuberculosis,
for which consistently protective vaccines are still lacking.

2 Do B Cells and Humoral Immunity Contribute
to Defense Against Intracellular Pathogens?

Based on the concept of division of labor by the cell-mediated and the humoral arm
of the immune response in controlling pathogens, protection against intracellular
microbes is generally thought to be mediated exclusively by cell-mediated
immunity [28]. This has led to the use of highly T cell-centric strategies for the
development of vaccines against intracellular pathogens including M. tuberculosis
[31]. Complete exclusion of a role for B cell and humoral immune response in
defense against microbes that gravitate to an intracellular locale is, however,
problematic. Indeed, emerging evidence supports a role for B cells and the humoral
response in protection and in shaping the immune response to pathogens whose life
cycle requires an intracellular environment such as Chlamydia trachomatis,
Salmonella enterica, Leishmania major, Francisella tularensis, Plasmodium spp.,
and Ehrlichia chaffeensis [32–38]. Interestingly, humoral immunity has been
shown to contribute to protection against E. chaffeensis, a bacterium classified as an
obligate intracellular pathogen [34]. This observation has led to the discovery of an
extracellular phase in the life cycle of E. chaffeensis [34]. The Ehrlichia study
suggests that even a brief extracellular sojourn may expose an obligate intracellular
organism to antibody-mediated defense mechanisms operative in extracellular
milieu. Indeed, it is likely that many intracellular pathogens exist in the extracel-
lular space at some point in the infection cycle, making them vulnerable to the
actions of antibodies [28]; and evidence exists that this notion is applicable to
M. tuberculosis [39–41]. In the control of viruses, the quintessential class of
obligatory intracellular pathogen, antibodies have been shown to play an important
role in disease control and virion clearance from infected tissues involving
mechanisms that are independent of neutralization resulting from direct interaction
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of immunoglobulins with viral particles. For examples, binding of antibodies to
membrane-associated viral antigens of infected cells have been shown to attenuate
transcription and replication of the virus [42–44]. Additionally, immunoglobulins
(e.g., certain anti-DNA [45] and anti-viral IgA antibodies [46, 47]) have been
shown to be able to enter cells.

B cells can shape the immune response by modulating T cells via a number of
mechanisms based on antigen presentation and the production of antibodies and
cytokines [21, 48] (Fig. 1). B cells and humoral immunity contribute to the
development of T cell memory [49–57] and vaccine-induced protection against a
secondary challenge [21, 48] (two components critical to development of effective
vaccines) with intracellular bacteria such as Chlamydia [58] and Fransicella [59].
Thus, infections with intracellular microbes where cell-mediated immunity is
central to protection may also require humoral immunity for optimal clearance and
vaccine efficacy. This dual requirement for both the cell-mediated and humoral

Fig. 1 How do B cells modulate the immune responses to M. tuberculosis. Production of
M. tuberculosis-specific antibodies can mediate the formation of immune complex that can
modulate the functions of effector cells such as dendritic cells and macrophages. It remains to be
demonstrated whether specific neutralizing antibodies exist. B cells can serve as antigen
presenting cells to influence T cell activation, polarization, and effector functions and the
establishment of T cell memory. B cells can also modulate the functions of granulomatous
immune cells. In concert, these antibody-dependent and independent functions of B cells play an
important role in determining disease outcome in terms of the elimination of control of bacteria,
as well as the development of immunopathology that could damage tissues and promote
dissemination
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immunity also applies to the development of optimal immune response to extra-
cellular pathogens. For example, it has been reported that cellular immunity
contributes to defense against Streptococcus pneumoniae [60] and T cells shapes
the host response to Escherichia coli infection [61]; furthermore, the antigen-
presenting attribute of B cells plays an important role in host defense against
extracellular helminthes [57]. Together, these observations have provided evi-
dence that, regardless of the preferred niche of the pathogens in the host, the
immune response against invading microbes is shaped by the collaborative effects
of cellular immunity and the B cell and humoral immunity. In the context of
intracellular microbes such as M. tuberculosis, and particularly those for which
efficacious vaccines are lacking, understanding how B cells regulate the immune
response to the pathogens, and how these immune cells and antibody-dependent
immunity interact with the cellular arm of the host response to mediate protective
effectors will likely aid in the development of strategies to enhance anti-microbial
immunity and vaccine efficacy.

3 B Cells Can Influence T Cell Responses

The interaction of T cells and B cells in response to an antigenic challenge has
been well studied. These studies, however, have mostly focused on the charac-
terization the mechanisms by which T cells provide help to B cells [62]. It has
been firmly established that T cells play an important role in modulating the
response of B cells to antigens, affecting biological functions as diverse as anti-
body production and cytokine secretion [62]. In contrast, the role of B cells in
regulating T cell responses is less well-defined; and this is particularly the case for
CD8+ T cells. This line of investigation has yielded conflicting results [48, 63],
which are likely due, at least partially, to the complexity of the experimental
systems employed, which use varied antigens and mouse models. For example, a
much used model involves mice rendered deficient in B cells genetically, although
non-B cell immunological aberrancy is known to exist in these strains [48]. The
use of the B cell-depleting agent Rituximab in the treatment of a variety of human
diseases have provided an excellent opportunity to study the role of B cells in
shaping immune responses [64, 65]. These studies have provided compelling
evidence that B cells regulate CD4+ T cell responses [48]. Although less well
studied, accumulating evidence suggests a role for B cells in regulating CD8+
T cell responses including through antigen presentation [54, 66–68], even though,
as in the case for CD4+ T cells, the results derived from these studies are not
entirely congruent [69, 70].

Antigen presentation. Evidence that B cells and T cells cooperate in an immune
response to induce the production of antibodies began to emerge in the late 1960s
[71, 72]. Following up on this discovery, subsequent investigations revealed that
this collaboration is mediated by the MHCII-restricted antigen presentation by
antigen-experienced B cells to antigen-specific T cells [73, 74]. The T cells
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provide help to the interacting B cells, leading to B cell activation, high-affinity
antibody responses, the development of B cell memory and antibody-producing
plasma cells [62] (Fig. 1). These studies established B cells as professional antigen
presenting cells, thus revealing one of the many mechanisms by which these
lymphocytes can influence T cell responses [48, 63]. Antigen-specific B cells are
capable of presenting antigens to T cells with exceptionally high efficiency by
capturing and internalizing antigens via surface immunoglobulins; these antigens
are then processed and presented on the surface as peptide:MHC class II com-
plexes [63, 73–75]. While It is generally believed that dendritic cells are the most
efficient antigen presenting cell subset for priming na CD4+ T cells [76–78], ample
evidence, derived from mouse models, supports a role for B cells as effective
antigen presenting cells that participate in T cell priming [79–81]; and it has been
reported that B cells have the ability to prime na CD4+ T cells in the absence of
other competent antigen presenting cells [82]. A role for B cells in priming na T
cells by virtue of their ability to present antigens is, however, not uniformly
observed—this inconsistency suggests that the significance of this function of B
cells in T cell priming likely depends on antigen types and specific immunological
conditions [83]. The observation that B cells in lymph node follicles acquire
injected soluble antigens within minutes post-inoculation strongly suggests the B
cells have the ability to participate in early events of an immune response
including antigen presentation and priming of T cells [63, 84, 85].

Vaccination strategies have exploited the potential antigen-presenting property
of B cells for T cell activation [86, 87]: indeed, one such scheme has been shown
to be effective in boosting BCG primed immunity against M. tuberculosis [88].
Data derived from a chronic virus infection model suggest that B cells can protect
against disease reactivation through antigen presentation to T cells [89]. Activated
B cells as antigen-presenting cells have been exploited to augment anti-tumor
immunity [90]. The antigen-presenting property of activated B cells has been
linked to the perpetuation of autoimmunity [91]; by contrast, resting B cells are
noted for their ability to induce immune tolerance [92, 93]. Thus, it appears
possible to target the antigen-presenting property of B cells to augment specific
immune response as well as to suppress autoimmunity [94]. Accumulating evi-
dence indicate that B cells regulate T cell proliferation early on in response to
antigens, and affect the subsequent development of T cell memory responses [48,
63, 95]. In infectious diseases models, it has been observed that B cells are
required for the development of memory T cell response to intracellular pathogens
such as F. tularensis and Listeria monocytogenes [49, 54]. These observations
underscore the importance of going beyond the concept of niche-based division of
labor of cellular and humoral immunity in vaccine design to include strategies that
target both arms of the immune response.

Priming of T cells to clonally expand requires two signals [96, 97]. The first is
provided through the engagement of T cell receptor and with peptide:MHC
complex of antigen presenting cells. The second signals derive from interaction of
co-stimulatory molecules on the surface of T cells (such as CD28) and antigen
presenting cells (such as the B7 family proteins) [98]. The two signals combine to
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initiate the adaptive immune response. Absence of the second signal results in
tolerance [97]. During the innate phase of the immune response, antigen presenting
cells, destined to prime T cells to initiate the development of adaptive immunity,
undergo maturation and upregulate the expression of surface co-stimulatory
molecules [99]. By virtue of their ability to produce antibodies and cytokines,
B cells can modulate the maturation process of antigen presenting cells, thereby
regulating the ensuing adaptive immune response [100–105]. Natural antibodies
can bind to and alter the activity of the costimulatory molecules B7 and CD40,
thereby affecting the antigen presentation process [106, 107]. Finally, cytokines
produced by B cells can polarize T cell responses [108]; for example, it has been
shown that IL-10 produced by B cells in mice can promote a Th2 response [109].

Cytokine production. The composition of the immunological environment in
which na CD4+ T cells interact with antigen presenting cells to clonally expand plays
a critical role in determining the path of lineage development [110]. The cytokine
milieu at the site of T cell-antigen presenting cell interaction strongly influences
CD4+ T cell development. B cells produce a wide variety of cytokines either con-
stitutively or in the presence of antigens, Toll-like receptor ligands, or T cells [108,
111–113]. Based on the pattern of cytokines they produce, B cells have been clas-
sified into different effector subsets: B effector-1 (Be1), B effector-2 (Be2), and
regulatory B10 cells [48, 108, 113, 114]. During their initial interaction with T cells
and antigen, B cells primed in a Th1 cytokine environment become an effector cell
subset (Be1) that produces interferon (IFN)-c and interleukin (IL)-12, as well as
TNF, IL-10, and IL-6. B cells primed in the presence of Th2 cytokines produce IL-2,
lymphotoxin, IL-4, and IL-13 and can secrete TNF, IL-10, and IL-6 as well [48, 108,
113–115]; these are designated the Be2 subset. Through differential cytokine pro-
duction, these B cell effector subsets can influence the development of the T cell
response. Thus, Be1 and Be2 cells can bias the differentiation of na CD4+ T cells into
Th1 and Th2 effector T cells, respectively [57, 108]. Studies looking at cytokine
production by human B cells have shown that B cells that produce IL-12 can stim-
ulate a Th1 response in vitro [116], and, in contrast, B cells that produce IL-4
stimulate a Th2 response [117]. The ability of B cell-derived cytokines, notably IFNc
and IL-10 to regulate T cell differentiation provides a cross-regulatory link between
B and T cells [108, 113, 115]. In a murine infectious disease model of Heligomo-
somoides polygyrus, a rodent intestinal parasite, it has been shown that B cells
regulate both the humoral and cellular immune response to this nematode in multiple
ways, including the production of antibodies, presentation of antigens, and the
secretion of specific cytokines [57]. Cytokine-producing effector B cells are required
for protection against H. polygyrus. Specifically, B cell-derived TNF is required for
sustained antibody production and IL-2 is essential for Th2 cell expansion and
differentiation [57]. In addition, the data revealed that specific functions of B cells
might affect one particular phase of the immune response and not others [57]. This is
a most comprehensive study designed to characterize the role of various effector
functions of B cells modulating the development of the host response to a pathogen,
providing compelling evidence to support a complex role for B cells during infection
[57] (Fig. 1). We have recently observed that B cells immunomagnetically procured
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from lungs of M. tuberculosis-infected mice produce a variety of cytokines
(L. Kozakiewicz and J Chan, unpublished). The functions of these B cell-derived
cytokines in TB remain to be evaluated.

It is clear from the above discussion that the ability of B cells to augment T cell
immunity plays an important in the development of immune responses. Equally
important is the ability of B cells to negatively affect T cell responses by a subset
termed regulatory B cells [48, 114, 118]. Critical to this regulatory effect is the pro-
duction of IL-10 and transforming growth factor (TGF)-b by this B cell subset [48, 114,
118]. These B cells downregulate T cell function either directly via IL-10 or TGF-b
production or by augmentation of the regulatory T cell pathway [48, 114, 118].
Importantly, the regulatory B cells have been shown to play a role in the control of
autoimmunity, inflammation, and cancer. Whether regulatory B cells modulate the
development of immune responses to M. tuberculosis is currently unknown.

Fcc receptor (FccR) engagement. A most studied area of humoral immunity is
perhaps the mechanisms by which antibodies regulate antigen-presentation
through engagement of FccR by antigen–antibody complexes [119]. The FccR-
immune complex engagement has been an area of active investigation for the
development of vaccines against intracellular pathogens [58]. This interaction
could be via engagement of the complex with stimulatory and/or inhibitory FccRs,
whose functions are determined by the presence of ITAM or ITIM motifs in the
cytoplasmic domain of the receptor, respectively [120, 121]. Engagement of
FccRIIB, the sole inhibitory Fcc receptor, negatively influences T cell activation
by attenuating the process of dendritic cell maturation and subsequent antigen-
presentation; interaction through the stimulatory FccR’s promotes both processes
[101, 104]. The inhibitory property of FccRIIB bestows upon this receptor a
significant role in mediating peripheral T cell tolerance [122]. In murine models,
blockade of FccRIIB results in enhancement of T cell anti-tumor activity [100,
101, 104]. By contrast, the stimulatory FccRs promote the development of Th1 or
Th2 T cell response, the polarization direction being determined by the in situ
inflammatory environment [123].

Due to the preferential engagement of specific immunoglobulin subclasses to
FccR [124], immunization protocols can be rationally designed to target stimu-
latory receptors to enhance cellular immunity against intracellular pathogens
[58, 125]. Interestingly, the ITAM-containing FccRIII exhibits immune suppres-
sive effects in an IVIG model, suggesting that the ensuing inflammatory response
upon engagement of FccR is complex [126]. The availability of specific FccR-
deficient mouse strains has facilitated the evaluation of the importance of these
receptors in various infectious disease models [127]. Disruption of the shared
stimulatory Fcc-chain results in suboptimal immune response to a variety of
intracellular pathogens such as influenza virus, Leishmania species, Plasmodium
berghei, and S. enterica [37, 128–132]. Passive immunization using IgG1 mono-
clonal antibodies against Cryptococcus neoformans requires functional stimulatory
FccR’s [133]. These observations implicate the stimulatory FccR in cellular
defense against intracellular pathogens. We have recently shown that signaling
through FccRs can modulate immune responses to M. tuberculosis [134].
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Together, these data suggest the possibility of enhancing efficacy of vaccines
against intracellular pathogens by targeting specific FccRs [58, 125]. Indeed, it has
been proposed that recombinant Sindbis virus-based vectors engineered to target
FccR-bearing cells through expression of a bacterial component that bind the
variable region of the kappa light chain, coupled with antibody-dependent infec-
tion enhancement, can be exploited to manipulate antigen-presenting cells for
activation and immunization [135]. In mice, the Plasmodium falciparum merozoite
surface protein MSP2 harbors a T cell epitope that can be exploited to preferen-
tially induce isotype class-switching to IgG2b [116], a cytophilic immunoglobulin
subclass with preferential affinity for stimulatory FccRs [124].

4 B Cell Regulation of Effector Cells: The Influence
on Macrophages

The distinct effector B cell subsets described earlier can polarize T cell develop-
ment [48, 108, 111, 112]. Emerging evidence indicate that macrophages exist in
distinct subsets with characteristic immunological functions [136, 137]. In mice,
macrophages with the alternatively activated phenotype (M2) are conducive to
persistence of certain pathogens [138] and contribute to the progression of tumor
[139, 140]. The differentiation of macrophages into specific subsets can be mod-
ulated by B cells. For example, B1 cells have been shown to promote the polar-
ization of macrophages into the M2 subset, with unique phenotypes characterized
by upregulation of LPS-induced IL-10 production, downregulation of LPS-
induced production of TNF, IL1b, and CCL3, and the expression of typical M2
markers including Ym1 and Fizz1 [141]. IL-10 plays a major role in promoting M2
polarization [141]. The significance of the B1 cell-mediated M2 polarization has
been shown in a melanoma tumor model [141], providing evidence supporting the
in vivo relevance of the ability of B cells to modulate macrophage functions. As
macrophages are a major host cell for M. tuberculosis, and exist in close proximity
to B cells in tuberculous granulomas [142], it is possible that B cells can affect the
immune response to the tubercle bacillus by regulating macrophage functions.

The significance of the interaction by immune complex with FccRs in modu-
lating immune responses has been well established (discussed in previous section).
One outcome of this interaction, as illustrated in a Leishmania infection model, is
that ligation of FccR with antibody-coated parasites leads to enhanced IL-10 and
decreased IL-12 production by macrophages [143], thereby providing a cellular
niche that allows leishmanial growth. This phenomenon is termed ‘‘antibody-
dependent enhancement (ADE) of microbial infection’’ [144]. The ADE phe-
nomenon, originally observed with viral pathogens, can be dependent on the nature
of the immune complex [145]. In M. tuberculosis infection, mice infected with
monoclonal antibodies-coated bacilli exhibited improved disease outcome relative
to those infected with uncoated organisms [146]. Further, the FccRIIB-deficient
strain, compared to wild-type mice, displays enhanced ability to control
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M. tuberculosis infection [134]. In addition, although immune complex engage-
ment of activating FccR has been reported to be a major mechanism underlying
IL-10 enhancing ADE, we have observed that immune complex-treated
M. tuberculosis-infected FccRIIB KO macrophages produce enhanced IL-12p40
[134]. These data suggest that ADE may not be operative in vivo during
M. tuberculosis infection. The precise mechanisms by which mycobacteria-IgG
antibody complexes modulate disease outcome during M. tuberculosis infection in
mice remain to be characterized. It is perhaps most appropriate to study such
mechanisms in non-human primates, a species whose granulomas closely resemble
the structure of that in humans, given the predicted relevance of the nature of the in
situ conditions (the granuloma) in which IgG interacts with M. tuberculosis and/or
its antigens (this issue will be discussed below). In sum, it is becoming clear that B
cells can modulate macrophage functions through the production of antibodies and
cytokines. In addition, B cells can indirectly influence macrophage biology
through its ability to modulate T cell functions. Gaining insights into how B cells
regulate macrophage functions in the course of M. tuberculosis infection should
further illuminate the mechanisms underlying the immune responses to this
pathogen.

5 Are Antibodies Effective in Defense Against
M. tuberculosis?

Despite reports since the late nineteenth century that serum therapy can be
effective against tuberculous infection, humoral immunity is generally considered
insignificant in contributing to the immune response against the tubercle bacillus
[20]. The latter notion derives from the inconsistent efficacy of passive immune
therapy [20, 147], the discovery of effective anti-mycobacterial drug therapies in
the mid-twentieth century [148], as well as the concept of the division of labor
between humoral and cellular immunity in the control, respectively, of extracel-
lular versus intracellular pathogens [19, 28, 29]. The history and the development
of antibody-mediated immunity to M. tuberculosis have been discussed recently in
excellent reviews [20, 149].

Accumulating evidence suggests a significant role for antibody-mediated response
to intracellular pathogens [19, 21, 48]. Indeed, monoclonal antibodies specific for a
number of mycobacterial components including arabinomannan, lipoarabinomannan,
heparin-binding hemagglutinin and 16 kDa a-crystallin, have been shown to protect
mice against M. tuberculosis to varying degrees [146, 150–153]. The protective effects
of these antibodies manifest as either decreased in tissue mycobacterial loads or
alteration of the inflammatory response [149]. Of note, serum therapy using polyclonal
antibodies against M. tuberculosis is effective in protection against relapse of infection
in SCID mice after treatment with anti-tuberculous drugs [154]. In addition, protective
effects of IVIG in a mouse model of tuberculosis further suggest that humoral immune
response contribute to the development of anti-tuberculous immunity in TB [155].
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However, a vaccine comprising an M. tuberculosis arabinomannan–protein conjugate,
while engendering an antibody response superior to that elicited by BCG in mice, was
ineffective in improving survival of challenged animals [156]. These apparently
discrepant results with regard to the significance of the humoral immune response in
defense against M. tuberculosis can be due to multiple factors. First, the multifunc-
tionality of B cells and humoral immunity predicts that analysis of this arm of the
immune response is likely not straightforward. Second, the mouse may not be the most
suitable species for these studies because of the dissimilarities of granulomatous
response in this species and humans [157, 158], and because of the fact that anti-
tuberculous responses in the mouse appears to be more robust than is needed for
effective control of the infection [157]. This overly robust resistance of the mouse to
M. tuberculosis could mask the significance of certain immunological factors that
otherwise contribute substantially to defense against this pathogen. Demonstration of
a correlation between antibody response and protection in human tuberculosis and in
animal models should afford novel in vivo systems in which anti-TB vaccines that are
based on B cells and humoral immunity can be effectively tested. Finally, a component
of humoral immunity that has hardly been evaluated during tuberculous infection is
the innate or natural antibody responses [159–161]. Given that complex lipids and
polysaccharides constitute a major components of the M. tuberculosis cell envelope,
the significance of T-independent antibody responses mediated by B1 and marginal
zone B cells in defense against M. tuberculosis warrants examination [160–164].

Antibody-mediated immunity can shape the host response to pathogens in a
number of ways (Fig. 1). These include antigen-specific neutralization, regulation
of the inflammatory reaction through complement activation, FccR cross-linking,
release of microbial products due to direct anti-microbial activity, and impact on
microbial gene expression upon binding of the organisms [19, 29]. Relevant to the
local lung immune response during tuberculous infection, antibodies have been
shown in a mycoplasma model to be able to modulate architectural changes in
airway epithelium and vessels [165]. We have shown that adoptive transfer of B
cells ameliorates the enhanced inflammatory response observed in B cell-deficient
mice upon airborne challenge with virulent M. tuberculosis [166]. This B cell-
mediated attenuation of exacerbated inflammatory response is associated with
detectable levels of immunoglobulins in the recipient B cell-deficient mice but
does not require the presence of B cell locally in the infected lungs [166], sug-
gesting a role for immunoglobulin-mediated endocrine immune regulation during
M. tuberculosis infection. It is thus apparent that antibodies, in addition to neu-
tralizing and opsonizing microbes, can also be protective during microbial chal-
lenge by limiting inflammatory pathology [19, 29], the latter a well established
function of immunoglobulins [167].
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6 The Role of B Cells in the Development of the Immune
Response to M. tuberculosis

Successful rational design of effective vaccines against M. tuberculosis has been
hampered by the lack of definitive immunological correlates of protection, although
strong evidence supports an important role for T cell-mediated responses in eliciting
protective immunity [11]. As a result, TB vaccine development has focused pre-
dominantly on enhancing cellular immune responses against M. tuberculosis [12, 17].
A recent failed T cell vaccine trial against HIV should, however, caution against
taking too narrow an approach in vaccine design [168]. Thus, it is possible that
eliciting protective antibody responses may be required for successful immunization
against M. tuberculosis [18]. Research effort directed at revealing how humoral
immunity can be harnessed to enable protection against the tubercle bacillus is needed.
Being that B cells are multifunctional, the mechanisms underlying how these lym-
phocytes modulate the immune response to M. tuberculosis are likely complex. For
example, immunoglobulins, acting upon FccRs, can influence the maturation process
and functions of antigen-presenting cells, whose role in T cell activation and devel-
opment has been well established [96, 97, 99]. B cells can conceivably shape
anti-tuberculous immunity through direct effects of antibody on the pathogen, antigen-
presentation, production of cytokines at the site of infection and by modulating
intracellular killing mechanisms of leukocytes (Fig. 1).

B cell-deficient mice infected aerogenically with M. tuberculosis, compared to
the parental wild-type C57BL/6 strain, display suboptimal defense against the
pathogen (as assessed by tissue bacterial burden and mortality), as well as
enhanced lung IL-10 expression, neutrophil infiltration, and inflammation [166].
These B cell-deficiency phenotypes are all reversible by adoptive transfer of B
cells from M. tuberculosis-infected wild-type mice [166]. We have also shown that
mice deficient in the inhibitory FccRIIB are more resistant to M. tuberculosis
compared to wildtype controls [134], with enhanced pulmonary Th1 responses,
evidenced by increased IFNc+ CD4+ T cells. Upon M. tuberculosis infection and
immune complexes engagement, FccRIIB-/- macrophages produced more p40
component of IL-12, a Th1-promoting cytokine. These data suggest that FccRIIB
signaling can dampen the Th1 response to M. tuberculosis, at least partially by
attenuating IL-12 production, and that B cells can regulate CD4 Th1 response in
acute TB through engagement of FccRs by immune complexes. In contrast to the
FccRIIB-/- strain, mice lacking the common c-chain of activating FccRs are
more susceptible to low dose M. tuberculosis infection with exacerbated immu-
nopathology, increased mortality, and enhanced production of IL-10 [134]. These
observations suggest that antibodies can significantly modulate host immune
responses by mediating antigen–antibody complex engagement of FccRs during
M. tuberculosis infection. In addition, the data indicate that signaling through
specific FccRs can divergently affect disease outcome, suggesting that it is possible
to enhance anti-mycobacterial immunity by targeting FccRs.
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In two different murine TB models involving mice with B cell deficiency, we and
others have provided evidence that B cells can regulate IL-10 production in the lungs
of M. tuberculosis- infected mice [166, 169]. We have also observed enhanced lung
cell production of IL-10 in M. tuberculosis-infected mice deficient in the common c
chain of stimulatory FccRs [134]. A wide variety of immune cells—B cells, dendritic
cells, macrophages, and T cells—produce IL-10, whose anti-inflammatory functions
have been well recognized [170]. The cellular source of this IL-10 increase remains
to be determined. A feature of incompletely activated dendritic cells that have not
undergone full maturation is IL-10 production [171]. Therefore, it is possible that B
cells may indirectly influence the production of IL-10 by antigen-presenting cells
through modulation of cellular activation via immune complex engagement of
FccRs. B cells can also activate or inhibit regulatory T cells, a significant cellular
source of IL-10 [172, 173]. IL-10 has been reported to adversely affect disease
outcome in murine TB [174]. It is possible that excess IL-10 production observed in
the B cell- and c chain-deficient mice can contribute to the inability of these strains to
optimally control M. tuberculosis infection [134, 166]. Finally, this increased pro-
duction of IL-10 may be a compensatory mechanism to counter the exacerbated
immunopathology that develops in M. tuberculosis-infected B cell-/- and Fcc-
chain-/- mice [134, 166]. Much work needs to be done to characterize the mech-
anisms by which B cells and humoral immunity regulate the production of cytokines
in general, and IL-10 in particular, at the site of tuberculous infection. The regulatory
mechanisms are likely to be complex given the multiple immunological functions of
B cells, which include the production of a wide variety of cytokines including IFN-c
[108], a critical anti-mycobacterial factor; and IL-10, which has been shown to
attenuate resistance in murine TB [174].

As discussed in the previous sections, it is clear that the interaction of immune
complexes with FccRs plays an important role in immune regulation [120, 121]. Our
FccR knockout mouse studies suggest that the interaction of FccRs with immune
complexes during the course of M. tuberculosis infection can influence disease
outcome [134]. The precise mechanisms by which this interaction modulates the
infection in mice remain to be defined. Gallo et al. [175] has suggested a mechanism
of regulation of macrophage FccR signaling upon interaction with antibody–antigen
immune complexes that might be pertinent during M. tuberculosis infection in
humans or a species granuloma structure resembles that of humans. This mechanism
proposes that macrophage FccR signaling depends on the density of IgG within the
immune complex. Immune complexes with high IgG densities promote anti-
inflammatory responses, particularly the release of IL-10, while that of moderate
densities tend to induce pro-inflammatory cytokine release by macrophages. The
FccR signaling pathway in a cell depends on cell surface receptor recruitment and
cross-linking by the antigen–antibody immune complexes. The summation of FccR
members recruited and cross-linked is then translated as an inhibitory or activating
signal to the cell. Whether the density of IgG within immune complexes can
determine the recruitment of activating versus inhibitory class of receptors, a
potential mechanism underlying the IgG density phenomenon, is presently
unknown. The macrophage population is unique as these cells express both the
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inhibitory and activating forms of FccR, although there may be different ratios on the
various types of differentiated macrophages that exist in the granuloma [176, 177].
Furthermore, the ratio of expression of inhibitory and activating FccR can be
influenced by the cytokine environment [177, 178]. Thus, macrophage behavior can
become highly versatile depending on the composition of the immune complex.

The formation of immune complexes depends on the concentration of antigen
and antibody. Conditions that favor the formation of complexes with high IgG
densities can potentially direct macrophages to produce IL-10. Considering that M.
tuberculosis bacilli are theoretically confined towards the center of a granuloma,
antigen concentration would be the highest at the granuloma center and decrease
towards the periphery (Fig. 2). Meanwhile, B cells and plasma cells are confined at
the periphery meaning that antibody concentration should be highest at the
lymphocytic cuff and lowest in the center (Fig. 3). Along this antibody–antigen
gradient, we hypothesize that the immune complexes that form would have dif-
ferent in IgG densities and would signal the macrophage to behave differently.
Thus, macrophages closest to the granuloma center would encounter immune
complexes with lower IgG densities and can be predicted to be more pro-
inflammatory than macrophages at the periphery, whose interaction with immune
complexes with high IgG densities should result in the production of IL-10
(Fig. 3).

Given the highly stratified nature of the non-human primate and human gran-
uloma, which is much different from the murine granuloma, B cells together with
antibody production and immune complex formation may orchestrate targeted
responses locally within specific regions of the granuloma (Figs. 2 and 3). Hence,
antibody-mediated signaling would theoretically contribute towards control of
M. tuberculosis by confining pro-inflammatory responses towards the center of the
granuloma and thus increase bacterial killing. At the same time, bystander tissue
damage at the peripheral areas of the granuloma is reduced as anti-inflammatory
responses are dominant. Since control of M. tuberculosis relies on adequate

Fig. 2 A schematic representation of a granuloma showing how the B cell clusters (red) would
be organized with respect to macrophages (yellow) and T-cells (green). The blue line denotes the
cross-sectional area. B cell clusters would be located within the lymphocytic cuff on the surface
of the granuloma analogous the black spots on a white soccer ball
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balancing of pro- and anti-inflammatory responses within the granuloma, the
proposed mechanism of how the humoral immune system influences macrophage
function can possibly explain how such balance is achieved within the granuloma
to realize disease resolution. Associated scenarios where inadequate control of
disease occurs due to excess antibody responses or even treatment can potentially
be addressed. The validity of the model requires a highly organized stratified
granulomatous structure that exists in humans and non-human primates but not in
the mouse. Verification of this model in non-human primates should underscore
the importance of the choice of animal models in the study of TB.

An important aspect we would like to address before leaving this section is the
effect of B cells and humoral immunity on the development of immunopathology in
the course of M. tuberculosis infection. In the absence of B cells, mice with acute
M. tuberculosis infection exhibit suboptimal anti-tuberculous immunity associated
with exacerbated pulmonary pathology [166]. In a similar mouse model (albeit using
a different strain of M. tuberculosis), it was observed that B cell-deficiency resulted
in a delay in inflammatory progression during the chronic phase of tuberculous
infection [179]. This paradox suggests that B cell functions during the course of TB
are infection phase-specific: In acute infection, B cells are required for an optimal
granulomatous response and effective immunity against M. tuberculosis aerosol
infection; deficiency of these lymphocytes leads to dysregulation of granuloma
formation and increased pulmonary inflammation is required to contain the growth
of tubercle bacilli. In contrast, in the chronic phase of infection, the immunologically
active B cell aggregates [54, 61, 62] (see below) likely play a role in promoting the
perpetuation of effective local immunity so as to contain persistent bacilli and
prevent disease reactivation. It is possible that a trade-off for the perpetuation of this
local control of M. tuberculosis is the development of tissue-damaging immuno-
pathology. As T cells exist within the B cell aggregates in the tuberculous lungs of

Fig. 3 The proposed mechanism of how antibody–antigen immune complexes can influence
macrophage activation phenotypes with respect to distance from the granuloma center, antibody
and antigen concentration, immune complex composition, and inhibitory receptor recruitment.
A segment of a granuloma cross-section is used to illustrate how the proposed mechanism of
immune complex interaction with macrophages would result in different modes of activation
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both human and mice ([142], P. Maglione and J. Chan, unpublished), the perpetu-
ation of inflammation in chronic TB may occur in part through B cells acting as
antigen-presenting cells. Thus, the inflammatory paradox observed in B cell-
deficient mice may be due to the role of B cells shifting from optimizing host defense
during acute challenge to perpetuating the potentially tissue-damaging chronic
inflammatory response during persistent infection.

For those most severely affected by TB, morbidity and mortality of the infection
is, at least in part, the result of a tissue-damaging host response [28, 180]: one with
an excessive pathologic inflammatory reaction yet ultimately is ineffective in
controlling the pathogen. Such an outcome may be due to an ineffective immune
containment of the tubercle bacillus leading to excessive compensatory recruit-
ment of leukocytes into the site of infection in the lungs. This is perhaps best
exemplified in patients with reactivation TB. By mechanisms yet poorly defined,
dormant bacilli reactivate to cause diseases that are associated with areas of
intense pulmonary infiltrate [180]. In the active cases, neutrophils can be a
dominant cell type in tuberculous pulmonary infiltrates [181]. The neutrophil is
generally considered to be an innate immune cell that mediates early protection but
can induce inflammatory damage in a variety of acute pulmonary diseases [182].
In mice, as in humans, susceptibility phenotype to M. tuberculosis is often asso-
ciated an enhanced neutrophilic response [183]. Clearly, severe tissue-damaging
host response can be observed in certain hosts in TB, however, the restricted Ghon
complex pathology in humans indicate that successful containment of the tubercle
bacillus needs not be associated with significant immunopathology. Emerging
experimental results strongly suggest that B cells and humoral immunity may play
a role in modulating the inflammatory response in TB [166, 179], and that this B
cell-based modulation may be infection phase specific.

7 B Cells in Germinal Center-Like Structures
in the Tuberculous Granuloma

B cells are a prominent component of the tuberculous granulomatous inflammation
in the lungs of mice [142, 184], non-human primates (Y. Phuah and J. Flynn,
unpublished) and human [142, 181], forming conspicuous aggregates. In the lungs
of humans with TB, cellular proliferation is detected primarily in these B cell
aggregates [181]. The B cell nodules are also characteristics of the progression of
tuberculous granulomatous inflammation [142, 184, 185]. B cell nodules have
been observed in many chronic inflammatory diseases such as multiple sclerosis
and rheumatoid arthritis [186, 187]. Similar to TB, B cell clusters have been
observed at the site of infection caused by a number of microbes such as influenza
virus and Helicobacter [188, 189]. The ability of certain pathogens to promote
expansion and inhibit apoptosis of B cells may contribute to the existence of
aggregates of these lymphocytes during infection [190, 191].
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The granulomas formed in M. tuberculosis-infected non-human primates are
highly stratified, and represent the full range of granuloma types seen in humans
[192, 193] (Figs. 2 and 3). The granuloma center generally contains the infected
macrophages and can be cellular, infiltrated with neutrophils, necrotic with caseous
cellular debris, or mineralized. Surrounding the granuloma center is a layer of
epithelioid macrophages, which is in turn surrounded by a layer of lymphocytes
interspersed with macrophages. Both T and B cells are found within the lymphocytic
cuff of the granuloma but whereas the CD3+ T cells are generally homogenously
spread throughout the cuff, the B cells are present in very discrete clusters (J. Phuah
and J. Flynn, unpublished). These B cell clusters sit on the surface of the granuloma
and are spaced away from other B clusters. A close analogy in the positioning of
these B cell clusters would be like the black spots on a white soccer ball. Unlike
T-cells, which can be seen infiltrating into the granuloma beyond the lymphocytic
cuff, B cells are confined within the lymphocytic cuff (Fig. 2).

What are the effects of these ectopic B cell nodules on the local lung immune
response in a tuberculous host? TB is a chronic condition that once established
requires a long time to be successfully contained and resolved. It is possible that by
forming these germinal centers in situ of the granuloma, antigen presentation and
lymphocyte activation can occur with greater efficiency. The localization of cel-
lular proliferation in the proximity of these B cell aggregates has led to the
hypothesis that these structures function to perpetuate local host responses [181].
As discussed above, perpetuation of these local immune responses by the granu-
lomatous B cell aggregates could contribute to the development of tissue-
damaging immunopathology. T cells have been observed embedded within these B
cell clusters [142], suggesting the possibility that antigen-presentation and B-cell
maturation can occur in these aggregates. Indeed, experimental evidence suggests
that the B-cell aggregates observed in tuberculous lungs represent tertiary lym-
phoid tissues [194], displaying cellular markers typical of germinal centers [166].
Our observation that B cell-deficient mice exhibit aberrant granulomatous reaction
with exacerbated pulmonary pathology suggests that the B-cell aggregates may
regulate the local lung immune response [166]. It has been reported that in the
absence of secondary lymphoid organs, in situ lymphoid nodules can prime pro-
tective immunity in the lungs and memory responses against pulmonary influenza
virus challenge [188, 195]. The significance of lymphoid neogenesis in the reg-
ulation of immune responses in TB remains to be defined.

8 Concluding Remarks

Only 10 % of those infected with M. tuberculosis develop disease; the remainder can
apparently contain the infection without symptoms. Individuals in this latter group,
generally thought to harbor dormant bacilli, run a 10 % lifetime risk of subsequent
reactivation of the infection, often as a result of acquired immunodeficiency [11].
These epidemiological data attest to the tenacity of M. tuberculosis: this pathogen is
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well-adapted to persist even in a host that can mount a disease-preventing immunity.
This, together with the occurrence of exogenous reinfection in a previously infected
host, suggests that effective preventive TB vaccines must elicit an immune response
superior to that induced by natural infection [18]. This is a daunting task, and implies
that rational design of effective vaccines should perhaps take a more comprehensive
approach, going beyond the T cell-focused strategy to characterize the protective
immunity in TB. In this respect, the vaccine effort may benefit from gaining insight
into immune mechanisms that may not be immediately obvious in engendering
major protection during natural infection, and how such pathways can be harnessed
to optimize immunization protocols. One such pathway is the understudied B cell
and humoral immunity. It is clear, as discussed in this review, that B cells and
humoral immunity have a significant effect on the development of immune response
against M. tuberculosis. How the B cell-mediated immunological pathways
modulate the immune response to M. tuberculosis is just beginning to be understood
and much remains to be learnt. For example, what are the mechanisms by which B
cells regulate anti-mycobacterial T cell responses? What is the nature of the B cell
memory that develops upon BCG vaccination or natural M. tuberculosis infection
(are they one and the same?), and does it contribute to protection upon secondary
challenge? Are there memory B cells that are specific for T-independent non-protein
M. tuberculosis antigens (this is of relevance given the chemical composition of the
mycobacterial cell envelop)? Are such antigens viable vaccine targets? What roles
do natural antibodies play in defense against M. tuberculosis and can this pathway be
a target for effective vaccines? Do protective antibodies against the tubercle bacillus
exist and if so, how can they be targeted to develop more effective vaccines? What
are the functions of the germinal center-like B cell clusters in the lungs of a
chronically infected host—do they play a role in orchestrating local containment of
M. tuberculosis or in the development of tissue-damaging immunopathology or
both? If they do serve such functions, can B cells be manipulated to prevent reac-
tivation and/or to ameliorate immunopathology (the latter an important means to
prevent dissemination of infection)? Finally, are there B cell responses that
adversely affect anti-TB immunity? Answers to these questions should illuminate
the roles of B cells and humoral immune responses in TB. These will ultimately help
develop strategies by which the humoral arm of immunity can be harnessed to
optimize immune responses against M. tuberculosis. Given the global public burden
of TB, it is not unreasonable to take a comprehensive approach to explore all
possibilities that may lead to the development of novel TB control measures
including vaccines. For decades, B cells have been relegated toward irrelevance in
immune responses to M. tuberculosis, recent studies have provided evidence
to suggest otherwise. Revisiting the role of B cells in anti-TB immunity may lead
to better understanding of the mechanisms underlying the host response to
M. tuberculosis infection.
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