1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATIG,
fiy

Published in final edited form as:
Semin Immunol. 2014 December ; 26(6): 588-600. doi:10.1016/j.smim.2014.10.005.

The role of B cells and humoral immunity in Mycobacterium
tuberculosis infection

John Chan2P, Simren Mehta?P, Sushma Bharrhan®P, Yong Chen&b, Jacqueline M.
Achkar?, Arturo Casadevall2P, and JoAnne Flynn¢d
aDepartment of Medicine, Albert Einstein College of Medicine, Bronx, New York 10461, USA

bDepartment of Microbiology & Immunology, Albert Einstein College of Medicine, Bronx, New
York 10461, USA

¢Department of Molecular Genetics and Biochemistry, University of Pittsburgh School of
Medicine, Pittsburgh, Pennsylvania 15261, USA

dDepartment of Medicine, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania
15261, USA

Abstract

Mycobacterium tuberculosis remains a major public health burden. It is generally thought that
while B cell- and antibody-mediated immunity plays an important role in host defense against
extracellular pathogens, the primary control of intracellular microbes derives from cellular
immune mechanisms. Studies on the immune regulatory mechanisms during infection with M.
tuberculosis, a facultative intracellular organism, has established the importance of cell-mediated
immunity in host defense during tuberculous infection. Emerging evidence suggest a role for B
cell and humoral immunity in the control of intracellular pathogens, including obligatory species,
through interactions with the cell-mediated immune compartment. Recent studies have shown that
B cells and antibodies can significantly impact on the development of immune responses to the
tubercle bacillus. In this review, we present experimental evidence supporting the notion that the
importance of humoral and cellular immunity in host defense may not be entirely determined by
the niche of the pathogen. A comprehensive approach that examines both humoral and cellular
immunity could lead to better understanding of the immune response to M. tuberculosis.
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Introduction

Mycobacterium tuberculosis remains a significant public health burden worldwide. The
World Health Organization reported that in 2012, there were 8.6 million incident cases of
tuberculosis [1]. That same year, the disease killed 1.3 million people, 170,000 of whom
died from multidrug-resistant infection [1] Co-evolution of the tubercle bacillus with the
human host for centuries [2-4] has bestowed upon this pathogen a remarkable adaptability
and tenacity for survival in an infected host, facilitated by a wide array of sophisticated
mechanisms to modulate and to evade the host immune response [5, 6]. A naive host
develops primary tuberculosis upon the first encounter with M. tuberculosis [7]. Most of the
infection is restricted and well contained at the primary site of bacterium-host interaction
and the local draining lymph nodes, which together, are called the Ghon complex [7]. It is
generally accepted despite being well controlled, the bacilli are not eradicated due to the
unique ability of M. tuberculosis to enter a dormant state to establish a clinically silent latent
infection that can subsequently reactivate to cause active diseases, sometimes decades later
[8-10]. Post-primary tuberculosis, which occurs in a sensitized host, accounts for most of
the cases that manifest active diseases, and is generally caused by exogenous reinfection or
reactivation of latent bacilli [7]. The mechanisms underlying tuberculous reactivation remain
to be clearly defined; but it is well established that a host with compromised immune
function, such as individuals with HIV infection and those receiving tumor necrosis factor
(TNF) blockade therapy, is at increased risks for developing disease recrudescence [11-13].
The latently infected constitute a reservoir of individuals that is critical for the perpetuation
of the tubercle bacillus. These unique properties to persist in and transmit insidiously among
the population render eradication of M. tuberculosis difficult [14]. In the post primary stage
of infection, M. tuberculosis has the propensity to promote the development of caseating
pneumonia in the sensitized host that can lead to tissue necrosis and eventual cavitation [7].
These immunopathological changes, whose underlying mechanisms have not been clearly
characterized, enable effective bacterial transmission and therefore play an important role in
the pathogenesis of the tubercle bacillus [7, 15].

A most effective way to combat an infectious disease is through immunization with
efficacious vaccines [16]. For example, the existing measles vaccine costs approximately
$17/disability-adjusted life year, making it one of the most cost-effective health
interventions in developing countries [17]. The development of a reliable and effective
vaccine against M. tuberculosis, however, has not been straightforward [18-20]. This
difficulty is, at least in part, due to the complex life cycle of M. tuberculosis in the host [6],
which elicits a spectrum of immunological responses not yet completely characterized; and
the lack of a well-defined molecular and biochemical signature of protection against
infection [19, 21]. The only anti-tuberculosis vaccine currently in use is bacillus Calmette-
Gueérin (BCG) [22]. Although this vaccine effectively protects against severe childhood
tuberculosis, its efficacy against adult pulmonary disease is inconsistent [23-26]. Concerted
efforts of the tuberculosis community, however, together with advances in the fields of
immunology and vaccinology [17, 27, 28], should hold promise for the rational design of
effective vaccines against M. tuberculosis [18-20].
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Characterization of the immune response to M tuberculosis has largely focused on cell-
mediated immunity [18-20]. This approach is not without reasons. For example, the
inconsistent efficacy of passive serum therapy in treating tuberculosis in the late nineteenth
century, which was likely due to the use of non-standardized protocols and reagent, had cast
doubt on the significance of humoral immunity in the control of M. tuberculosis [29, 30].
This doubt has been further bolstered by the generally accepted concept that while cell-
mediated immunity plays a critical role in defense against intracellular pathogens, their
extracellular counterparts are best controlled by B cell and humoral immune response [31-
33]. Based on this latter concept, vaccine development against intracellular pathogens,
including M. tuberculosis, has taken a mostly T cell-centric approach [34]. There exists,
however, experimental evidence that humoral immunity can impact substantially on host
defense against pathogens with a preferred intracellular niche (reviewed in [35, 36]). Taking
a more comprehensive approach, encompassing both cell-mediated and B cell and humoral
immunity, to characterizing immune responses to M. tuberculosis will likely gain new
insights that can help design anti-tuberculosis strategies, including immunotherapies and
vaccines.

The role of B cells and humoral immunity in regulating the immune

response against intracellular pathogens

Accumulating evidence suggest that the concept of division of immunological labor in host
defense against intracellular and extracellular microbes, as discussed above, is not absolute.
It is becoming clear that B cells and immunoglobulins contribute significantly to shaping the
immune response to and/or engendering protection against pathogens such as Chlamydia
trachomatis, Coxiella Burnetti; Salmonella spp., Leishmania spp., Francisella tularensis,
Plasmodium spp., Cryptococcus neoformans, Trypanosoma cruzi, and Ehrlichia chaffeensis
[37-50], whose life cycle includes a significant intracellular sojourn of varying extent. In
fct, a conjugate vaccine has been made that protects against the intracellular pathogen S.
typhimurium by antibody-mediated immunity alone [51]. Of note, as obligatory an
intracellular organism as Ehrlichia is [39] the life cycle of this bacterium has a transient
extracellular phase that may lead to its susceptibility to the antimicrobial effects of
antibodies that may be mediated through direct interaction between immunoglobulins and
the target pathogen. This scenario is applicable to M. tuberculosis as emerging evidence
support the notion that extracellular tubercle bacilli are likely not an uncommon entity in an
infected host, particularly one (such as humans) in whom necrosis is part of the
immunopathological process [52, 53]. Direct contact with target pathogens is, however, not
requisite to the execution of the antimicrobial effects of antibodies. For example, certain
contact-independent mechanisms against viruses, the quintessential intracellular pathogens,
protect by attenuating viral transcription and replication via the binding of antibodies to
specific antigens of the virion present on the membrane of infected cells [54-56]. It also has
been reported that immunoglobulins, such as certain anti-DNA antibodies [57] and virus-
specific IgA [58, 59], can gain entry into cells. Whether these latter mechanisms modulate
the host response to intracellular bacteria remains to be determined. What is clear is that the
multifaceted B cells, by virtue of their ability to present antigens, produced antibodies and
cytokines, can exert significant effect on the T cell compartment that is deemed critical in
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defense against intracellular pathogens. [60, 61] (Fig. 1). Results from infectious diseases
models involving a wide variety of organisms, including intracellular bacteria such as
Chlamydia [62] and Fransicella [63], have provided ample evidence supporting a role for B
cell and humoral immunity in regulating T cell memory [64-73] and recall immune response
[60, 61] -- two immunological elements critical to vaccine efficacy [28, 74].
Characterization of the mechanisms by which B cells and the humoral immune response
interact with cellular immunity during infection in general, and those caused by intracellular
pathogens in particular, should provide information that can be useful for the design of
antimicrobial strategies including vaccine development.

B cells regulate T cell immunity through antigen presentation

It has been well recognized that upon exposure to pathogens, CD4+ T cells of the
responding host play a critical role in shaping B cell responses, including expansion, somatic
hypermutation, antibody affinity maturation and class switching, the development of
memory B cells and plasma cells, and cytokine production [75-77]. The significance of this
interaction between B cells and follicular helper CD4+ T cells (Tfh), which takes place
primarily in the germinal center (GC), has been underscored recently in the context of the
development of broadly neutralizing antibodies against HIV [78-80]. Quantitative and
qualitative analyses of the GC reaction in HIV infection models have revealed that the
capacity to generate effective broadly neutralizing antibodies correlates with the Tfh
response [78-80]. The roles B cells in modulating the T cell compartment are, however, less
well characterized; and when studied, the results could be inconsistent [60, 81]. This
inconsistency could be due to differences in the experimental systems employed for the
studies as well as non-B cell immunological abnormality intrinsic in the commonly used B
cell-deficient uMT mice [60, 81, 82]. The availability of Rituximab, a B cell-depleting
monoclonal antibody that has seen increasing use in recent years to treat a wide variety of
human diseases, has provided a venue for examining the role of B cells on T cells. indeed,
studies using this system have provided evidence whose results support an important role for
B cells could influence T cell functions in humans [60].

The importance of T cell help for antibody production by B cells was discovered over half a
century ago [83, 84]. MHCl|I-restricted presentation by B cells and T-cell antigen specificity
were subsequently described as important features of this collaborative interaction [85, 86].
These work set the stage for the characterization of GC in secondary lymphoid tissues, the
anatomical locale in which CD4+ Tfh cells helps B cell activation, which culminates in the
generation of memory B cells plasma cells [75-77] to establish long-term humoral immunity
that is the basis for resistance against a number of viral pathogens [74, 87] (Fig. 1). These
studies clearly demonstrate the proficient antigen-presenting capacity of B cells, establishing
an important mechanism by which these lymphocytes can modulate T cell immunity [60,
81]. Upon capturing and internalizing by B cells via surface immunoglobulins, antigens can
be processed and effectively presented as peptide:MHCII complexes [81, 85, 86, 88].
Studies including those involving in vivo mouse models have demonstrated that B cells, like
dendritic cells, (generally considered the most potent antigen presenting cells [89]), can
prime T cells [90-92]. Importantly, this capability has been stringently demonstrated in a
system that lacks non-B cells antigen presenting cells [93]. In addition, using a CD11c-
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diphtheria toxin receptor transgenic mouse model that affords conditional depletion of
dendritic cells, in conjunction with a system that enables quantifying the presentation of the
Ea peptide using a monoclonal antibody specific for Ea:1-AP complex, a recent report
revealed that memory B cells and not dendritic cells, are the major antigen presenting cells
required for the activation of antigen-specific memory Tth cells in a recall response [73].
These two latter reports stringently demonstrate the antigen presenting capacity of B cells
and the significance of this function in vivo. Results derived from an LCMV system
involving the B cell-deficient y(MT mouse strain have, however, revealed that memory Tfh
cells are still capable of being activated during a recall response in the absence of B cells
[94]. The apparently discrepant observations are likely due to the distinct experimental
design and approach used for the studies. Indeed, likely for the same reasons, incongruency
has been observed regarding the significance of the antigen-presenting capability of B cells
in priming naive T cells [81, 95]. Finally, experiments involving direct visualization of the
immune response in the very initial phase of antigenic challenge (within minutes) have
provided strong evidence suggesting that B cells participate in events that ensue in the early
phase of an immune response, such as antigen presentation and T cell priming. [96, 97].

The antigen presenting capability of B cells has seen increasing translational utility over the
past decades, particularly in the area of vaccine and immunotherapeutic design [98], and
much of this development is related to the effect of this function on T cells [60, 81, 99]. This
property of B cells has been exploited to engender enhanced immunity against tumors [100]
and the efficacy of vaccines, including one designed against M. tuberculosis [101-103]. The
anti-M. tuberculosis vaccine vector comprises a combination of two mucosal adjuvants: the
B cell-targeting CTA1-DD (a non-toxic version of a potent mucosal adjuvant TCA1 (cholera
toxin Al subunit) fused in frame with a dimer of the D region of Staphylococcus aureus
protein A) and the QuilA-containing dendritic cell-targeting immune-stimulating complex
(ISCOM) [102]. Specific antigens incorporated with CTA1-DD/can be targeted to B cells
via the DD portion of CTA1-DD, which facilitates binding of the adjuvant/antigen complex
to the Fc portion of immunoglobulins on B cells for presentation, as well as enhances the
germinal center reaction [102]. The immune enhancing effect of CTA1-DD is B cell-
dependent [102]. A vaccine that incorporates CTA1-DD/ISCOM with fused ESAT-6/Ag85B
displays Thil-ehancing effects and significantly boosts BCG-induced immunity [101]. In
infectious diseases models, the antigen-presenting capability of B cells has been linked to
modulation of T cell response and protection [67, 104]. These latter observations afford the
possibilities of the development of anti-microbial strategies by targeting the antigen-
presenting functions of B cells. But the ability of B cells in regulating T cell functions goes
beyond antigen presentation. This versatility derives from the ability of B cells to generate
cytokines and immunoglobulins, two factors that play important roles for the maturation of
antigen presenting cells [105-110], and as a result, impact on the development of T cell
immunity [111, 112].

B cell cytokines as potent T cell regulators

Cytokines are a most important regulator of the development of naive CD4+ T cells upon
engagement of their engagement with antigen presenting cells [113]. The significance of this
regulatory function is perhaps best illustrated by the phenomenon of cytokine-driven T
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helper 1 (Th1)/Th2 dichotomy of T cell differentiation discovered almost three decades ago
[114]. This principal of cytokine-dependent T cell development into distinct lineages was
subsequently found applicable to biology of B lymphocytes [114, 115], immune cells that
can produce a wide array of cytokines, either constitutively or when triggered through
interaction with antigens, T cells or Toll-like receptor ligands [114-117]. The development
of B cells into distinct subsets such as B effector-1 (Bel), B effector-2 (Be2), and IL-10-
expressing cells, can be influenced by the cytokine milieu in which they interact with
antigens and T cells [60, 114, 115, 118, 119]. Bel cells, producers of interferon (IFN)-y and
interleukin (IL)-12, and TNF, IL-10, and IL-6, develop when B cells are primed ina Thl
environment. By contrast, priming in a Th2 cytokine milieu results in the development of
Be2 subset, producers of IL-2, lymphotoxin, IL-4, and IL-13, as well as IL-10, and IL-6 [60,
114, 115, 118, 120]. Bel and Be2 cells, by virtue of the distinct sets of cytokines they
generate, can in turn direct the development of naive CD4" T cells into Thl and Th2 effector
T cells, respectively [72, 115]. Studies using human systems have revealed that IL-12- and
IL-4-producing B cells can bias the in vitro development of a Thl [121] and Th2 response
[122], respectively. This ability of B cell subsets to regulate T cell differentiation affords a
cross-regulatory interaction between B and T cell immunity [114, 115, 120].

Collectively, the results described above demonstrate an important role for the cytokines
produced by B cells in modulating immunity. But our understanding of the role of B cell-
derived cytokines in infectious diseases has only recently begun to expand [44, 72, 123
126]. Immunological characterization of a murine Heligomosomoides polygyrus model has
revealed a complex role for B cells during this murine nematode infection [72]. The results
showed that B cells promote the development of immune responses to H. polygyrus via
multiple mechanisms: antibody and cytokine production and antigen presentation,
demonstrating that in this model, IL-2 derived from effector B cells contribute to enhancing
the differentiation and expansion of Th2 cells as well as generation of antibodies. In
addition, B cell-derived TNF effectively sustains antibody production. Finally, the study
revealed that the relevance of certain B cell functions might be dependent on specific phase
of the immune response during the infection [72]. In a follow-up study, the same group went
on to show that upon infection with H. polygyrus, B cell-derived lymphotoxin regulates the
expression of CXCL13, which controls the co-localization of CXCR5+ dendritic cells and
CD4+ T cells to the vicinity of the B cell area of the lymph nodes, thereby optimizing the
development of a Th2 response that is essential for controlling the nematode infection [123].
More recently, IL-17-producing B cells have been identified during the innate phase of T.
cruzi infection [44]. The development of these B cells is required for optimal control of the
parasite and intriguingly, is driven by a T. cruzi trans-sialidase that modifies CD45, the
mucin on the surface of B cells, resulting in signaling through the Bruton tyrosine kinase-
dependent pathway and IL-17 production that is independent of ROR (retinoic acid receptor
related orphan receptor)-yt and AHR (aryl hydrocarbon receptor) [44]. In a Pneumocystis
murina model, it has been shown that B cell-derived TNF is essential for CD4+ T cell
expansion and optimal control of the infection [124]. Interestingly, upon infection with
Helicobacter suis in mice, it has been reported that B cell-derived IFNYy is critical for the
development of gastric lymphoid follicles [126]. Similar structures exhibiting features of
germinal centers have also been observed in the tuberculous lungs of a wide variety of hosts
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including humans [127-130] (see below). The roles of these lymphoid aggregates in
modulating the local lung immune response during tuberculous infection remain to be
determined.

Clearly, B cells possess multiple means to modulate the development of immune responses
irrespective of their ability to synthesize antibodies, including the enhancement of T cell
immunity. An current area of intense interest of B cell research focuses, however, on the
IL-10-expressing B cells, which are potent negative regulators of immunity [60, 118, 119,
131-133], and have been implicated as an important modulator of autoimmunity,
inflammation, infection, and cancer [60, 118, 119, 131]. There appears to be at least two
subsets of IL-10-producing B cells; CD19+CD138-CD1d"i B cells produce both IL-10 and
IL-6 (a mediator or pro-inflammatory functions of B cells); and CD138+ plasma cells,
which have recently been shown to have an remarkable propensity to produce anti-
inflammatory cytokines such as IL-10 and IL-35, but not IL-6, and are the main source of B-
cell derived IL-10 and IL-35 during Salmonella infection and in an experimental
autoimmune encephalomyelitis (EAE) model. [125, 134]. Thus, B cells are a rich source of
cytokines that are relevant in a wide range of pathological states including infectious
diseases. Splenic B cells immunomagnetically procured from tuberculous mice have the
ability to produce a variety of cytokines (L. Kozakiewicz and J Chan, unpublished). The
significance of these B cell-derived cytokines in regulating the immune response to M.
tuberculosis remains to be clearly defined.

Modulation of T cell response by immunoglobulins

One important immune-regulatory capability of antibodies is mediated through the
interaction of this major B cell product with antigens to form immune complexes that can
bind to Fcy receptor (FcyR) to modulate a wide spectrum of immune cell functions relevant
to many disease states [135]. One much studied area is the effects of Fcy receptor signaling
on antigen presenting cells and the subsequent impact on their effector functions including
the priming of T cells [136]. Indeed, the FcyR-immune complex reaction has been targeted
for the design of a variety of therapeutics including vaccines against intracellular pathogens
and cancers [62, 137]. The immune complex could engage stimulatory and/or inhibitory
FcyRs, whose functions are determined by the ITAM or ITIM motifs in the cytoplasmic
domain of the receptor, respectively [138, 139]. Signaling through FcyRIIB, the singular
inhibitory FcyR, attenuates dendritic cells maturation and hence, impairs antigen
presentation and activation of T cells. Engagement of the stimulatory FcyR’s promotes the
antigen presenting cell priming of T cells [106, 109]. By virtue of its negative regulatory
effects, FcyRIIB plays an important role in mediating peripheral T-cell tolerance [140].
Translationally, blocking the inhibitory FcyRIIB in mice results augments anti-cancer
activity of T cells [105, 106, 109]; and signaling through the stimulatory FcyRs promotes
either a Thl or a Th2 response, depending on the immunological environment in which the
T cell-dendritic cell interaction occurs [141].

The differential affinity for 1gG subclasses for FcyRs, which translates into varied effector
responses, has been exploited in the development of immunotherapeutics [142], including
immunization strategies designed to augment cellular immune responses against intracellular
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pathogens [62, 143]. The observation in an IVIG model that the stimulatory FcyRIII can
mediate immune suppression underscores the complexity of FcyR signaling [144].
Elucidation of the roles of the various FcyR in biological process including infection has
been facilitated by generation of mouse strains with deficiency in specific receptors [145].
Not unexpectedly, deficiency in the y chain common among the stimulatory receptors causes
defective immunity against intracellular pathogens including influenza virus, Leishmania
species, Plasmodium berghei, and S. enterica [42, 146—150]. The protective effect of a
Cryptococcus neoformans-specific IgG1 monoclonal antibody has been shown to require
intact stimulatory FcyR’s signaling [151]. Together, these results demonstrate the
significance of the stimulatory FcyR for host defense against intracellular microbes. We
have shown that signaling through FcyRs can modulate immunity upon infection with M.
tuberculosis and significantly affect outcome [152]. These data thus identify antibody-
mediated immunity as a potential target for the rationale design of immunotherapeutics such
as vaccines against intracellular pathogens. [62, 143]. For example, a recombinant Sindbis
virus-based vector has been engineered to express immunoglobulin kappa light chain-
binding bacterial protein domains to effectively target FcyR-bearing cells (such as antigen-
presenting cells) to manipulate immune activation [153]. A P. falciparum merozoite surface
protein, which, in mice, can preferentially induce isotype class-switching to 1gG2b [154], an
immunoglobulin subclass with preferential affinity for stimulatory FcyRs [142], can be
exploited to modulate the function of effector cells.

The contribution of antibodies and B cells to shaping the host immune

response to M. tuberculosis

The effects of antibodies on the immune response to M. tuberculosis: Is there a protective

role?

There is a growing body of work indicating a role for humoral immunity in promoting
optimal protection against intracellular pathogen in general (reviewed in [36, 60, 61]), and
M. tuberculosis in particular (reviewed in [61, 155-157]). In one patient study, analysis of
serum from children with tuberculosis found that decreased levels of serum IgG to the
mycobacterial cell wall glycolipid lipoarabinomannan (LAM), and other mycobacterial
antigens, was associated with disseminated tuberculosis [158]. Similarly, in experimental
systems, aerogenically infected mice that cannot secrete antibodies, were shown to have a
diminished capacity to control M. tuberculosis infection and exhibited enhanced mortality
([159], Mehta S, Kozakiewizc L & Chan J; Unpublished). In another study, the lung
neutrophilia and increased Th17 response were reversed with the administration of immune
serum, suggesting that these effects can at least in part be ameliorated by immunoglobulin
[160]. Worthy of note, the dysregulation of the IL-17/neutrophilic response also adversely
affects the development of BCG-induced Th1 response in B cell-deficient mice by retarding
DC migration from the site of vaccination to the draining lymph nodes as a result of tissue
neutrophilia [160]. Understanding the mechanisms underlying the latter observation may
yield useful information that can guide vaccine development.

Evidence has emerged over the last decade that administration of monoclonal antibodies
against various M. tuberculosis components such as arabinomannan, LAM, heparin-binding

Semin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chanetal.

Page 9

hemagglutinin, and 16 kDa a-crystallin, can protect mice against the tubercle bacillus [161—
165], as assessed by monitoring bacterial burden, the degree of dissemination, and changes
in the level of inflammation [157]. The diverse effects of monoclonal antibody treatment
revealed by these studies on disease pattern and progression suggest that the mechanisms
underlying immunoglobulin-mediated protection are likely highly complex. For example, in
mice intranasally infected with M. tuberculosis, treatment with monoclonal antibodies to the
heparin-binding haemagglutinin (HBHA), a major mycobacterial adhesin, was found to limit
dissemination to the spleen [162]. Likewise, administration of antibodies to arabinomannan
was found to promote the long-term survival of M. tuberculosis-infected mice, although the
mechanism of action was not clear [161, 164]. Pre-incubation of M. tuberculosis with the
IgG3 arabinomanan-specific monoclonal antibody 9D8 did not appear to limit infection of
macrophages, inhibit bacterial replication, or to mediate bacteriocidal activity [164]. Instead,
the only observed difference between untreated and treated mice was in the organization of
the lung granulomas that was associated with significantly prolonged survival, suggesting
that the antibody conferred protection by enhancing or altering cellular immune responses
[164]. Similar results were seen using an antibody to a different cell surface expressed
antigen in an M. bovis mouse model [166]. Interestingly, administration of immune serum to
deliver polyclonal antibodies against M. tuberculosis to SCID mice after anti-tuberculous
drug treatment was shown to engender protection against disease recrudescence [167]; and
IVIG therapy was reported to be effective in lowering tissue bacillary loads in C57BL/6 but
not nude mice, intravenously infected with virulent M. tuberculosis [168]. These studies
suggest that humoral immunity can be targeted to enhance anti-tuberculosis immune
responses in the development of treatment and vaccines against the tubercle bacillus. Indeed,
it was observed in a human study that sera from BCG-vaccinated individuals enhance BCG
internalization by phagocytes, the 1gG-dependent inhibitory effects of neutrophil and
monocyte, as well as anti-specific T cell response [169]. Immunization with a humoral
immunity-targeting vaccine based on an M. tuberculosis arabinomannan—protein conjugate
was shown to elicit an antibody response more robust than that triggered by BCG; however,
no improvement in survival was observed compared to recipients of the BCG group [170].
These studies suggest that it is feasible to direct production of M. tuberculosis-specific
antibodies and more important, vaccine-induced humoral immunity can augment T cell
response against the mycobacteria. Understanding of how immunoglobulins shape the
immune response to M. tuberculosis might guide the design of effective anti-tuberculous
strategies.

The M. tuberculosis cell wall is primarily composed of constituents rich in lipids and
carbohydrates, molecules that are not typically presented by conventional MHC molecules.
As a result, the T cell-independent (T1) antibody responses of the B1 and marginal zone B
cell subsets, generally considered to be the primary source of natural IgM that recognize
common bacterial antigens, could play a valuable role in enhancing recognition of these cell
surface antigens by the immune system [171-173]. Natural antibodies, which are produced
without any apparent antigenic stimulation, provide the first line of defense during an
infection and predominantly consist of the IgM isotype. The pentameric structure of IgM
allows for low affinity but high avidity interactions with phylogenetically conserved
structures such as nucleic acids, phospholipids and carbohydrates [174, 175], and aids its
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function as an extremely potent activator of complement [176]. B-1 cells are the main source
of natural IgM, whereas both B-1 and B-2 cells can produce immune IgM [177].

Both natural and immune IgM have been shown to play protective roles in a number of
infection models (reviewed in [171, 177]), including intracellular bacterial infections such as
Nocardia brassiliensis [178, 179] and F. tularensis [180-183], where humoral immunity is
typically thought to be unimportant. These studies have established a role for antigen-
specific, IgM-mediated protective effects against intracellular pathogens. Despite being
considered a short-lived, early response antibody, several studies have recently
demonstrated that IgM can provide long-lasting immunity. In studies with Ehrlichia muris,
an obligate intracellular bacterium, mice chronically infected with the organism were
protected from fatal challenge delivered at as late as 250 days after the initial infection; and
this protection was mediated by a long-term antigen-specific IgM response derived from a
population of CD138NiigMNi bone marrow B cells that display characteristics of both
plasmablasts and plasma cells, and perhaps from IgM-producing plasmablasts in the spleen
[184, 185]. Long-lasting IgM-mediated protective immunity has also been shown to be
protective against Borrelia hermsii and Streptococcus pneumoniae infections [186, 187]. In
these cases protection was mediated via antigen-specific IgM antibodies produced by
peritoneal cavity B-1b cells.

In addition to a direct role in mediating protective immunity, IgM has been shown to
promote the generation of efficient neutralizing 1gG antibody responses in a virus model
[188]. More recently, Rapakka et al. demonstrated that, in a Pneumocystis model, IgM
influenced trafficking of antigen presenting cells to the local draining lymph node,
production of inflammatory cytokines by dendritic cells, and T cell differentiation [189]. In
this model, IgM regulates the overall humoral response: in the absence of IgM, mucosal 1gG
and IgA were not detectable; this latter result suggests that IgM is required for normal
programming of B cell adaptive antibody responses [189]. The reduced anti-specific 1gG
response to the T-cell dependent (TD) antigen NP-KLH observed in the pS™~ mouse strain,
which selectively lacks secreted IgM [190], has been attributed to impaired antigen trapping
on follicular dendritic cells due to deficiency of this immunoglobulin, which results in a
comprised germinal center [190, 191]. Similarly, 1gG responses to the TI antigen NP-Ficoll
were also altered in the absence of secreted IgM [190, 191]. These studies directly show that
IgM can regulate the specific antibody profile generated in response to both TD and Tl
antigens. Studies employing a TD antigen have provided evidence that IgM may regulate the
overall humoral response via the complement pathway [192-194]. Clearly, IgM has the
ability to modulate many aspects of the immune response. Studies using mice deficient in
the recently discovered specific FcR (FcpR) for IgM [195] to characterize B cell responses
have revealed (notwithstanding certain level of discrepancy) phenotypes similar to those
observed in the pS™~ model, such as differences in B cell populations, altered germinal
center reaction, dysregulation of humoral responses, impairment of B-cell proliferation upon
ligation of BCR in vitro [196-198], suggesting that the effects of secreted IgM are mediated
via signaling through the Fcp receptor. Importantly, a human FcpR has also been identified,
thus enhancing the relevance of this receptor [199].
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Through neutralization activity, influencing adaptive immunity, regulating inflammation
(via complement activation, FcyR signaling, and the generation of microbial products due to
direct microbicidal activity), and altering microbial gene expression, antibodies play a
significant role in modulating the immune response to pathogens [36, 200] (Fig. 1).
Antibodies have also been show to modulate remodeling of the airway epithelium and
vessels in chronic infection [201]. Adoptive transfer of B cells ameliorates the enhanced
inflammatory response detected in the lungs of tuberculous B cell-deficient mice [202]. This
attenuation of pulmonic inflammation is associated with partial reconstitution of serum
immunoglobulin levels in the recipient animals but not with homing of the transferred B
cells to the lungs [202], suggesting the inflammation-limiting function of antibodies may be
operative in a tuberculous host [36, 200, 203]. Finally, in preliminary studies, we have
observed that the IgM-defcient pS~/~ mice [190] display enhanced susceptibility to M.
tuberculosis (Unpublished, S Mehta, L Kozakiewicz, & J Chan). Given this latter
observation, together with the abundance of carbohydrate and lipid moieties (targets of Tl
antibody responses) in the mycobacterial cell wall, the expanding data revealing unexpected
roles for IgM in mediating protection to chronic intracellular bacterial infections (via its
ability to regulate cell-mediated immunity, program adaptive humoral immunity, including
IgG and memory responses), it seems prudent to investigate whether IgM plays a role in
optimizing the host response to M. tuberculosis. This line of investigation could potentially
pave the way to identifying protective IgM antibodies to specific cell wall components,
which could be induced in new vaccine formulations to engender a more robust anti-
tuberculous response.

Does FcyR contribute to the regulation of the anti-tuberculous immune response?

The apparent significance of antibodies in modulating the immune response in tuberculosis
has prompted us to investigate if FcgR might contribute to shaping immunity to the tubercle
bacillus. This line of investigation has yielded data suggesting that the immune response to
M. tuberculosis can be modulated by antibody binding to FcyRs. In comparison to wild-type
controls, mice lacking the inhibitory FcyRIIB are better able to control M. tuberculosis
infection and generate stronger pulmonary Th1 responses, as indicated by the higher
frequency of IFNy+ CD4+ T cells in the lungs [152]. Additionally, in response to infection,
FcyRIIB-/- macrophages produced more p40 component of the Th1-promoting cytokine
IL-12, suggesting that FcyRIIB signaling can dampen the Th1l response to M. tuberculosis,
at least partially, by attenuating 1L-12 production. In contrast, mice lacking the common vy-
chain of activating FcyRs demonstrated heightened susceptibility to low dose M.
tuberculosis infection, with exacerbated immunopathology, increased mortality, and
enhanced production of IL-10 [152]. Together these data suggest that B cells can regulate
the CD4 Th1 response in acute tuberculosis through the engagement of FcyRs by immune
complexes, and that signaling through specific FcyRs can divergently affect disease
outcome, indicating that it may be possible to enhance anti-mycobacterial immunity by
targeting FcyRs.

A number of functional polymorphisms have been identified in human Fcy receptors that
alter receptor expression, ligand affinity or signaling capacity, and recent studies have also
demonstrated copy number variation in some low affinity Fcy receptors [204, 205]. Two

Semin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chanetal.

Page 12

single nucleotide polymorphisms (SNPs) in particular, at amino acid 131 in FcyRIla and
amino acid 158 in FcyRllla, are associated with susceptibility to a number of infectious
agents and both result in altered antibody binding [204, 205]. The FcyRlla R131 allele does
not bind human 19gG2 (whereas H131 does) and is associated with increased infection and/or
disease progression with some encapsulated bacteria and viruses [206-210], while the
FcyRIlla F158 allele has lower affinity for IgG1 and IgG3 antibodies relative to V158, and
has been described as a heritable risk factor for some vasculitis diseases [211-213]. Only
one study has looked for an association between FcyR polymorphisms and susceptibility to
tuberculosis; specifically, the FcyRIla R131H and FcyRIlla F158V polymorphisms in active
tuberculous patients versus healthy controls in the Moroccan population was investigated
[214]. No significant association was found. It is not clear if there is no association between
these polymorphisms and susceptibility to tuberculosis, or if these FcyR polymorphisms do
not affect the development of tuberculous infection in this particular ethnic background or
geographic location. Alternatively there may be other functional polymorphisms in FcyRs
(which are largely uncharacterized) that affect susceptibility to TB.

Interestingly, expression of FCGR1A, one of the genes encoding the high affinity FcyRl,
was found to be an important biomarker discriminating between active versus latent TB
infections (LTBI) [215-218]. In a large multi-site study across four sub-Saharan countries,
significantly increased FCGR1A expression was observed in active TB patients compared to
LTBI donors, and was independent of HIV status or ethnic background [218]. FCGR1A was
also identified as a biomarker for active tuberculosis in a European Caucasian population
[215]. In concordance with these data, treatment for tuberculosis has been shown to
significantly reduce FCGR1A expression, indicating the importance of FCGR1A in TB
pathogenesis [219].

Given these data, it would be interesting to screen for an association between
polymorphisms or copy number variation in FCGR1A and susceptibility to active
tuberculosis. FcyR1 is less well studied than the other FcyRs and no polymorphisms have
been described for FCGR1 that alter receptor affinity or function [220]. Using an in silico
approach van der Poel et al., (2011) recently identified three non-synonymous SNPs in
FCGRL, one of which was in the extracellular domain of FcyR1 and highly conserved
within the FcyR family, suggesting it may be important for receptor structure/function [220].

B cells regulates the IL-10 in tuberculous lungs

Studies involving two different models of B-cell deficiency, we and others have provided
evidence that B cells can regulate 1L-10 production in the lungs of M. tuberculosis- infected
mice [202, 221]. Interestingly, mice deficient in the common vy chain of stimulatory FcyRs
demonstrate increased I1L-10 production in the lungs in response to M. tuberculosis infection
[152]. While a wide variety of immune cells can produce IL-10 [222], a feature of
incompletely activated dendritic cells is IL-10 production [223]. Therefore, it is possible that
B cells may indirectly influence the production of IL-10 by antigen-presenting cells by
modulating their activation status via immune complex engagement of FcyRs. Regulatory T
cells, which are another significant cellular source of IL-10, can also be regulated by B cells
[132, 224]. Since IL-10 has been reported to detrimentally affect disease outcome in murine
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tuberculosis [225], it is possible that excess IL-10 production observed in the B cell- and y
chain-deficient mice contributes to the inability of these strains to optimally control M.
tuberculosis infection [152, 202]. However, another possibility is that the increased
production of IL-10 represents a compensatory mechanism to counter the exacerbated
immunopathology seen in M. tuberculosis-infected B cell- and Fcy-chain-deficient mice
[152, 202]. Much work needs to be done to delineate how B cells and humoral immunity
regulate the production of cytokines, in particular IL-10, at the site of tuberculous infection.
The regulatory mechanisms are likely to be complex given the multiple immunological
functions of B cells.

B cells modulates granulomatous inflammation during tuberculous infection

As discussed above, during acute infection caused by the Erdman strain, mice deficient in B
cells exhibited sub-optimal anti-tuberculous immunity associated with exacerbated
pulmonary pathology [202]. Interestingly, in an experimental tuberculosis model involving
M. tuberculosis CDC1551, B cell-deficiency resulted in a delay in inflammatory progression
[226]. In agreement with the latter finding, we have recently observed that the B cell-
deficient, compared to wild-type controls, display attenuated lung granulomatous responses
during the chronic phase of an infection established by the Erdman strain of M. tuberculosis
(Unpublished, Y Chen, P Maglione & J Chan). This discrepancy suggests that B cell may
function differentially in the acute and chronic phase of tuberculous infection. Thus, B cells
are required in the acute phase of infection for the development of an optimal granulomatous
response and anti-tuberculous immunity for the control of the tubercle bacillus; in the
absence of B cells, infected animals exhibit dysregulation of the granulomatous response
and as a result, increased pulmonary inflammation is required to contain bacterial growth
[202]. During chronic infection, the immunologically active B-cell aggregates, likely to be
the product of ectopic lymphoid neogenesis [227, 228] (see below), may play a role in
sustaining effective local immunity so as to contain persistent bacilli and prevent disease
reactivation. This leads to a sustained inflammatory state that eventually can result in the
development of tissue-damaging immunopathology. As T cells exist within the B-cell
aggregates in the tuberculous lungs of both human and mice [127, 128], the perpetuation of
inflammation in chronic tuberculosis may occur in part through B cells acting as antigen-
presenting cells, thereby activating lesional T 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 sustaining a tissue-damaging chronic inflammatory
response during persistent infection, the latter process perhaps driven by the tubercle
bacillus to facilitate its transmission to another host via escape from a cavity [229].

Among patients whose infection advances most severely, morbidity and mortality is at least
partially due to a tissue-damaging host response [230, 231]. This severe
immunopathological manifestation could be the result of an intense local immune response
that is ineffective in controlling the infection, which in turn, leads to an exuberant
compensatory recruitment of immune cells into infected tissues. This scenario is best
illustrated by the pattern of disease progression in individuals with recrudescence
tuberculosis, which is known to be associated with regions of intense pulmonary
inflammation [231]. The mechanisms underlying the development of such exuberant
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inflammation in these patients are currently unknown. The pathological changes in the lungs
of individuals with untreated active tuberculosis can be dominated by tissue neutrophilia
[130]. Neutrophils are innate immune cells that provide early protection against acute
pulmonary infection but can induce undesirable tissue-damaging inflammation [232]. In
mice, as in humans, tissue neutrophilia is associated with a susceptibility phenotype to M.
tuberculosis infection [233]. Although severe tissue-damaging host response is a well-
recognized manifestation of tuberculosis in certain hosts, the limited pathological reaction of
the localized Ghon complex seen in humans suggests that exuberant immunopathology need
not be the requisite for adequate control of M. tuberculosis. Emerging experimental results
strongly suggest that B cells and humoral immunity may play a role in modulating the level
of granulomatous inflammation during tuberculosis infection [202, 226], and that this B-
cell-based regulation could be infection phase-dependent. Understanding how B cells
modulate the granulomatous inflammatory response may lead to strategies that can attenuate
tissue damage caused by the tubercle bacillus.

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 [127, 128, 202, 234-236], non-human primates [127, 237] and human [127-
130], forming conspicuous aggregates with features of germinal center [127, 129, 130, 202,
236]. In the lungs of humans with tuberculosis, cellular proliferation is detected primarily in
these B-cell aggregates [130]; and immunohistochemical characterization demonstrates the
presence of CXCR5+ ICOS (inducible co-stimulatory receptor)+ T cells, PCNA
(proliferating cell nuclear antigen)-expressing CD20+ B cells, and tissue expression of
CXCL13 [127]. These observations strongly suggest that the B cell aggregates within
tuberculous tissues are bona fide GC, thus likely represent the product of lymphoid
neogenesis, a highly complex process described in a wide variety of chronic inflammatory
disease states (reviewed in [227, 228]).

Germinal centers are transient sites in secondary lymphoid organs that provide a highly
complex and dynamic immunological environment in which, upon antigenic challenge, B
cells interact with Tth to achieve B cell expansion, clonal selection, Ig class switching,
somatic hypermutation, plasma cell commitment and memory B cell formation [75-77].
This reaction is thus critical for the development of effective and long-lived humoral
immunity. In pathological states that perpetuate a chronic inflammatory environment, GC-
like structures can form ectopically in tissues outside of secondary lymphoid organs through
a process designated as lymphoid neogenesis [227, 228]. The pathological conditions
associated with chronic inflammation that are conducive to the development of this tertiary
lymphoid organ span a wide spectrum, ranging from persistent viral and bacterial infection
to autoimmune disease such as rheumatoid arthritis, multiple sclerosis, chronic hepatitis C,
and Sjogren’s syndrome [228]. Although much remains to be learned about these ectopic
lymphoid organs, emerging evidence indicates that these structures resemble the traditional
GC at the cellular, molecular, and structural level [228]. As a result, the ectopic lymphoid
organ can carry out functions similar to those operative in the traditional germinal center,
enabling B cells to undergo affinity maturation and develop into memory B cells and plasma
cells [228]. In addition, evidence exists that these structures afford an environment for the
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priming of T cells by dendritic cells [228]. These observations provide compelling evidence
that ectopic lymphoid structures in inflammatory tissues are immunologically versatile and
active, and are therefore likely to play a role in modulating the local immune environment,
thus affecting disease outcome. Existing data suggest that ectopic lymphoid organs appear to
be in general, beneficial to the host in the context of infection and neoplasm, but detrimental
in individuals with autoimmune diseases [228]. The apparent disease-dependent divergent
effects of these tertiary lymphoid organs on outcome suggest that the biology of the ectopic
germinal centers is likely to be complex.

Do the ectopic lymphoid organs in the lungs of an M. tuberculosis-infected host regulate the
local immune response and as a result, modulate disease outcome? During acute M.
tuberculosis infection, mice lacking B cells (hence no lymphoid aggregates in the lungs)
exhibit aberrant granulomatous reaction associated with enhanced pulmonary pathology and
suboptimal control of bacillary growth, suggesting a potential protective role for the ectopic
pulmonic germinal center in the early phase of tuberculous infection [202]. This apparent
beneficial effect could be the result of highly efficient interaction among the various
immune cells (e.g. dendritic cells and T cells) present in and enabled by a lymphoid organ
formed in situ in the tuberculous granulomatous tissues. Indeed, T cells and antigen
presenting cells have been detected within or in the vicinity of the ectopic germinal centers
in the lungs of M. tuberculosis-infected host [127, 128]. Results derived from an influenza
pneumonia model have revealed that ectopic lymphoid nodules in the lungs of mice
deficient in secondary lymphoid organs can prime a protective immune response [238, 239].
The observation that cellular proliferation occurs in the proximity of B-cell aggregates in
tuberculous tissues has led to the formulation of the hypothesis that these structures serve to
sustain the local granulomatous inflammation [130]. The perpetuation of this inflammatory
state could be further exacerbated by the chronic nature of tuberculous infection. It is thus
possible that as the infection progresses into the chronic state, promotion of the local
immune responses by the ectopic GC, possibly driven by tissue tubercle bacilli, can result in
an environment conducive to the development of tissue-damaging immunopathology, a
process that plays critical role in transmission of the tubercle bacillus [229]. The
significance of lymphoid neogenesis in the regulation of immune responses in tuberculosis
warrants further investigation.

Concluding Remarks

The unique ability of the tubercle bacillus to establish a dormant state in the majority of
those infected presents a major problem for effective control of tuberculosis [8-10]. Due to
lack of drugs that can effectively kill latent bacilli, the ability of dormant organisms to
reactivate when the immune status of the host is compromised, and the capability of this
pathogen to cause severe pulmonic immunopathology that facilitate aerosol transmission,
the huge reservoir of latently infected individuals represents a major obstacle to eradicating
M. tuberculosis [14]. Compounding these difficulties are the emergence of drug resistance
clinical isolates, the enhanced susceptibility to tuberculous infection of persons infected with
the highly prevalent HIV, as well as those receiving immunosuppressive biologics, a
treatment modality that is increasingly being used to treat a wide range of diseases (e.g. TNF
blockade therapy), and the lack of correlates of protection that are requisite to the
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development of effective vaccines [14]. With respect to vaccine development, the fact that a
previously infected host can acquire exogenous re-infection suggests that efficacious
vaccines for the prevention of tuberculosis must be capable of engendering an immune
response superior to that elicited by a natural infection [240]. This is a significant challenge.
To be sure, much progress has been made over the years in the generation of anti-
tuberculous vaccines, and in the process, much knowledge concerning the tubercle bacillus
has been gained. However, the efforts have fallen short of producing an efficacious
immunization protocol. It is thus not unreasonable to suggest that rational vaccine design
should take a more comprehensive approach in characterizing the mechanisms of protection
against the tubercle bacillus. Strategies employed to developing vaccines for tuberculosis
have focus on T cell immunity. With emerging evidence that B cells and immunoglobulins
can significantly modulate the immune response to M. tuberculosis, it seems prudent to
expend efforts into characterizing this immunological compartment during the course of
tuberculous infection. Knowledge gained from this effort should help gain more insight into
the immune response to M. tuberculosis that can possibly be harnessed to optimize strategies
used for vaccine design.

The mechanisms by which B cell and humoral immunity modulate the immune response to
M. tuberculosis remain to be clearly defined. For example, can antibody-mediated immunity
be effective for the prevention and treatment of tuberculosis? Studies designed to develop
antibody-based therapy for toxin neutralization revealed that the use of a combination of
distinct monoclonal antibodies with specificity against a single toxin molecule can achieve
enhanced protective effect [241]. Intriguingly, analysis of this combinatorial system showed
that disease enhancing monoclonal antibodies could improve protective efficacy of a disease
ameliorating immunoglobulin [241]. This emergent property of immunoglobulins strongly
suggest that analysis of an antibody singly cannot accurately predict how it functions in the
presence of other antibodies, a scenario that more genuinely reflects a natural immune
response to an antigen, which, in the context of humoral immunity, is virtually universally
polyclonal. Although such a property presents a significant problem in designing antibody-
based vaccines, understanding the mechanisms underlying this phenomenon could afford an
approach by which the emergent property of immunoglobulins can be exploited to achieve
maximal protection via the use of a combination of monoclonal antibodies in the treatment
protocol. What is the role of natural antibodies in host defense against the tubercle bacillus
and can they prevent infection? Are TI mycobacterial antigens, abundantly present in the M.
tuberculosis cell wall, suitable targets for the development of therapeutics including
vaccines? Given our recent observation that IlgM-deficientuS~'~ mice display increased
susceptibility to M. tuberculosis, further characterization of the role of natural antibodies in
defense against the tubercle bacillus seems worthwhile. What are the protective antibodies,
if any, against M. tuberculosis and how can they be elicited for the treatment or prevention
of tuberculosis? What are the roles of the ectopic GC in the tuberculous lungs? Are they
beneficial or detrimental to the host? Is their function infection phase-specific, promoting
protection during acute infection while driving immunopathology in the chronic phase?
What antigens do these B cells recognize? Understanding the roles of these B cells could
help design strategies to augment anti-tuberculous mechanisms and to ameliorate
immunopathology so as to curb transmission. What is the nature of B cell memory that
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develops upon M. tuberculosis infection, and can they confer protection upon secondary

ch

allenge? Given the close interaction between GC B cells and Tfh [75-77], it would be

logical to investigate the role of this T cell subset in shaping the immune response to the
tubercle bacillus. Investigating into these questions should help gain knowledge about the
basic biology of B cells and humoral immunity during M. tuberculosis infection, which in
turn, should guide the design of strategies by which B cell and humoral immunity can be
exploited for the development of novel anti-tuberculous protocols.
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Figure 1. Mechanisms by which B cells shape the immune response to M. tuberculosis
B cells could regulate the host response to M. tuberculosis by: 1) functioning as antigen

presenting cells to interact with T cells: the primary site of this reaction is at the germinal
center (GC). The interaction between GC B cells and Tth (T follicular helper cells)
culminates in B cell expansion, somatic hypermutation, affinity maturation, class switching,
and the development of memory B cells and antibody-producing plasma cells; 2) producing
cytokines that modulate responding immune cells including influencing the differentiation
of T cells and hence effector functions; and 3) producing antibodies (Ab) which could
modulate multiple aspects of both the innate and adaptive immune response. M.
tuberculosis-specific antibodies can opsonize extracellular bacilli, form immune complex
that fix complements, and engage Fcy receptors of effector cells thereby modulating their
functions and therefore, their effects on other immune cells, including T cells. Antibodies
can also modulate the GC reactions as we as inflammation in infected tissues. LT:
lymphotoxin; TGF: transforming growth factor; IL: interleukin; TNF: tumor necrosis factor;
APC: antigen presenting cell; GC: germinal center; Ab: antibodies; Red oval: M.
tuberculosis antigen; Pink circles: secreted cytokines; Green Y: 1gG; Pink double Y: dimeric
IgA; Blue snowflake: pentameric IgM; Maroon double Y: B cell receptor.
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