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Accumulating evidence has documented a role for B cells and antibodies (Abs) in the
immunity against Mycobacterium tuberculosis (Mtb). Passive transfer studies with monoclo-
nal antibodies (mAbs) against mycobacterial antigens have shown protection against the
tubercle bacillus. B cells and Abs are believed to contribute to an enhanced immune re-
sponse against Mtb by modulating various immunological components in the infected host
including the T-cell compartment. Nevertheless, the extent and contribution of B cells and
Abs to protection against Mtb remains uncertain. In this article we summarize the most
relevant findings supporting the role of B cells and Abs in the defense against Mtb and
discuss the potential mechanisms of protection.

Approximately one-third of the world’s
population is infected with M. tuberculosis

(Mtb). It is generally thought that the majority
of this population harbors latent bacilli, of
which only �10% develop the disease active
tuberculosis (TB) during their lifetime. The in-
terplay of immunological components resulting
in contained and stable latent Mtb infection
(LTBI) is incompletely understood. Cell-medi-
ated immunity (CMI) plays a key role in the
defense against Mtb (Lewinsohn et al. 2011; Ot-
tenhoff 2012; Ottenhoff and Kaufmann 2012),
but increasing evidence suggests that CMI is
not the sole defense mechanism against the tu-
bercle bacillus. In humans, an intact CMI does
not consistently protect against disease, and in
Mtb-infected nonhuman primates, cell-mediat-
ed responses do not significantly correlate with

the outcome of infection (Lin et al. 2009). Fur-
thermore, not all individuals with LTBI and
impaired CMI develop TB. Current and newly
developed TB vaccines targeting CMI have lim-
ited efficacy in humans, and vaccine-induced
cell-mediated responses often lack significant
correlation with efficacy (Colditz et al. 1994;
Fletcher et al. 2013; Tameris et al. 2013). These
findings support a role for additional immune
components in the protection against Mtb be-
yond that contributed by CMI.

The strong evidence for CMI as the main
defense mechanism against TB has historically
set up a false dichotomy that posited no role
for humoral immunity (Maglione and Chan
2009; Achkar and Casadevall 2013). The general
belief that, because of their extracellular loca-
tion, antibodies (Abs) are not involved in the
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protection against intracellular pathogens fur-
ther limits an open view for the role of B cells
and Ab-mediated immunity against Mtb. How-
ever, this view has been largely discredited and
abandoned based on abundant evidence from
many systems (reviewed in Casadevall 2003).
We note that although immunoglobulins are
a major product of B cells, these lymphocytes
can contribute to the host immune response to
Mtb via Ab-independent mechanisms (Bosio
et al. 2000; Maglione et al. 2007; Maglione
and Chan 2009; Russo and Mariano 2010; Al-
meida et al. 2011; Zhang et al. 2012). Whereas
Ab-independent B-cell effects are largely accept-
ed by the field, the historical controversy revolv-
ing around the role for B cells and the humoral
immune response in the defense against Mtb
typically relates solely to that of Abs. Therefore,
in this review, we refer to B cells and Abs as
distinct immunological elements simply to
stay within the currently operating intellectual
framework in the Mtb field.

Abs have many mechanisms by which they
can modify the outcome of bacterial intracel-
lular pathogenesis, ranging from opsonization
to signaling through Fc receptors (FcRs) (re-
viewed in Casadevall 1998, 2003; Nimmerjahn
and Ravetch 2008). Furthermore, just as for oth-
er facultative intracellular pathogens, there is
plenty of evidence for an extracellular phase of
Mtb during which it can be directly targeted by
Abs (Smith et al. 2000; Casadevall 2003; Grosset
2003; Karakousis et al. 2004; Kim et al. 2010;
Ahmad et al. 2011; Hoff et al. 2011; Driver et
al. 2012). Importantly, Abs have been shown to
play an important role in the defense against
other intracellular pathogens such as Salmonel-
la, Chlamydia, Cryptococcus, and Histoplasma
spp. (reviewed in Casadevall 2003), and for
some of these pathogens such as Salmonella, vac-
cines protecting through Ab-mediated immuni-
ty have ultimately been developed and licensed
(Collins 1974).

A classic example for a paradigm shift from
an exclusive CMI-centric view toward accep-
tance of an important role for Ab-mediated im-
munity occurred in the field of mycology, in
which B cells and Abs were also once considered
to have no protective role. As in TB, it was not

possible to establish a consisted protective role
for humoral immunity with polyclonal sera
against fungi such as Candida albicans and
Cryptococcus neoformans (reviewed in Casa-
devall 1995). However, the implementation of
hybridoma technology produced immunoglob-
ulins that revealed the existence of protective
monoclonal antibodies (mAbs) and challenged
this dogma (reviewed in Casadevall 1995; Casa-
devall and Pirofski 2012a). Also like Mtb, many
of the medically relevant fungi such as C. neo-
formans and Histoplasma capsulatum are facul-
tative intracellular pathogens, and the control
of infection with these fungi requires vigorous
granuloma formation indicative of CMI. The
breakthrough in medical mycology came from
the work of Françoise Dromer and colleagues
who identified a protective Ab against C. neofor-
mans, a finding that suggested the notion that
humoral immunity could mediate protection if
the right Ab response was elicited (Dromer et al.
1987). Two decades later humoral immunity
had been shown to be protective against numer-
ous fungi (reviewed in Casadevall and Pirofski
2012a), and two vaccines against C. albicans are
currently in clinical trials, both of which are be-
lieved to mediate protection by eliciting a pro-
tective Ab response (reviewed in Cassone and
Casadevall 2012). Parallel developments appear
to be occurring in the TB field. In the following
sections we discuss the complexity of humoral
immunity in TB, the evidence for a role of Abs
and B cells in the protection against TB, and the
potential mechanisms for Ab-mediated immu-
nity. Based on the discussed findings we posit a
role for B cells and Abs in the protection against
TB and suggest that an effective immunity
against Mtb includes a humoral component.

COMPLEXITY OF THE HUMORAL IMMUNE
RESPONSES AGAINST Mtb

TB serological studies provide abundant data
that Mtb induces a humoral immune response
to a wide variety of mycobacterial antigens
(Ags) in humans and animals. Although hu-
mans and nonhuman primates show consider-
able heterogeneity in Ab responses against Mtb
(Lyashchenko et al. 1998; Ireton et al. 2010;
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Kunnath-Velayudhan et al. 2010, 2012), Ab
responses in other animal species such as ele-
phants or deer are more homogeneous (Lyash-
chenko et al. 2008, 2012). Animal and human
serum transfer studies have provided inconsis-
tent and sometimes contradictory data regard-
ing a role of Abs in the protection against TB
(reviewed in Glatman-Freedman and Casade-
vall 1998). Several observations suggest expla-
nations for these inconsistent results. Just as
in other diseases such as fungal infections in
which the Ab response is complex and involves
both protective and nonprotective Abs (re-
viewed in Casadevall and Pirofski 2012a), inter-
study inconsistencies might have been due to the
variability typically found in polyclonal prepa-
rations. Nonprotective or even disease-enhanc-
ing Abs can also negatively or positively influ-
ence the efficacy of protective Abs when these act
in combinations (Nussbaum et al. 1996; Chow
et al. 2013), further highlighting the difficulty
when evaluating polyclonal preparations. The
discovery that fungal Ags targeted by protective
mAbs do not always elicit an Ab response dur-
ing a natural infection (Nosanchuk et al. 2003),
could be another explanation for negative re-
sults when transferring immune sera from vac-
cine studies. On the other hand, little is known
about the role and complexity of protective Abs
in Mtb infection models that mimic human in-
fection by developing both natural LTBI and
TB without modification of immunity. And
last, Ab responses against Mtb can be species-
specific (Lyashchenko et al. 2007, 2008), and
thus the transfer of Ab preparations obtained
from a species different than the one studied
would also result in considerable variability.

EVIDENCE FOR A ROLE OF HUMORAL
IMMUNITY IN THE PROTECTION
AGAINST TB

The efficacy of Ab-mediated immunity against
a microbe can be established by the three gen-
eral approaches as proposed by Casadevall
(2004): (1) Establish that passive administration
of a microbe-specific Ab modifies the course of
infection to the benefit of the host; (2) ascertain
that the presence of microbe-specific Abs in a

host is associated with decreased susceptibility
to infection and disease; and (3) establish that
increased susceptibility to disease exists in hosts
with deficits in humoral immunity and/or B
cell function. For TB evidence for all three cri-
teria has now been documented (Table 1).

Passive transfer studies with Abs against my-
cobacterial Ags. Evidence that passive Ab trans-
fer can improve the outcome of experimental
mycobacterial infection in mice was document-
ed by eight independent groups for mAbs
against mycobacterial Ags (Teitelbaum et al.
1998; Pethe et al. 2001; Chambers et al. 2004;
Hamasur et al. 2004; Williams et al. 2004; Buc-
cheri et al. 2009; Lopez et al. 2009; Balu et al.
2011) and three recent studies with polyclonal
IgG or serum within the same species (mice) or
from humans to mice (Roy et al. 2005; Guirado
et al. 2006; Olivares et al. 2006) (Table 2). Stud-
ies that have probed the role of protective mAbs
have used a variety of parameters to assess their
efficacy including prolongation in survival time
(Teitelbaum et al. 1998; Chambers et al. 2004;
Hamasur et al. 2004), reduced dissemination
(Pethe et al. 2001), reduced tissue pathology
(Chambers et al. 2004; Lopez et al. 2009; Balu
et al. 2011), and reduced mycobacterial burden
as measured by colony forming units (CFU)
(Hamasur et al. 2004; Williams et al. 2004; Buc-
cheri et al. 2009; Lopez et al. 2009; Balu et al.
2011). Of note, one study also compared the
effect of mAb with IFN-g and the combination
of both (Balu et al. 2011). Although a significant
reduction of lung CFU was seen with the com-
bination of mAb and IFN-g, and a borderline
effect for mAb alone, no significant CFU reduc-
tion was seen with IFN-g alone, pointing to-
ward a potentially important interplay between
Ab and cytokine in the protection against TB.
Recent passive Ab transfer studies in mice using
homologous or heterologous (human) sera
have also shown protection against experimen-
tal infection (Roy et al. 2005; Guirado et al.
2006; Olivares et al. 2006). However, none of
these monoclonal or polyclonal Ab transfer
studies include a comparison to the efficacy of
BCG (Bacille Calmette–Guérin) vaccination in
mice. When viewed from this context we note
that whereas vaccination with BCG often induc-
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Table 1. Evidence of antibody-mediated protection against Mycobacterium tuberculosis infection

Criterion Evidence References

Passive Ab transfer
studies

Eight independent groups have shown
protection and/or modification of the
course of mycobacterial infection in mice
with passive transfer of mAbs to
mycobacterial antigens (Table 2).

Three independent groups have recently
shown protection in mice with passive
transfer of immune polyclonal sera.

Teitelbaum et al. 1998; Pethe et al. 2001;
Chambers et al. 2004; Hamasur et al.
2004; Williams et al. 2004; Buccheri
et al. 2009; Lopez et al. 2009; Balu
et al. 2011

Roy et al. 2005; Guirado et al. 2006;
Olivares et al. 2006

High Ab titer associated
with reduced
susceptibility

AM-containing conjugate vaccine elicits
Ab response that reduces susceptibility
to infection.

BCG as well as Mtb antigen-containing
conjugate and DNA/RNA vaccines elicit
cellular and humoral immune responses
and improve outcome of infection.

Hamasur et al. 2003; Glatman-
Freedman et al. 2004

Huygen et al. 1996; Hamasur et al. 2003;
Glatman-Freedman et al. 2004; Xue
et al. 2004; de Valliere et al. 2005; Giri
et al. 2006; Grover et al. 2006; Teixeira
et al. 2006; Chang-hong et al. 2008;
Kohama et al. 2008; Palma et al. 2008;
Niu et al. 2011

Increased susceptibility
in hosts with Ab
deficits

Peak of childhood TB is temporally
correlated with nadir in maternal Ab.

Lack of Abs against certain mycobacterial
antigens is associated with TB
dissemination in children and adults.

Lack of early humoral immune response in
Mtb-infected nonhuman primates
predicts high likelihood for reactivation
disease.

B-cell-deficient mice are more susceptible
to TB.

Polymeric IgR-deficient mice loose
mycobacterial antigen-specific IgA
response in saliva and are more
susceptible to respiratory BCG infection.

IgA deficiency increases susceptibility to
mycobacterial infection in mice.

Beyazova et al. 1995; Cruz and Starke
2007; Donald et al. 2010

Sada et al. 1990; Costello et al. 1992;
Boggian et al. 1996; Gupta et al. 1997;
Dayal et al. 2008

Kunnath-Velayudhan et al. 2012

Vordermeier et al. 1996; Maglione et al.
2007, 2008

Tjarnlund et al. 2006

Rodriguez et al. 2005; Buccheri et al.
2007

Other Existence of mycobactericidal Abs
FcR-mediated phagocytosis promotes

phagolysosomal fusion.
FcR-mediated phagocytosis increases

macrophage Ca2þ signaling and
intracellular killing.

Higher FcyRIA expression in (i) subjects
with TB compared with LTBI, and (ii)
subjects before compared with after
antituberculous treatment.

IgG bound to BCG enhances oxygen release
in phagosomes and antimycobacterial
activity of alveolar macrophages.

Conti et al. 1998
Armstrong and Hart 1975

Malik et al. 2000

Sutherland et al. 2013; Cliff et al. 2013

Suga et al. 1996

Data in table modified with permission from Achkar and Casadevall 2013.

mAb, monoclonal Ab; AM, arabinomannan; BCG, Bacillus Calmette–Guérin; Mtb, M. tuberculosis; TB, tuberculosis; FcR,

Fc receptor; LTBI, latent Mtb infection.
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es variable reduction in CFU at 30 d of infection
(Keyser et al. 2011), the effects of passive mAb
varied from being less than, comparable, and
greater than described for BCG vaccines (re-
viewed in Achkar and Casadevall 2013). Addi-
tional transfer studies with more standardized
designs, and ideally an additional BCG-vacci-
nated control group, are needed to allow for
better comparison of the effects of Ab-based
protection against Mtb.

Association of the presence of Abs against Mtb
with decreased susceptibility to infection and dis-
ease. Mice immunized with conjugate vaccines,
containing arabinomannan (AM), a mycobac-
terial capsular, and cell wall polysaccharide, de-
velop high IgG titers against AM and are more
TB-resistant than control mice (Hamasur et al.
2003; Glatman-Freedman et al. 2004. When
comparing one of these AM conjugate vaccines
to BCG comparable efficacy was demonstrated
(Hamasur et al. 2003), providing additional ev-
idence for the potential of certain Abs to protect
against Mtb. Furthermore, it is noteworthy that
BCG and other mycobacterial Ag-based vac-
cines including DNAvaccine elicit both humor-
al and cellular responses (reviewed in Achkar
and Casadevall 2013). In contrast to most TB
vaccine studies, de Valliere et al. (2005) investi-
gated the role of Abs induced after BCG vac-
cination. They showed that BCG-induced Abs
enhance effects of both the innate and cell-me-
diated immune responses against mycobacteria.
Thus, although protection of TB vaccines is of-
ten attributed only to the cellular response, one
cannot rule out that the humoral response also
contributed to host defense.

Association of increased susceptibility to dis-
ease with deficits in humoral immunity and B-cell
function. The peak of vulnerability to TB in early
childhood coincides with a nadir in Ab (Beya-
zova et al. 1995; Fairchok et al. 1995; Cruz and
Starke 2007; Donald et al. 2010). This asso-
ciation is supported by a study showing that
the lack of Abs against the mycobacterial cell
wall glycolipid lipoarabinomannan (LAM) cor-
relates significantly with disseminated TB in
age-matched children (Costello et al. 1992).
Also of note is that patients with HIV-associated
TB, which tends to progress faster and frequent-

ly disseminates, also have lower Ab titers against
LAM or AM (Boggian et al. 1996; Yu et al. 2012),
although this association warrants further in-
vestigation. A role of Ab in protection is also
supported by serological studies finding lower
Ab levels in children and adults with the occur-
rence of disseminated and extrapulmonary TB
(Sada et al. 1990; Gupta et al. 1997; Dayal et al.
2008; Ziegenbalg et al. 2013). These findings
suggest that Abs against certain Ags could re-
duce the risk of TB dissemination in humans.
Such a hypothesis is supported by studies in
animal models. For example, the mycobacterial
surface protein heparin-binding hemagglutinin
adhesin (HBHA) promotes Mtb dissemination
in mice, whereas passive transfer with a mAb
against HBHA reduces extrapulmonary dissem-
ination (Pethe et al. 2001) (Table 2). Further-
more, our group has recently shown that an
AM-conjugate vaccine prevented Mtb dissemi-
nation in mice, an effect that was not observed
with BCG vaccination (R Prados-Rosales, un-
publ.).

Perhaps the closest to a state of pure B-cell-
related deficiency in humans is the clinical en-
tity of hypogamaglobulinemia (Bruton 1952;
Good and Zak 1956; Conley et al. 2009). Al-
though clinical studies have reported TB in
persons with immunoglobulin (Ig) deficiency,
these patients typically present with infections
caused by bacteria commonly associated with
human diseases such as Streptococcus pneumo-
nia (Good and Zak 1956; Conley et al. 2009).
On diagnosis of hypogammaglobulinemia, sus-
tained periodic IVIG therapy is required for
preventing infection-associated mortality (Bru-
ton 1952; Good and Zak 1956). Such therapies
can obscure the potential significance of Ab
deficiency in the defense against Mtb. Patients
not receiving this standard Ig therapy will likely
succumb to “endogenous” colonizing patho-
gens and not Mtb. Therapy with Rituximab,
which depletes CD20þ B cells and has been
used widely in the treatment of B-cell malignan-
cies and autoimmune diseases (Czuczman and
Gregory 2010; Townsend et al. 2010), has not
been associated with increased susceptibility to
Mtb. In contrast, it has been amply showed that
anti-TNF therapies enhances the risk for devel-
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oping reactivation TB (Keane et al. 2001). Of
note, however, is that studies including individ-
uals receiving Rituximab have not revealed an
increased risk for infection to bacterial patho-
gens (reviewed in Rubbert-Roth 2012; Ruder-
man 2012; Schoels et al. 2012; Isaacs 2013) in-
cluding those that are known colonizers of the
host, and which defense has been shown to be
highly B-cell-dependent (Bruton 1952; Good
and Zak 1956). Hence, the absence of increased
susceptibility to TB with these therapies cannot
be used to argue against a role for Ab-mediated
immunity. The mechanisms underlying this
observation are likely multifactorial and remain
to be determined. It is conceivable that they
could be due to specific pharmacokinetic prop-
erty of Rituximab or the inability of this mo-
noclonal antibody to deplete the long-lived
CD20 – plasma cells.

In animal models, IgA-deficient mice are
more susceptible to BCG infection than wild-
type controls (Rodriguez et al. 2005). Polymeric
IgR-deficient mice vaccinated with the myco-
bacterial protein PstS-1 had lower PstS-1-specif-
ic IgA levels in their saliva and were more
susceptible to BCG infection than vaccinated
wild-type mice (Tjarnlund et al. 2006), and
IgA administration in the setting of interleu-
kin-4 (IL-4) and interferon-g (IFN-g) adminis-
tration conferred protection against Mtb in mice
(Buccheri et al. 2007). Furthermore, mice lack-
ing the y-chain of an activating receptor for the
Fc portion of Abs (FcyR) are more susceptible to
Mtb infection and advanced pulmonary disease
than wild-type mice (Maglione et al. 2008).

Studies with B-cell-deficient mice mostly
support the role of B cells in TB immunity but
some have also provided inconsistent results.
Two of four published studies report that B-
cell-deficient mice are more susceptible to ex-
perimental infection (Vordermeier et al. 1996;
Maglione et al. 2007). A different study chal-
lenging with Mtb after isoniazid therapy found
no difference between B-cell-deficient and wild-
type mice (Johnson et al. 1997). One study
found that the pulmonary histopathology was
more pronounced in B-cell-knockout com-
pared with wild-type mice after low-dose Mtb
infection (Bosio et al. 2000). Of note is that

humans with pulmonary TB were also found
to have lower percentages of peripheral blood
B cells compared with asymptomatic individu-
als with and without presumed Mtb infection
(Corominas et al. 2004; Hernandez et al. 2010).
These findings, together with the observation
that an infected host mounts a robust Ab re-
sponse against Mtb, provide strong support for
the notion that B cells actively participate in the
immune response to Mtb.

INFLUENCE OF B CELLS ON
OTHER IMMUNE CELLS IN Mtb
INFECTION

There is ample evidence that T cells and macro-
phages play a critical role in the defense against
Mtb infection and disease. However, B cells, just
as T cells, interact with various immune cells,
thus contributing to the defense mechanisms.
We note that the extent of cellular interactions
renders it challenging to quantify the amount of
protection contributed by a single specific im-
mune cell population. Studies involving various
animal TB models have provided compelling
evidence that T-cell deficiency produces strong
susceptibility phenotypes (Flynn and Chan
2001; Cooper 2009; Ernst 2012). A recent report
showing that T cells play a central role in coor-
dinating the antimycobacterial effects of a vari-
ety of immune cells during the innate phase of
the host response further underscores the sig-
nificance of this lymphocyte population in
defense against Mtb (Yao et al. 2014). The im-
portance of T cells in defense against the tuber-
cle bacillus is further supported by enhanced
susceptibility of humans defective in T-cell-ac-
tivating elements as a result of mutation in the
receptors of IFN-g and IL-12 (Abel and Casa-
nova 2000; Casanova and Abel 2002; Fortin
et al. 2007). It is curious that in these naturally
occurring human models, the genotypes are
mostly associated with infection with relatively
weakly virulent mycobacteria such as environ-
mental bacilli and BCG. This observation could
be due to the higher probability of exposure to
environmental mycobacteria than to Mtb, and
that BCG-osis is the result of direct inoculation
of the vaccine during immunization.
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Although macrophages play an important
role in initiating IL-12/IFN-g-related anti-
mycobacterial functions, it was reported that
nonselective depletion of this immune cell in a
murine TB model resulted in enhanced protec-
tion against pulmonary TB, whereas selective
ablation of activated macrophages increased
susceptibility (Leemans et al. 2001, 2005). In
addition, although it was shown that mutations
at or near the Scl11a1 (Nramp1) locus, a gene
that confers macrophage resistance to mycobac-
teria, resulted in susceptibility to Mtb in certain
human populations (Fortin et al. 2007), this
allele appears to play no role in the control of
the tubercle bacillus in mice (North et al. 1999).
These results suggest that valid testing of the
significance of specific immunological factors
in defense against Mtb may require an appro-
priate host, adding yet another layer of com-
plexity to studies aimed at deciphering protec-
tive antituberculous response.

B cells, in addition to being a rich source of
Abs, can modulate the immune response by vir-
tue of their ability to present Ags and produce a
wide variety of cytokines. These modulating
functions play important roles in affecting the
development of immune cells including T cells,
neutrophils, macrophages, and dendritic cells
(reviewed in Maglione and Chan 2009; Koza-
kiewicz et al. 2013b). B-cell-deficient mice are
more susceptible to Mtb infection, and this de-
ficiency results in enhanced lung immunopa-
thology and increased pulmonary neutrophil
infiltration and IL-10 production (Maglione
et al. 2007). The importance of B cells in the
regulation of neutrophil influx at the site of in-
fection is supported by another study showing
an abnormally rapid neutrophil migration in B-
cell-deficient mice, and demonstrating the ca-
pacity of B cells to down-regulate neutrophil
motility (Kondratieva et al. 2010). The capacity
of B cells to down-regulate neutrophil motility
appears critical for the effectiveness of BCG vac-
cination in mice (Kondratieva et al. 2010). The
B-cell-deficient phenotypes are reversible by
adoptive transfer of B cells from infected wild-
type (WT) C57BL/6 mice, establishing B-cell
specificity. Reversal of these lung phenotypes
is associated with the presence of Ig in serum

of recipient mice without a requirement for pul-
monary homing of transferred cells (Maglione
et al. 2007). These observations suggest that the
rescue effect of transferred B cells is at least par-
tially caused by Ab-mediated immune regula-
tion and indicate that humoral immunity plays
a significant role in the defense against Mtb.
This notion is further supported by our recent
observations that tissue neutrophilia in B-cell-
deficient mice can be reversed by administration
of sera from tuberculous mice (Kozakiewicz
et al. 2013a).

A role for B cells regulating T cells in immune
responses to Mtb is supported by our finding
that in chronic infection, CD4 T-cell prolifera-
tion and IFN-g production in B-cell-deficient
mice are significantly different than that in
WTs (Maglione and Chan 2009). Mice defi-
cient for the inhibitory FcgRIIB (FcyRIIB – / –)
are more resistant to Mtb compared with WT
controls (Maglione et al. 2008). These findings
correlated with enhanced pulmonary Th1
responses, evidenced by increased IFN-g-pro-
ducing CD4þ T cells, and suggests that Abs can
regulate CD4 Th1 response in acute TB through
engagement of FcR by Ab-Ag complexes. Fur-
thermore, in mice and humans, features of
germinal center B cells suggest that they are im-
munologically active (Ulrichs et al. 2004; Ma-
glione et al. 2007). We and others have shown
that B cells are a conspicuous cellular compo-
nent in lung granuloma of humans, nonhuman
primates, and mice with TB (Gonzalez-Juarrero
et al. 2001; Ulrichs et al. 2004; Tsai et al. 2006;
Flynn 2010). It has recently been shown in both
human and mouse models that B-cell nodules in
tuberculous lung tissues are populated with
CXCR5þ T cells (Slight et al. 2013). This T-cell
population, which is directed to infected lungs
via expression of CXCR5, plays a role in the con-
trol of Mtb by promoting macrophage activation
and lymphoid nodule formation (Slight et al.
2013).

Accumulating experimental evidence has re-
vealed the significance of the interaction be-
tween B and T lymphocytes in the germinal cen-
ter in an immune response, including that
developed against microbial pathogens (Vi-
nuesa et al. 2005; Ma et al. 2012). The clinical
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relevance of this interaction was shown recently
in the qualitative and quantitative analysis of
the germinal center reaction in HIV (human
immunodeficiency virus) models (Vinuesa
2012; Cubas et al. 2013; Locci et al. 2013; Pillai
2013; Schmitt and Ueno 2013). The results of
these studies revealed that the nature of the B-
cell humoral immunity in response to antigens,
particularly as it related to the generation of
broadly neutralizing antibodies, was highly de-
pendent on the T follicular helper cells, whose
development occurs in the germinal center (Vi-
nuesa 2012; Cubas et al. 2013; Locci et al. 2013;
Pillai 2013; Schmitt and Ueno 2013). Indeed,
abnormalities of the B-cell and humoral im-
mune response in individuals infected with
HIV have been documented (Moir and Fauci
2009). Thus, it remains possible that the aber-
rant B-cell compartment of the host immune
response contributes to the susceptibility of
HIV-infected individuals to the tubercle bacil-
lus. Similarly, because of this B:T interaction, it
is not straightforward to determine the relative
contribution of these two lymphocyte popu-
lations in the defense against Mtb. It is possi-
ble that B cells and humoral immunity could
account, at least in part, for the enhanced sus-
ceptibility to Mtb in individuals afflicted with
T-cell-deficient states other than that associated
with HIV infection. Together, these observa-
tions indicate that protective mechanisms
against the tubercle bacillus are complex and
most certainly involve redundancy, rendering
quantification of the relative contribution to
the overall host resistance to Mtb by specific
immunological factors difficult. This difficulty
is further compounded by the highly interactive
nature of immune cells.

MECHANISMS OF Ab-MEDIATED
PROTECTION AGAINST Mtb

Mycobacteria are potentially susceptible to
mechanisms of Ab-mediated immunity irre-
spective of whether they are in their intracellular
or extracellular phase (Fig. 1). Internalization
of Mtb through FcgR after Ab opsonization has
been reported to trigger phagolysosomal fusion
(Armstrong and Hart 1975) and promote intra-

cellular killing in a mechanism that increases
Ca2þ signaling (Malik et al. 2000). Alveolar
macrophages ingesting BCG opsonized with
IgG manifested an enhanced oxidative burst, a
phenomenon that could translate into increased
microbicidal activity (Suga et al. 1996). Stim-
ulation of surface receptors can affect the fate of
internalized microbes. In this regard, killing of
the intracellular parasite Toxoplasma gondii is
enhanced by stimulation of Fc1RII-CD23 re-
ceptors by immune complexes (Vouldoukis et
al. 2011), and there is evidence that activation of
the same receptor enhances activity against my-
cobacteria (Mossalayi et al. 2009). Ab could
also help host defense by potentiating the effect
of cell-mediated immunity. In this regard, there
is some evidence that Abs to BCG antigens can
potentiate both adaptive and innate cell-medi-
ated immune responses against mycobacteria
(de Valliere et al. 2005). Additional evidence
comes from the observation that sera from in-
dividuals who were exposed to TB and had
high, but not low IgG to tuberculin blocked
proliferation of PBMCs when stimulated with
tuberculin (Encinales et al. 2010). For other
pathogens, such as Chlamydia spp., specific
Ab can enhance cell-mediated responses by al-
tering cytokine responses and promoting Ag
presentation through enhanced uptake and
processing (Igietseme et al. 2004), and similar
mechanism could apply to mycobacteria. In ad-
dition, there is also clear evidence for an extra-
cellular phase of Mtb during which it can be
directly targeted by Abs (Smith et al. 2000; Ca-
sadevall 2003; Grosset 2003; Karakousis et al.
2004; Kim et al. 2010; Ahmad et al. 2011; Hoff
et al. 2011; Driver et al. 2012).

Engagement of distinct FcyRs can diver-
gently affect the susceptibility for TB, suggesting
that targeting FcyRs can be a means to enhance
TB immunity (Maglione et al. 2008). In contrast
to the inhibitory FcyRIIB– / – strain, mice lack-
ing the y-chain of activating FcyRs are more
susceptible to Mtb infection with exacerbated
immunopathology and increased production
of the anti-inflammatory cytokine IL-10 (Ma-
glione et al. 2008). Because different isotypes
and IgG subclasses engage different types of
FcyR, the class of the Ab response is likely to
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be important in resistance. This is consistent
with the well-established data that Ag-Ab inter-
actions with FcR can modulate the immune
response, which has been exploited in the treat-
ment of a variety of diseases, most notably neo-
plastic and autoimmune disorders (Kalergis
and Ravetch 2002; Rafiq et al. 2002; Clynes
2005; Dhodapkar et al. 2005). In fact, a recent
multisite human gene expression study found
that expression of FcyRIA was significantly and
consistently higher in subjects with TB com-
pared with those with LTBI, regardless of HIV
coinfection (Sutherland et al. 2013). These find-
ings were consistent with another study showing
a significant reduction in FcyRIA expression in
TB cases after antituberculous treatment when
compared with pretreatment expression (Cliff
et al. 2013). FcyRIA is predominantly expressed

by monocytes and macrophages, is induced by
IFN-g, promotes Ab-dependent cytotoxicity,
mediates the clearance of immune complexes,
and may have been responsible for the control of
Mtb after Ab-mediated phagocytosis observed
in earlier studies (Armstrong and Hart 1971).
Overall, these study results of FcyRs in both
humans and animals further support a protec-
tive role of the humoral immune component
against Mtb.

Other functions of Ab could also contribute
to protection against mycobacteria. For exam-
ple, specific Ab forms Ag-Ab complexes that can
then be cleared by the reticuloendothelial sys-
tem. Evidence for the potential of this mecha-
nism comes from the observation that Ab can
promote the clearance of mycobacterial Ags that
can impair host immunity through their immu-

Opsonization

Variable regions

Constant
regions

Heavy
chain

Light
chain

Generation of Ca2+

and oxidants

Antibody enhancement of
cell-mediated immunity

Reduced damage to host from
inflammatory response

Mycobacterium

Complement activation

Immunomodulation
C1

Antigen clearance

Direct antimycobacterial
activity

Figure 1. Illustration of the various reported mechanisms of antibody-mediated protection against Mycobacte-
rium tuberculosis such as opsonization (Armstrong and Hart 1975), increase of macrophage Ca2þ signaling
(Malik et al. 2000), and release of oxidants (Suga et al. 1996; Mossalayi et al. 2009) enhancing intracellular
killing, other mechanisms enhancing cell-mediated immunity (de Valliere et al. 2005; Encinales et al. 2010),
clearance of immunomodulatory mycobacterial antigens (Glatman-Freedman et al. 2000), direct antimycobac-
terial activity (Conti et al. 1998), and activation of complement (Hetland et al. 1998; Carroll et al. 2009;
Manivannan et al. 2012).
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nomodulatory properties (Glatman-Freedman
et al. 2000). For both fungi and bacteria specific
Abs binding to surface components have been
shown to modulate gene expression (McClel-
land et al. 2010; Yano et al. 2011). In the case
of the bacterium Streptococcus pneumonia ag-
glutinating non-opsonic Abs trigger bacterial
death through quorum sensing-related mecha-
nisms (Yano et al. 2011). Abs mimicking fungal
killer toxin have been reported to be microbici-
dal to Mtb (Conti et al. 1998). Although such
Abs would not be expected to occur in an im-
mune response to Mtb infection, the fact that
some Abs can directly kill mycobacteria pro-
vides a precedent for notion that some Abs on
the mycobacterial surface could trigger similar
effects.

Abs are known to be powerful modulators
of the inflammatory response. Given that the
outcome of mycobacterial infection is highly
dependent on the tissue inflammatory re-
sponse, it is likely that Ab responses could
have beneficial or deleterious effects depending
on their ability to influence inflammation. The
inflammatory properties of Abs are complex
and depend on their effect on microbial inocu-
lum and their effector functions of the constant
region (isotype). In general, IgMs are thought
to be pro-inflammatory through their high
complement-activating capacity (Ciurana et
al. 2004), whereas IgG can be pro- or anti-in-
flammatory depending on the complement-ac-
tivating capacity and type of FcR receptor en-
gaged (Lux et al. 2010; Ballow 2011). Several
studies have established that specific Abs to my-
cobacteria can modulate complement activa-
tion. The binding of complement to BCG can
be enhanced by Ab with IgG . IgM (Carroll et
al. 2009). Among patients with TB, the ability of
Ab to trigger complement activation on BCG
correlated with IgG2 but not IgM (Hetland et
al. 1998). Human IgG has also been shown to
promote complement activation on Mtb, which
was associated with increased phagocytosis by
macrophages (Manivannan et al. 2012).

It is possible to conceptualize how Abs with
pro- and anti-inflammatory properties could
influence the outcome of infection by consider-
ing these properties in the context of the dam-

age-response framework. This framework pos-
its that damage is maximal at the extremes of the
immune response, with disease occurring when
damage reaches a threshold to affect homeosta-
sis (Casadevall and Pirofski 2003). In the case
of TB, caseous necrosis and miliary disease rep-
resents extremes of too much and too little in-
flammatory response, respectively (Casadevall
and Pirofski 2003; Achkar and Jenny-Avital
2011). Hence, pro- and anti-inflammatory Abs
could mediate beneficial or deleterious effects
depending on where the host is on the curve of
damage versus immune response. The need for
the right balance of inflammatory response to
control Mtb infection is further supported by a
recent study showing that although the proin-
flammatory cytokine tumor necrosis factor
(TNF) is critical in the host defense against
TB, its excess leads to enhanced disease in zebra-
fish and humans (Roca and Ramakrishnan
2013). Taking the importance of the right bal-
ance of the combined immune responses to Mtb
into consideration, Abs that are proinflamma-
tory could help hosts that respond with too little
inflammation, whereas those that are anti-
inflammatory could help hosts with exuberant
inflammatory responses that result in tissue
destructions (Fig. 2). Studies assessing the
pro- and anti-inflammatory properties of Abs
against Mtb are warranted to further elucidate
the potential value of such Abs in disease states
at opposite ends of the immune competency
spectrum.

CHARACTERISTICS OF PROTECTIVE
Abs AGAINST Mtb

The Ab parameters that contribute to protec-
tion include amount, specificity, affinity, and
isotype. For Mtb, very few mAbs have been char-
acterized in detail and consequently the diffi-
culty to identify trends in the characteristics of
protective Abs to Mtb. However, it is possible to
discern some themes. Protective Abs to Mtb rec-
ognize at least four different antigens. The mu-
rine isotypes IgM, IgG1, IgG3, and IgA have
each been shown to protect against TB (Table
2). The finding that an IgG3 to AM lost protec-
tive efficacy when converted to IgG2a provides
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support for the notion that the constant region
type has an important role in the activity of the
Ab against Mtb. (Schwebach 2002). An addi-
tional example of this phenomenon is the ob-
servation an IgA against the 16-kDa a-cristallin
was active against Mtb, whereas an IgG1 mAb to
the same epitope had no protective efficacy
(Williams et al. 2004). Intranasal administra-
tion of an IgA1 combined with IFN-g signifi-
cantly ameliorated lung H37Rv infection in
mice transgenic for human CD89m but not in
CD89-negative littermate controls, providing
evidence that IgA-mediated protection required
CD89 (Balu et al. 2011). The fact that IgA can
protect against pulmonary Mtb infection is im-

portant given the role of this isotype in mucosal
immunity. Evidence that the amount of Ab is
critical for protection comes from the observa-
tion of prozone-like effects in passive experi-
ments in mice (Schwebach 2002).

PERSPECTIVE ON IMPACT OF Abs AT THE
VARIOUS Mtb INFECTION STATES

Based on the known functions of Abs and the
results of various studies we envision that Ab-
mediated immunity can serve a protective role
against Mtb at various states of infection. Early
in infection Abs could enhance host defenses by
promoting phagocytosis through FcR, a process

Active TB

A

B

Active TB

LTBI

LTBI

Host response

Host response

Disease threshold

Disease threshold

D
am

ag
e

D
am

ag
e

Figure 2. Interpretation of the potential function of pro- and anti-inflammatory antibodies against Mtb in the
context of the damage–response framework. (A) Potential effects of a proinflammatory antibody with enhanced
inflammation leading, on the one hand, to the improvement from disseminated/miliary TB in an immuno-
compromised host (left) to localized granuloma formation and, on the other hand, to progression from
granuloma to caseous necrosis in the more immunocompetent host (right). (B) Potential effects of an anti-
inflammatory antibody leading to worsening TB dissemination in the immunocompromised host who has
already reduced inflammation (left), but improved containment of local disease from caseous necrosis to
granuloma formation in the more immunocompetent host with a strong inflammatory response (right).
LTBI, latent TB infection. (Figure reproduced with permission from Achkar and Casadevall 2013.)
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that is known to increase intracellular killing and
rapid uptake and processing of mycobacterial
Ags. Similarly, Abs could activate complement,
a process that would further promote phagocy-
tosis and cellular recruitment to the site of in-
fection. Given that mycobacterial polysaccha-
rides and lipopolysaccharides are powerful
immunomodulators that can interfere with the
development of effective immune response, the
presence of Ab to these Ags could contribute to
host defense by promoting their clearance. Abs
can function as pro- and anti-inflammatory
molecules depending on their ability to acti-
vate FcR, and this effect could be beneficial by
heightening an effective inflammatory response
or down-modulating runaway granuloma for-
mation, which has the capacity to destroy tis-
sues. We anticipate that Ab could have different
roles depending on the immunological state of
the host. For example, the proinflammatory ef-
fects of Ab-mediated immunity may help pro-
tect immunologically naı̈ve hosts during initial
infection. In this regards, naturally occurring
Ab, in particular IgM, is critical for defense
against many infectious diseases (Casadevall
and Pirofski 2012b) and could have an im-
portant role in protection against Mtb by pro-
moting an early inflammatory response. In con-
trast, IgG elicited by vaccines would be expected
to function primarily through FcR engagement.
At this time the relative importance of these
mechanisms is unknown, and it is possible that
they differ from host to host. However, given that
Abs have the capacity to modulate practically all
aspects of the interaction between Mtb and its
host, there is a high likelihood that this arm of
the adaptive immune response can make a ma-
jor contribution to host defense. Hence, there is
a need for additional studies of Ab function and
its potential role on both defense against and
pathogenesis of mycobacterial infections.

PERSPECTIVE FOR A ROLE OF Abs IN TB
VACCINE EFFICACY AND TB TREATMENT

Vaccines based solely on induction of T cells
have not been successful to date. One possible
explanation is that immunity requires a layered
defense including a multipronged approach to

obtain effective protection by a TB vaccine. In
mice, as discussed above, B cells and Ig are
important components of anti-TB immunity ca-
pable of modulating various aspects of host re-
sponse against Mtb (Maglione and Chan 2009;
Achkar and Casadevall 2013; Kozakiewicz et al.
2013b). In view of these observations, it would
be prudent to explore the possibility that B cells
or Abs may play a role in engendering protec-
tion during vaccination against Mtb, regardless
of the importance of humoral immunity in op-
timal control of a natural tuberculous infection
in humans. Indeed, BCG has been shown to be
ineffective in engendering protection in B-cell-
deficient CBA/xid mice against Mtb challenge
(Kondratieva et al. 2010) and BCG immuniza-
tion in B-cell-deficient mMT mice elicits a CD4
Th1 response that is inferior to that in the wild
types (Kozakiewicz et al. 2013a). Understanding
the B-cell and humoral immunity during Mtb
infection and immunization and harnessing
such responses might lead to strategies and pro-
tocols required for the development of a much
needed effective TB vaccine.

The ideal role of vaccine-induced neutral-
izing Abs would be the prevention of both in-
fection in naı̈ve individuals and progression
to disease in Mtb-infected individuals. Wheth-
er this is an achievable goal, and to what ex-
tent humoral immunity with specific isotypes
would be required, is unclear with the current
state of knowledge. Given the heterogeneity of
human hosts and their humoral immune re-
sponse, as well as the complexity of TB patho-
genesis, it is possible that a cocktail of induced
Abs against various targets and with various
functions would provide higher protective effi-
cacy than a single type of Ab. One of the likely
most promising targets would include the Mtb
capsular polysaccharide AM, as our group has
recently shown that immunization with a con-
jugate vaccine containing this antigen protects
mice better against Mtb infection than immu-
nization with BCG.

An additional promising role of Abs would
lie in their use as adjunctive treatment of
TB, especially in the setting of drug resistance.
Such treatment could potentially shorten treat-
ment duration and improve cure rates. Ab ther-
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apy against TB would likely have to be based on
mAbs given the unpredictable heterogeneity of
polyclonal serum preparations. Ab-based ther-
apies have revolutionized the treatment of cer-
tain malignancies and autoimmune diseases
(reviewed in Chan and Carter 2010; Weiner
et al. 2010), and two mAbs have been approved
for the treatment of infectious diseases (re-
viewed in Casadevall et al. 2004; Saylor et al.
2009). Furthermore, recent data, generated by
our group and others, provide evidence that a
combination of mAbs against different epitopes
can enhance protective effects against infectious
pathogens (Chow et al. 2013; Pohl et al. 2013).
Thus, just as for vaccines, Ab-based therapy
against TB will also be likely most effective if
targeting multiple epitopes and/or antigens.
Furthermore, for a beneficial impact on the
disease, pro- versus anti-inflammatory mAbs
might have to be selected taking the level of
host inflammatory response to TB into account
(Fig. 2). To move the field of therapeutic Abs
ahead, various mAbs will need to be generated,
characterized, optimized, and tested individu-
ally and in combination in vitro before being
evaluated for their protection against experi-
mental TB in animal models.

SUMMARY

When taking into account the older data (Glat-
man-Freedman and Casadevall 1998; Glatman-
Freedman 2006), the fact that for other faculta-
tive intracellular pathogens such as fungi and
Salmonella spp. Ab-mediated immunity has
been shown to be important, the complexity of
Ab responses to mycobacteria and more recent
studies (Table 1), it is difficult to avoid the con-
clusion that humoral immunity has an impor-
tant role in the protection against TB. When
weighing the evidence, positive studies are
much more significant than negative studies
given that protective and nonprotective Abs
exist and that the Ab response to Mtb is hetero-
geneous. In fact, the most straightforward in-
terpretation of negative studies is that the
particular serum or vaccine used in that study
did not result in Ab-mediated protection. In
contrast to negative studies, positive studies pro-

vide direct evidence for the ability of Ab-medi-
ated immunity to contribute to the host defense
against TB. Consequently, we interpret the avail-
able data to indicate that TB vaccines that induce
Ab-mediated immunity as well as Ab-based
therapy could result in enhanced protection.
We note that the protective mechanisms against
the tubercle bacillus are complex and highly in-
teractive, rendering quantification of the relative
contribution of B cells and Abs to the overall
host resistance to Mtb difficult at this time.
However, what is certain is that the TB field can-
not go forward ignoring the contribution of Ab-
mediated immunity if progress is going to be
made in understanding the basis of host resis-
tance and the design of future vaccines.
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