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Abstract

Mycobacterium tuberculosis (M.tb) remains a successful pathogen, causing tuberculosis
disease numbers to constantly increase. Although great progress has been made in delin-
eating the disease, the host-pathogen interaction is incompletely described. B cells have
shown to function as both effectors and regulators of immunity via non-humoral methods in
both innate and adaptive immune settings. Here we assessed specific B cell functional
interaction following stimulation with a broad range of antigens within the LTBI milieu. Our
results indicate that B cells readily produce pro- and anti-inflammatory cytokines (including
IL-1B, IL-10, IL-17, IL-21 and TNF-a) in response to stimulation. TLR4 and TLR9 based
stimulations achieved the greatest secreted cytokine-production response and BCG stimu-
lation displayed a clear preference for inducing IL-183 production. We also show that the
cytokines produced by B cells are implicated strongly in cell-mediated communication and
that plasma (memory) B cells (CD19*CD27*CD138™) is the subset with the greatest contri-
bution to cytokine production. Collectively our data provides insight into B cell responses,
where they are implicated in and quantifies responses from specific B cell phenotypes.
These findings warrant further functional B cell research with a focus on specific B cell phe-
notypes under conditions of active TB disease to further our knowledge about the contribu-
tion of various cell subsets which could have implications for future vaccine development or
refined B cell orientated treatment in the health setting.

Introduction

Mpycobacterium tuberculosis (M.tb) is the causative agent of tuberculosis (TB) disease and is
responsible for great annual morbidity and mortality. Furthermore, the World Health Organi-
zation (WHO) reported that there were 9.6 million newly reported cases of TB coupled with
1.5 million reported deaths in 2014 [1]. Although great progress has been made in delineating
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the disease coupled with the use of an effective chemotherapeutic regimen, TB remains
endemic with the growing threat of MDR-TB (multidrug-resistant TB) and XDR-TB (exten-
sively drug-resistant TB) [2].

A balance between regulatory and effector immune responses is in most cases sufficient to
contain an M.tb infection to what is commonly known as latent tuberculosis infection (LTBI),
as it’s estimated that only 1 out of every 10 people infected with the pathogen will progress to
active disease [3, 4]. The lack of vaccines capable of preventing active TB places a lot of pressure
on controlling the epidemic [5, 6]. Numerous studies were performed in attempts to identify
biomarkers not only to assist in the accurate and timely diagnosis of TB, but also to fuel the
development of TB vaccines and drugs [7, 8].

The prevalence of LTBI remains high, especially in household contacts of TB patients in
highly endemic settings, proving that the molecular mechanisms that constitutes and main-
tains the abovementioned immunologic balance between protection and/or disease progression
is not well understood. Working towards understanding these mechanisms is challenging con-
sidering the overwhelming complexity observed between the biologic interaction of the host,
microbe and environment [9, 10]. As suggested by Barry et al, LTBI and active TB disease rep-
resents a spectrum of disease states rather than being mutually exclusive [11]. This is supported
by work done by Lin et al. in a cynomolgus macaque model [12]. Although the factors that
mediate this spectrum are not well understood, it is quite possible that the host is protected
from the progression of LTBI to active TB by the enrichment of potent anti-M.tb specific effec-
tor cells [13].

Human tuberculosis is primarily controlled by the activation and infiltration of CD4" Th1
cells and CD8" cytotoxic lymphocytes [14]. Although their involvement is still considered con-
troversial [15], B cells have proven to contribute to TB immunity in various ways.

Some of these B cell functions include presenting antigens to naive T cells in the M.tb
infected lung [16, 17], antibody production [18, 19] and cytokine production [20]. A unique
effector subset of B cells (described as innate response activator (IRA)-B cells) were identified
as the primary producers of granulocyte macrophage colony-stimulating factor (GM-CSF)
during experimental sepsis [21]. More recently, another innate effector B cell subset was identi-
fied and implicated in the promotion of favourable Th1 responses by interferon (IFN)-y pro-
duction [22]. Additionally B cells are unable to control infection with intracellular bacteria
(including M.tb) [23, 24], yet they do play a role in development of disease.

Taken together, it is important to explore new strategies in curbing the TB epidemic and
this warrants further studies of previously underappreciated cell types in latent TB immunol-
ogy, including B cells. We therefore focus on the non-humoral functional responses of B cells
during antigenic challenge to shed light on B cell cytokine production, and the possible impli-
cations it might have on the host’s immune response to M.tb.

Materials and Methods
Ethics statement

Ethical approval for this study (including written informed consent) was obtained from the
Health Research Ethics Committee of the University of Stellenbosch with reference #: N10/01/
013 and N13/05/064. All the participants gave written informed consent to participate in the
study.

Study subjects

For this pilot study we recruited healthy male and female community controls (in year 2014)
between the ages of 18 and 56, who were HIV negative and with no record of previous active
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tuberculosis disease. All participants in this pilot study were interferon gamma release assay
(IGRA) (QuantiFERON (QFN) TB Gold) test positive (latent TB). Mantoux skin test was not
used as a determinant of TB exposure as it is less specific than the QFN test. We created a TB
contact score to evaluate each participant’s exposure to TB in the community. Low exposure
was defined as living/working in an area with low TB burden, “medium exposure” was defined
as living/working in an area with a known high TB burden and “high exposure” was scored
when individuals lived or worked with someone with active TB disease. A total of eleven partic-
ipants were recruited of which six (6/11; 54,5%) were male. Mean age and weight was 26+10.7
(years) and 61.1+11.3 (kilograms) respectively. Heparinized whole blood (70ml) was collected
at recruitment.

PBMC isolation, B cell enrichment and cryopreservation

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by using Ficoll-
Paque PLUS (GE Healthcare Life Sciences density gradient centrifugation. Cell counts were
performed using the Trypan Blue cell exclusion method. B cell enrichment was done using the
MACS beads technology from Miltenyi Biotec through negative-selection (human B cell isola-
tion kit IT). Enriched B cells were subsequently stored in cryo media (90% FCS and 10%
DMSO) at -80°C. The purity of the enriched B cells from PBMCs, following the MACS beads
protocol, were assessed utilising anti-human CD3 (PerCP, clone UCHT1, eBioscience and
anti-human CD19 (FITC, clone HIB19, eBioscience) by FACS analysis, with resulting purities
above 90%.

B cell culture

Various antigens were utilised to stimulate the B cells to assess their respective responses.
These antigens included: Phytohaemagglutinin (PHA, Sigma Aldrich) at 0.5mg/ml, purified
protein derivative (PPD, Statens Serum Institut) at 12.5ug/ml, Lipopolysaccharides (LPS,
Sigma) at Img/ml, Bacillus Calmette-Guérin (BCG ID Vaccine (M. Bovis BCG), Statens Serum
Institut) at 6x10° cfu/ml and the Toll-like receptor 9 agonist (TLR9a, Miltenyi Biotec) at
0.5pM. B cells were incubated at 37°C and 5% CO, for 16 hours. Cells were cultured in com-
plete media consisting of RPMI (Sigma) supplemented with 10% FCS and 2mM L-Glutamine
(Sigma). B cells (5x10°cells/well) were cultured for each stimulation, in the presence of Brefel-
din A (Sigma), for flow cytometry. Supernatants were collected from B cells, which were cul-
tured in parallel without Brefeldin A, and stored at -80°C for multiplex analysis.

Multiplex cytokine Analysis

The quantification of secreted molecules in the 16-hour culture supernatants including IFN-v,
IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13 and TNF-o was determined using the Meso
Scale Discovery (MSD™) platform. Experiments were performed strictly as recommended by
the manufacturer after which plates were read on a Quickplex SQ 120 instrument (MSD).

Flow cytometry

For intracellular staining, cells were cultured with Brefeldin A (Sigma) at a concentration of
10ug/ml for the duration of the stimulation. Cultured B cells were firstly stained with antibod-
ies against cell surface markers (CD3, CD19, CD27 and CD138 -all from eBioscience) for 20
minutes, washed with FACS staining buffer (PBS, 2% FCS) and fixed and permeabilized using
BD cytofix/cytoperm kit (BD Bioscience Pharmingen). These B cells were subsequently stained
with antibodies against cytoplasmic proteins (IL-10, IL-17, IL-21 and TNF-o. (eBioscience)) for
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20 minutes in the dark and at room temperature, where after it was washed according to manu-
facturer’s instructions (BD Bioscience). A FACS Canto II (BD Bioscience) was used for cell
acquisition (>100,000 events). The instrument was calibrated according to the manufacturer’s
instructions. Quality controls included the use of Rainbow Beads (eBioscience—San Diego,
CA, USA) and the compensation settings were adjusted in conjunction with the use of anti-
body-capture beads (CompBeads, BD Biosciences) [25]. Fluorescence-minus-one (FMO) con-
trol samples were utilised (as described by Perfetto et al. [26]) to determine appropriate gating
cut-off, to increase the accuracy of distinguishing different populations.

Data and statistical analysis

Data analysis for the MSD results were done using Statistica 12, Statsoft (Ohio, USA). One-way
ANOVA was done and the 95% confidence intervals plotted. Unbiased hierarchal clustering of
cytokine secretion from the MSD experiments (across all stimulating conditions) and the gen-
eration of a heat map was done using Qlucore Omics Explorer (Lund, Sweden). QIAGEN’s
Ingenuity Pathway Analysis software (Limburg, Netherlands) was utilised to assess the involve-
ment of differentially-expressed cytokines in immunological pathways of diseases and disor-
ders. Wilcoxon rank sum tests, where p-value adjustment was done using the Bonferroni post-
hoc test, was used for the FACS dataset. All FACS plots were analysed in Flowjo and the data
analysis were performed in R (http://www.r-project.org).

Results

LPS and TLR9-a stimulation results in the highest cytokine-secretion
upregulation

Given the importance of cytokine mediated responses during TB, we investigated the func-
tional capacity of B cells from latently infected individuals by stimulating B cells with a broad
range of antigens (from B cell-specific to TB-specific antigens) in vitro. The concentration of
cytokines was assessed in the B cell culture supernatants after antigen stimulation using a MSD
pro-inflammatory panel. In an unbiased analysis approach, Qlucore Omics Explorer software
was used to generate a heat map of the antigen induced cytokine responses (Fig 1). From the
heat map it is evident that LPS and TLR9-a were strong inducers of pro-inflammatory markers
in B cells with markers such as IL-6, IL-10 and TNF-o being upregulated. LPS stimulation fur-
ther resulted in the upregulation of IL-4 whereas TLR9-a stimulation resulted in the upregula-
tion of IL-12p70. BCG induced strong IL-1p responses and PHA strong IL-2 and IL-13
responses in B cells. When comparing B cell responses to whole blood response (in QFN super-
natants), an almost complete opposite was true. IL-10 and IL-6 were downregulated, in whole
blood stimulated with the M.tb antigens ESAT-6/CFP-10/TB-7.7, TNF-o had no change in
expression and IL-4 was upregulated but to a larger extent than LPS (data not shown). Further-
more, cytokines produced from these B cells are upregulated at levels which are comparable to
T cell derived sources (data not shown).

B cells produce differential pro-inflammatory cytokines profiles in an
antigen-dependent manner

Univariate analysis showed that significant differences were found in six of the ten pro-inflam-
matory markers assessed (Fig 2). It is well documented that B cells produce IL-10, and here we
show that LPS and TLR9-a stimulation induce significantly higher levels, with p < 0.02 and

p < 0.01 respectively, when compared to the unstimulated and the other antigens. PPD

(p =0.024 versus LPS), TLR9-a (p < 0.01 versus US) and LPS (p < US, PHA and PPD) induced
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Fig 1. Differential secretion of cytokines in B cell supernatant following a 16-hour stimulation with
multiple antigens. Qlucore Omics explorer software was used to do an unbiased hierarchical analysis and
generate a heat map where cytokines were clustered based on expression within each stimulating condition.
Blue represents cytokines under-expressed while yellow represents cytokines being over-expressed.

doi:10.1371/journal.pone.0152710.g001

significantly higher concentrations of TNF-a. (Fig 2). The highest TNF-a concentration was
observed when B cells were stimulated with LPS. A similar trend was observed with LPS induc-
ing significantly higher concentrations of IL-6. BCG induced significantly higher concentra-
tions of IL-1p when compared to all other stimulants (p < 0.001 versus US). BCG however did
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Fig 2. B cells produce pro-inflammatory cytokines differentially based on stimulation. B cells were stimulated for 16 hours in the presence of various
antigen before the supernatant was analysed on the MSD platform to quantify specific pro-inflammatory cytokine. Points on the graph with commonly shared
letters indicate no significant difference between those points. Y-axis represent cytokines levels in pg/ml. A confidence interval of 95% is depicted.
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not induce IL-12p70 responses in these cells (p < 0.01 for each one respectively). PHA induced
significantly higher concentrations of IL-2.

B cell IL-13 production primarily facilitates intra-cellular communication

To follow on the over-expression of IL-1f during BCG stimulation, we analysed the respective
dataset using the Ingenuity Pathway Analysis software (IPA, QTAGEN Redwood City, www.
giagen.com/ingenuity) and found that the top pathway associated was the role which cytokines
play in mediating communication between immune cells (Fig 3). The only cytokine from our
dataset which was broadly induced was IL-8 (Figs 1 and 3). What is interesting is that IL-4, IL-
6 and IL-10 which are upregulated in our B cell dataset is implicated in the communication
with B cells (Table 1 summarizes the top five pathways B cell derived IL-1 is implicated in),
with further downstream effector functions from “B effector 2 cells”. These in turn produce
more cytokines which are present in our dataset, suggesting a feed-forward mechanism. Our
results suggest that B cell derived cytokines communicate and influence immune cells which
play a key role in TB immunity. These cytokines are produced independent from the tradi-
tional T cell based sources, and could function as pro-inflammatory or anti-inflammatory
effectors with possible feed-forward mechanisms, which boosts the effect.

Plasma (memory) B cells are the primary source of B cell-derived
cytokines

After assessing the general functional capacity of B cells, we wanted to assess in more depth
which specific B cell subsets contributed the most to cytokine production following antigenic
challenge. By using FACS four B cell populations were identified based on their cytokine pro-
duction profile. These were defined as: plasma (PB) B cells (CD197CD138"), mature B cells
(CD197CD27°CD138"), memory (MB) B cells (CD197CD27") and plasma (memory) (M-P) B
cells (CD19"CD27*CD138"). Fig 4 shows the gating strategy followed to acquire these B cell
populations, and the cytokine production profiles. The graphs represented in Figs 5 and 6
respectively indicates total cytokine production as contributed by each subset, where the total
combined contribution adds up to 100% of production. Four cytokines, namely IL-10, IL-17,
IL-21 and TNF-a, and combinations thereof were measured (Figs 5 and 6). From our results it
is clear that plasma (memory) B cells (CD197CD27"CD138") are major contributors of cyto-
kines compared to other subsets. This is especially true for IL-10 production, where plasma
(memory) B cells produced significantly more (p < 0.001, and in some cases p < 0.0001) cyto-
kines than any other subset. There seems to be a trend to cytokine production within the sub-
sets, with the least cytokine being produced by plasma B cells (CD197CD138"), followed by
mature B cells (CD19*CD27°CD138") and memory B cells (CD19"CD27") producing the sec-
ond most. Interestingly, the inverse is observed when considering IL-17 production with
plasma B cells being the top contributor (p < 0.05 when compared to other B cell subsets
within the majority of stimulations) followed by plasma (memory) cells in second place. PPD
(p = 0.0023, compared to mature B cells) and BCG (p = 0.0003, compared to memory B cells)
induced significantly more IL-17 than TLR9-a, which was the greatest contributing stimulant
of secreted cytokine production (Figs 1 and 2). The plasma (memory) B cell subset also had the
highest frequency of IL-1771L-21" cells, with p < 0.001 compared to all other populations, for
both BCG and PPD (Fig 7).

Discussion

It is estimated that about 2 billion individuals worldwide are infected with latent tuberculosis
[27]. Although only 1 out of every 10 individuals will progress to active disease in their lifetime,
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software indicated that the upregulation of IL-13 following BCG stimulation are primarily implicated in pathways which facilitate cellular communication
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doi:10.1371/journal.pone.0152710.9003

Table 1. Top five pathways B cell derived IL-1 is implicated in.

Stimulant Marker Top 5 Pathways p—Value

BCG IL-1B8 1. Role of Cytokines in Mediating Communication between Immune Cells 5,83E-11
2. T Helper Cell Differentiation 1,65E-10
3. Altered T Cell and B Cell Signalling in Rheumatoid Arthritis 3,58E-10
4. Communication between Innate and Adaptive Immune Cells 3,77E-10
5. Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 1,71E-09

doi:10.1371/journal.pone.0152710.t001
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people latently infected with tuberculosis still serve the purpose of acting as seedbeds for future
cases of active tuberculosis disease. There has been an increase in the literature describing new
functional capacities of B cells and, although great progress has been made in delineating these
functions, the full functional repertoire of these cells still remains incompletely described. Here
we aimed to assess the functional response of B cells to various stimuli within the milieu of
latent tuberculosis infection to determine a) if they responded in a non-humoral capacity to
stimulation, b) to what extent they responded and, c) if B cells respond uniquely to TB-related
stimulations. Understanding the non-humoral role of B cells during exposure to M.tb and the
subsequent role they play in polarizing the T-cells is an important step in our understanding of
the immune response to infectious disease.

B cells displayed a significant ability to produce IL-2, IL-6, IL-10, IL-12p70, IL-1§ and TNEF-
o following antigenic stimulations as measured from culture supernatant, with a specific pref-
erence to stimulations originating from toll-like receptors (LPS and TLR9-a) with the exception
of IL-1P that was only produced in significant quantities following whole organism (BCG)
stimulation.

Toll like receptors (TLRs) contain germline-encoded receptors or pattern-recognition
receptors (PRR), that are pivotal during the innate recognition of pathogen associated molecu-
lar patterns (PAMPs) [28]. B cells readily express a host of TLRs, including TLR4 and TLR9
[29], and although it is believed that M.tb is recognised by TLR1, TLR2, TLR4, TLR6, TLR8
and TLR9 (which recognises specific unmethylated CpG motifs prevalent in microbial DNA)
[30], the majority of M.tb related TLR research has focussed of TLR2 and TLR4. Several groups
have shown that polymorphisms in TLRs are associated with increased susceptibility to tuber-
culosis [30-33]. TLRs are not only implicated in TB disease susceptibility, but also crucial for
host protection as a study on TLR4”~ mice resulted in exacerbated and disseminated disease
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doi:10.1371/journal.pone.0152710.9005
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Fig 6. Plasma (memory) B cells (CD19*CD27*CD138") are major contributors to cytokine production. B cells were stimulated for 16-hours with various
antigens, whereafter flow cytometric analysis were performed to assess intracellular cytokine production of specific B cell subsets. Each box-plot represents
the relative cytokine production as contributed by the respective B cell subset, and according to stimulating condition. The contribution of each B cell subset
in a graph adds up to 100% of the total respective cytokine’s production, for that stimulating condition. Graphs are included for the frequency of the four

cytokine measured, including (A) IL-21 and (B) TNF-a.

doi:10.1371/journal.pone.0152710.9006
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Fig 7. Plasma (memory) B cells may be key B cells subsets during innate recruitment of B cells during tuberculous challenge. B cells were
stimulated for 16-hours with BCG and PPD respectively. Flow cytometric analysis of various B cell subsets indicated that plasma (memory) B cells were the
major contributors for the dual production of IL-17 and IL-21, implicating them in the potential recruitment of innate-like B cells during M.tb challenge. Each
box-plot represents a fraction from each B cell subset to the total cytokine production.

doi:10.1371/journal.pone.0152710.9007

coupled with neutrophilia, reduced macrophage recruitment and poor outcome [34]. In con-
trast to a new study that shows a minor contribution from TLR9 and TLR2 in inducing mem-
ory immunity to M.tb with live vaccines [35], the findings of our study highlights the
significance of TLR responses not only for the possible influence they might have within TB
disease, but the possible link they fulfil between innate and adaptive responses by activating B
cells on an innate level which results in intrinsic adaptive responses from the B cells with subse-
quent cytokine production.

While TLRs and C-type lectin receptors are responsible for recognising extracellular myco-
bacterial components, aryl hydrocarbon receptors (AhRs) and nucleotide-binding oligomeriza-
tion domain-like receptors (NLRs) sense, and readily respond to mycobacterial molecules
found intracellularly in the cytosol [36, 37]. The resulting signalling cascades from these recep-
tors facilitate the production of pro-inflammatory molecules such as cytokines, chemokines
and anti-microbial molecules that controls cell death [38]. These include cytokines which have
proven to be critical in the host response against tuberculosis, including IL-12, TNF-o and IL-
1B [39]. IL-1 is intricately connected to the inflammasome, which is commonly found in
innate cells and functions as a molecular platform from which pro-inflammatory cytokines
(such as IL-1P) can mature following activation caused by cellular- stresses and infection [40].
Inflammasomes are common amongst innate cells such as dendritic cells and macrophages
[41], but whether they can be activated and function from within lymphocytes (such as B cells)
remains unclear. Inflammasomes are, however, implicated in the host immune response
against M.tb [42-45] and has recently been the target of a promising new TB vaccine that
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utilises recombinant BCG [46]. Our data shows that B cell stimulation with BCG, and not
PPD, resulted in the significant production of IL-1f. This finding raises the question as to the
importance of whole-bug presence in the successful activation of the inflammasome platform
during mycobacterial challenge.

Although a lot of work has been done in identifying both the pro- and anti-inflammatory
capacity of B cells [20, 47-50], the knowledge regarding which specific phenotypic subsets of B
cells are responsible for the production of specific cytokines is incompletely described. Here we
aimed to not only demonstrate B cell cytokine production following specific stimulation, but to
shed light on the phenotype of the major cytokine producing subsets. Several studies have
focussed on the regulatory functions of B cells (those producing IL-10 and IL-35) and subse-
quently showed that antibody secreting B cells with a CD19*CD138" phenotype were the pri-
mary producers of IL-10 and IL-35 [47, 51, 52]. Here we show for the first time that IL-10 is
produced in significantly greater quantities by plasma (memory) B cells (CD19"CD27*
CD138") when compared to plasma B cells (CD19"CD138"), regardless of stimulating condi-
tion. This finding places new emphasis on accurately distinguishing between specific B cell
subsets when assessing function and possible downstream effects. We further demonstrated
that plasma (memory) B cells are also the drivers of TNF-o and IL-21 production. TNF-o. is
produced by many cell types and has shown to have good cytotoxic synergy with human inter-
feron [53], where TNF-a. is required for protective immunity in mice [54]. Plasmablasts are
inherently short lived, but the effects of TNF-a. on these cells suggests that their lifetime can be
extended [55]. TNF-a. is also required for the formation and maintenance of granulomas and
can even influence the production of chemokines during M.tb challenge [56-59]. IL-21 is a
cytokine with pleiotropic effects, which includes the differentiation of naive- and memory B
cells into plasma cells, as well as having the capacity to induce the maturity of CD8" T cells
with enhanced cytotoxicity [60]. IL-21R was shown to be expressed on germinal centre and
naive B cells, but not on memory- or plasma B cells [61]. Interestingly, we found that the fre-
quency of B cell derived IL-21 was the greatest when compared to the other cytokines in our
dataset (data not shown). This would suggest that B cells, and specifically memory- or plasma
B cells, regulate the activation and maturation of more B cells via an autocrine loop following
antigenic stimulation. These cytokine also has huge implications also for the maintenance of
M.tb-specific CD8 T cells in humans. Another interesting finding was that IL-17 was predomi-
nantly produced by plasma B cells (CD19"CD138"), and not plasma (memory) B cells like the
other cytokines and these findings are in accordance with Bermejo et al. [62]. The observed IL-
17 production from B cells could be activated independently from the usual major require-
ments for IL-17 production. This included IL-6, IL-23, AhR, RoRgt and RORa for T cells; and
independent of MyD88 and CD40, who are both major pathways of activation in B cells [62].
Our findings reinforce the notion that B cells could function in the innate control of M.tb via
IL-17 production.

Our pilot study suggests that B cells readily respond to a host of stimulations in a non-
humoral manner. These findings warrant further research into the functional capacity of B
cells within the tuberculosis milieu, with a focus on specific phenotypes and cell subsets. As
this a pilot study in our community of predominantly latent TB infected individuals (about 2%
TST negative in a study of 1400 participants) we first aimed to get an idea of how the B cells
respond in our setting in “healthy” individuals. This study will have to be expanded to include
QFN negative people and compare that to individuals with active TB disease. These larger stud-
ies are planned. Further characterization of these B cells using fresh samples must be carried
out and compared to our study which was performed on frozen samples. Additionally, larger
studies should also collect more samples (serum or supernatants) to test for the production of
antibodies. The identification of B cell subsets or features that functionally produce pro-
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inflammatory and/or anti-inflammatory cytokines could pave the way for new strategies
regarding vaccine development and B cell directed treatment in the clinic. For example, the
selective depletion of B cell subsets implicated in disease pathology without affecting the
remaining B cell subsets producing cytokines associated with TB disease resolution would be of
great benefit to the patient.

Acknowledgments

A special thank you to the participants and field staff of the Immunology Research Group
(SUNIRG). W] du Plessis holds an NRF scholarship. GW holds the DST/NRF SA Research
Chair Initiative (SARChI) for TB Biomarkers.

Author Contributions

Conceived and designed the experiments: AGL GW. Performed the experiments: WJdP LK
NdP KS NC. Analyzed the data: WJdP LK KR AGL. Contributed reagents/materials/analysis
tools: STM EM KR AGL LK GW. Wrote the paper: WJdP LK NC AGL.

References
1.  WHO (2015) Global Tuberculosis Report 2015. World Heal Organ.
2. Abubakarl, Zignol M, Falzon D, Raviglione M, Ditiu L, Masham S, et al. (2013) Drug-resistant tubercu-

losis: time for visionary political leadership. Lancet Infect Dis 13:529-539. doi: 10.1016/S1473-3099
(13)70030-6 PMID: 23531391

3. Comstock GW, Livesay VT, Woolpert SF (1974) The prognosis of a positive tuberculin reaction in child-
hood and adolescence. Am J Epidemiol 99:131-8. PMID: 4810628

4. Vynnycky E, Fine PE (2000) Lifetime risks, incubation period, and serial interval of tuberculosis. Am J
Epidemiol 152:247-63. PMID: 10933272

5. Kaufmann SHE (2012) Tuberculosis vaccine development: strength lies in tenacity. Trends Immunol
33:373-9. doi: 10.1016/}.it.2012.03.004 PMID: 22560865

6. McShane H, Jacobs WR, Fine PE, Reed SG, McMurray DN, Behr M, et al. (2012) BCG: myths, realities,
and the need for alternative vaccine strategies. Tuberculosis (Edinb) 92:283-8.

7. Walzl G, Ronacher K, Hanekom W, Scriba TJ, Zumla A (2011) Immunological biomarkers of tuberculo-
sis. Nat Rev Immunol 11:343-54. doi: 10.1038/nri2960 PMID: 21475309

8. Ottenhoff THM, Kaufmann SHE (2012) Vaccines against tuberculosis: where are we and where do we
need to go? PLoS Pathog 8:€1002607. doi: 10.1371/journal.ppat.1002607 PMID: 22589713

9. Lebeis SL, Kalman D (2009) Aligning antimicrobial drug discovery with complex and redundant host-
pathogen interactions. Cell Host Microbe 5:114-22. doi: 10.1016/j.chom.2009.01.008 PMID:
19218083

10. Lenaerts A, Barry CE, Dartois V (2015) Heterogeneity in tuberculosis pathology, microenvironments
and therapeutic responses. Immunol Rev 264:288-307. doi: 10.1111/imr.12252 PMID: 25703567
11. Barry CE, Boshoff HI, Dartois V, Dick T, Ehrt S, Flynn J, et al. (2009) The spectrum of latent tuberculo-

sis: rethinking the biology and intervention strategies. Nat Rev Microbiol 7:845-55. doi: 10.1038/
nrmicro2236 PMID: 19855401

12. LinPL, Rodgers M, Smith L, Bigbee M, Myers A, Bigbee C, et al. (2009) Quantitative Comparison of
Active and Latent Tuberculosis in the Cynomolgus Macaque Model. Infect Immun 77:4631-4642. doi:
10.1128/IA1.00592-09 PMID: 19620341

13. Rao M, Valentini D, Poiret T, Dodoo E, Parida S, Zumla A, et al. (2015) B in TB: B Cells as Mediators of
Clinically Relevant Immune Responses in Tuberculosis. Clin Infect Dis 61Suppl 3:5S225-34. doi: 10.
1093/cid/civ614 PMID: 26409285

14. Brighenti S, Andersson J (2012) Local Immune Responses in Human Tuberculosis: Learning From the
Site of Infection. J Infect Dis 205:S316—-S324. doi: 10.1093/infdis/jis043 PMID: 22448014

15. AchkarJM, Chan J, Casadevall A (2015) Role of B cells and antibodies in acquired immunity against
Mycobacterium tuberculosis. Cold Spring Harb Perspect Med 5:a018432.

16. Harris DP, Haynes L, Sayles PC, Duso DK, Eaton SM, Lepak NM, et al. (2000) Reciprocal regulation of
polarized cytokine production by effector B and T cells. Nat Immunol 1:475-82. PMID: 11101868

PLOS ONE | DOI:10.1371/journal.pone.0152710  April 6, 2016 13/16


http://dx.doi.org/10.1016/S1473-3099(13)70030-6
http://dx.doi.org/10.1016/S1473-3099(13)70030-6
http://www.ncbi.nlm.nih.gov/pubmed/23531391
http://www.ncbi.nlm.nih.gov/pubmed/4810628
http://www.ncbi.nlm.nih.gov/pubmed/10933272
http://dx.doi.org/10.1016/j.it.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22560865
http://dx.doi.org/10.1038/nri2960
http://www.ncbi.nlm.nih.gov/pubmed/21475309
http://dx.doi.org/10.1371/journal.ppat.1002607
http://www.ncbi.nlm.nih.gov/pubmed/22589713
http://dx.doi.org/10.1016/j.chom.2009.01.008
http://www.ncbi.nlm.nih.gov/pubmed/19218083
http://dx.doi.org/10.1111/imr.12252
http://www.ncbi.nlm.nih.gov/pubmed/25703567
http://dx.doi.org/10.1038/nrmicro2236
http://dx.doi.org/10.1038/nrmicro2236
http://www.ncbi.nlm.nih.gov/pubmed/19855401
http://dx.doi.org/10.1128/IAI.00592-09
http://www.ncbi.nlm.nih.gov/pubmed/19620341
http://dx.doi.org/10.1093/cid/civ614
http://dx.doi.org/10.1093/cid/civ614
http://www.ncbi.nlm.nih.gov/pubmed/26409285
http://dx.doi.org/10.1093/infdis/jis043
http://www.ncbi.nlm.nih.gov/pubmed/22448014
http://www.ncbi.nlm.nih.gov/pubmed/11101868

@’PLOS ‘ ONE

B Cells during Latent TB

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

de Wit J, Jorritsma T, Makuch M, Remmerswaal EBM, Klaasse Bos H, Souwer Y, et al. (2015) Human
B cells promote T-cell plasticity to optimize antibody response by inducing coexpression of TH1/TFH
signatures. J Allergy Clin Immunol. Apr; 135(4):1053-60 doi: 10.1016/j.jaci.2014.08.012 PMID:
25258142

Hoehlig K, Lampropoulou V, Roch T, Neves P, Calderon-Gomez E, Anderton SM, et al. (2008) Immune
regulation by B cells and antibodies a view towards the clinic. Adv Immunol 98:1-38. doi: 10.1016/
S0065-2776(08)00401-X PMID: 18772002

Chan J, Mehta S, Bharrhan S, Chen Y, Achkar JM, Casadevall A,et al. (2014) The role of B cells and
humoral immunity in Mycobacterium tuberculosis infection. Semin Immunol 26:588-600. doi: 10.1016/
j-smim.2014.10.005 PMID: 25458990

Lund FE (2008) Cytokine-producing B lymphocytes-key regulators of immunity. Curr Opin Immunol
20:332-8. doi: 10.1016/j.c0i.2008.03.003 PMID: 18417336

Rauch PJ, Chudnovskiy A, Robbins CS, Weber GF, Etzrodt M, Hilgendorf I, et al. (2012) Innate
response activator B cells protect against microbial sepsis. Science 335:597-601. doi: 10.1126/
science.1215173 PMID: 22245738

Bao Y, Liu X, Han C, Xu S, Xie B, Zhang Q, et al. (2013) Identification of IFN-y-producing innate B cells.
Cell Res 24:161-176. doi: 10.1038/cr.2013.155 PMID: 24296781

Achkar JM, Chan J, Casadevall A (2015) B cells and antibodies in the defense against Mycobacterium
tuberculosis infection. Immunol Rev 264:167-181. doi: 10.1111/imr.12276 PMID: 25703559

Edelson BT, Unanue ER (2000) Immunity to Listeria infection. Curr Opin Immunol 12:425-31. PMID:
10899025

Baumgarth N, Roederer M (2000) A practical approach to multicolor flow cytometry forimmunopheno-
typing. J Immunol Methods 243:77-97. PMID: 10986408

Perfetto SP, Chattopadhyay PK, Roederer M (2004) Seventeen-colour flow cytometry: unravelling the
immune system. Nat Rev Immunol 4:648-55. PMID: 15286731

Rangaka MX, Cavalcante SC, Marais BJ, Thim S, Martinson NA, Swaminathan S,et al. (2015) Control-
ling the seedbeds of tuberculosis: diagnosis and treatment of tuberculosis infection. Lancet (London,
England) 6736.

Akira S, Takeda K, Kaisho T (2001) Toll-like receptors: critical proteins linking innate and acquired
immunity. Nat Immunol 2:675-80. PMID: 11477402

Hornung V, Rothenfusser S, Britsch S, Krug A, Jahrsdérfer B, Giese T, et al. (2002) Quantitative
expression of toll-like receptor 1-10 mRNA in cellular subsets of human peripheral blood mononuclear
cells and sensitivity to CpG oligodeoxynucleotides. J Immunol 168:4531-7. PMID: 11970999

Zhao L, Liu K, Kong X, Tao Z, Wang Y, Liu Y (2015) Association of polymorphisms in Toll-like receptors
4 and 9 with risk of pulmonary tuberculosis: a meta-analysis. Med Sci Monit 21:1097—-106. doi: 10.
12659/MSM.893755 PMID: 25889916

Salie M, Daya M, Lucas LA, Warren RM, van der Spuy GD, van Helden PD, et al. (2015) Association of
toll-like receptors with susceptibility to tuberculosis suggests sex-specific effects of TLR8 polymor-
phisms. Infect Genet Evol 34:221-9. doi: 10.1016/j.meegid.2015.07.004 PMID: 26160538

Schurz H, Daya M, Méller M, Hoal EG, Salie M (2015) TLR1, 2, 4, 6 and 9 Variants Associated with
Tuberculosis Susceptibility: A Systematic Review and Meta-Analysis. PLoS One 10:e0139711 Oct
2;10(10).

Wu L, HuY, Li D, Jiang W, Xu B (2015) Screening toll-like receptor markers to predict latent tuberculo-
sis infection and subsequent tuberculosis disease in a Chinese population. BMC Med Genet 16:19.
doi: 10.1186/s12881-015-0166-1 PMID: 25928077

Abel B, Thieblemont N, Quesniaux VJF, Brown N, Mpagi J, Miyake K,et al. (2002) Toll-like receptor 4
expression is required to control chronic Mycobacterium tuberculosis infection in mice. J Immunol
169:3155-62. PMID: 12218133

Gopalakrishnan A, Dietzold J, Salgame P (2016) Vaccine-mediated immunity to experimental Myco-
bacterium tuberculosis is notimpaired in the absence of Toll-like receptor 9. Cell Immunol Apr;
302:11-8.

Killick KE, Ni Cheallaigh C, O’Farrelly C, Hokamp K, MacHugh DE, Harris J (2013) Receptor-mediated
recognition of mycobacterial pathogens. Cell Microbiol 15:1484-95. doi: 10.1111/cmi.12161 PMID:
23795683

Moura-Alves P, Faé K, Houthuys E, Dorhoi A, Kreuchwig A, Furkert J, et al. (2014) AhR sensing of bac-
terial pigments regulates antibacterial defence. Nature 512:387-92. doi: 10.1038/nature 13684 PMID:
25119038

Kaufmann SHE, Dorhoi A (2013) Inflammation in tuberculosis: interactions, imbalances and interven-
tions. Curr Opin Immunol 25:441-9. doi: 10.1016/j.c0i.2013.05.005 PMID: 23725875

PLOS ONE | DOI:10.1371/journal.pone.0152710  April 6, 2016 14/16


http://dx.doi.org/10.1016/j.jaci.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25258142
http://dx.doi.org/10.1016/S0065-2776(08)00401-X
http://dx.doi.org/10.1016/S0065-2776(08)00401-X
http://www.ncbi.nlm.nih.gov/pubmed/18772002
http://dx.doi.org/10.1016/j.smim.2014.10.005
http://dx.doi.org/10.1016/j.smim.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25458990
http://dx.doi.org/10.1016/j.coi.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18417336
http://dx.doi.org/10.1126/science.1215173
http://dx.doi.org/10.1126/science.1215173
http://www.ncbi.nlm.nih.gov/pubmed/22245738
http://dx.doi.org/10.1038/cr.2013.155
http://www.ncbi.nlm.nih.gov/pubmed/24296781
http://dx.doi.org/10.1111/imr.12276
http://www.ncbi.nlm.nih.gov/pubmed/25703559
http://www.ncbi.nlm.nih.gov/pubmed/10899025
http://www.ncbi.nlm.nih.gov/pubmed/10986408
http://www.ncbi.nlm.nih.gov/pubmed/15286731
http://www.ncbi.nlm.nih.gov/pubmed/11477402
http://www.ncbi.nlm.nih.gov/pubmed/11970999
http://dx.doi.org/10.12659/MSM.893755
http://dx.doi.org/10.12659/MSM.893755
http://www.ncbi.nlm.nih.gov/pubmed/25889916
http://dx.doi.org/10.1016/j.meegid.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26160538
http://dx.doi.org/10.1186/s12881-015-0166-1
http://www.ncbi.nlm.nih.gov/pubmed/25928077
http://www.ncbi.nlm.nih.gov/pubmed/12218133
http://dx.doi.org/10.1111/cmi.12161
http://www.ncbi.nlm.nih.gov/pubmed/23795683
http://dx.doi.org/10.1038/nature13684
http://www.ncbi.nlm.nih.gov/pubmed/25119038
http://dx.doi.org/10.1016/j.coi.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23725875

@’PLOS ‘ ONE

B Cells during Latent TB

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Cooper AM, Mayer-Barber KD, Sher A (2011) Role of innate cytokines in mycobacterial infection.
Mucosal Immunol 4:252—-260. doi: 10.1038/mi.2011.13 PMID: 21430655

Schroder K, Tschopp JJJ (2010) The inflammasomes. Cell 140:821-32. doi: 10.1016/j.cell.2010.01.
040 PMID: 20303873

Briken V, Ahlbrand SE, Shah S (2013) Mycobacterium tuberculosis and the host cell inflammasome: a
complex relationship. Front Cell Infect Microbiol 3:62. doi: 10.3389/fcimb.2013.00062 PMID:
24130966

Zhou Y, Zhao D, Yue R, Khan SH, Shah SZA, Yin X, et al. (2015) Inflammasomes-dependent regula-
tion of IL-1f secretion induced by the virulent Mycobacterium bovis Beijing strain in THP-1 macro-
phages. Antonie Van Leeuwenhoek 108:163-71. doi: 10.1007/s10482-015-0475-6 PMID: 25980833

Mayer-Barber KD, Andrade BB, Barber DL, Hieny S, Feng CG, Caspar P, et al. (2011) Innate and adap-
tive interferons suppress IL-1a and IL-1 production by distinct pulmonary myeloid subsets during
Mycobacterium tuberculosis infection. Immunity 35:1023-34. doi: 10.1016/j.immuni.2011.12.002
PMID: 22195750

Mayer-Barber KD, Barber DL, Shenderov K, White SD, Wilson MS, Cheever A, et al. (2010) Caspase-1
independent IL-1beta production is critical for host resistance to mycobacterium tuberculosis and does
not require TLR signaling in vivo. J Immunol 184:3326-30. doi: 10.4049/jimmunol.0904189 PMID:
20200276

McElvania Tekippe E, Allen IC, Hulseberg PD, Sullivan JT, McCann JR, Sandor M, et al. (2010) Granu-
loma formation and host defense in chronic Mycobacterium tuberculosis infection requires PYCARD/
ASC but not NLRP3 or caspase-1. PLoS One 5:€12320. doi: 10.1371/journal.pone.0012320 PMID:
20808838

Saiga H, Nieuwenhuizen N, Gengenbacher M, Koehler A-B, Schuerer S, Moura-Alves P, et al. (2015)
The Recombinant BCG AureC::hly Vaccine Targets the AIM2 Inflammasome to Induce Autophagy and
Inflammation. J Infect Dis 211:1831-41. doi: 10.1093/infdis/jiu675 PMID: 25505299

Shen P, Roch T, Lampropoulou V, O’Connor RA, Stervbo U, Hilgenberg E, et al. (2014) IL-35-produc-
ing B cells are critical regulators of immunity during autoimmune and infectious diseases. Nature
507:366—-70. doi: 10.1038/nature12979 PMID: 24572363

Barr TA, Shen P, Brown S, Lampropoulou V, Roch T, Lawrie S, et al. (2012) B cell depletion therapy
ameliorates autoimmune disease through ablation of IL-6-producing B cells. J Exp Med 209:1001-10.
doi: 10.1084/jem.20111675 PMID: 22547654

Fernando TR, Rodriguez-Malave NI, Rao DS (2012) MicroRNAs in B cell development and malignancy.
J Hematol Oncol 5:7. doi: 10.1186/1756-8722-5-7 PMID: 22401860

Fillatreau S, Sweenie CH, McGeachy MJ, Gray D, Anderton SM (2002) B cells regulate autoimmunity
by provision of IL-10. Nat Immunol 3:944-50. PMID: 12244307

Matsumoto M, Baba A, Yokota T, Nishikawa H, Ohkawa Y, Kayama H, et al. (2014) Interleukin-10-Pro-
ducing Plasmablasts Exert Regulatory Function in Autoimmune Inflammation. Immunity 41:1040—
1051. doi: 10.1016/j.immuni.2014.10.016 PMID: 25484301

Lampropoulou V, Hoehlig K, Roch T, Neves P, Calderén Gémez E, Sweenie CH, et al. (2008) TLR-acti-
vated B cells suppress T cell-mediated autoimmunity. J Immunol 180:4763-73. PMID: 18354200

Williamson BD, Carswell EA, Rubin BY, Prendergast JS, Old LJ (1983) Human tumor necrosis factor
produced by human B-cell lines: synergistic cytotoxic interaction with human interferon. Proc Natl Acad
SciU S A 80:5397-401. PMID: 6193516

Flynn JL, Goldstein MM, Chan J, Triebold KJ, Pfeffer K, Lowenstein CJ, et al. (1995) Tumor necrosis
factor-alpha is required in the protective immune response against mycobacterium tuberculosis in
mice. Immunity 2:561-572. PMID: 7540941

Cassese G, Arce S, Hauser AE, Lehnert K, Moewes B, Mostarac M, et al. (2003) Plasma Cell Survival
Is Mediated by Synergistic Effects of Cytokines and Adhesion-Dependent Signals. J Immunol
171:1684—-1690. PMID: 12902466

Mohan VP, Scanga CA, Yu K, Scott HM, Tanaka KE, Tsang E, et al. (2001) Effects of tumor necrosis
factor alpha on host immune response in chronic persistent tuberculosis: possible role for limiting
pathology. Infect Immun 69:1847-55. PMID: 11179363

Algood HMS, Lin PL, Yankura D, Jones A, Chan J, Flynn JL (2004) TNF influences chemokine expres-
sion of macrophages in vitro and that of CD11b+ cells in vivo during Mycobacterium tuberculosis infec-
tion. J Immunol 172:6846-57. PMID: 15153503

Bean AG, Roach DR, Briscoe H, France MP, Korner H, Sedgwick JD, et al. (1999) Structural deficien-
cies in granuloma formation in TNF gene-targeted mice underlie the heightened susceptibility to aero-
sol Mycobacterium tuberculosis infection, which is not compensated for by lymphotoxin. J Immunol
162:3504—11. PMID: 10092807

PLOS ONE | DOI:10.1371/journal.pone.0152710  April 6, 2016 15/16


http://dx.doi.org/10.1038/mi.2011.13
http://www.ncbi.nlm.nih.gov/pubmed/21430655
http://dx.doi.org/10.1016/j.cell.2010.01.040
http://dx.doi.org/10.1016/j.cell.2010.01.040
http://www.ncbi.nlm.nih.gov/pubmed/20303873
http://dx.doi.org/10.3389/fcimb.2013.00062
http://www.ncbi.nlm.nih.gov/pubmed/24130966
http://dx.doi.org/10.1007/s10482-015-0475-6
http://www.ncbi.nlm.nih.gov/pubmed/25980833
http://dx.doi.org/10.1016/j.immuni.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22195750
http://dx.doi.org/10.4049/jimmunol.0904189
http://www.ncbi.nlm.nih.gov/pubmed/20200276
http://dx.doi.org/10.1371/journal.pone.0012320
http://www.ncbi.nlm.nih.gov/pubmed/20808838
http://dx.doi.org/10.1093/infdis/jiu675
http://www.ncbi.nlm.nih.gov/pubmed/25505299
http://dx.doi.org/10.1038/nature12979
http://www.ncbi.nlm.nih.gov/pubmed/24572363
http://dx.doi.org/10.1084/jem.20111675
http://www.ncbi.nlm.nih.gov/pubmed/22547654
http://dx.doi.org/10.1186/1756-8722-5-7
http://www.ncbi.nlm.nih.gov/pubmed/22401860
http://www.ncbi.nlm.nih.gov/pubmed/12244307
http://dx.doi.org/10.1016/j.immuni.2014.10.016
http://www.ncbi.nlm.nih.gov/pubmed/25484301
http://www.ncbi.nlm.nih.gov/pubmed/18354200
http://www.ncbi.nlm.nih.gov/pubmed/6193516
http://www.ncbi.nlm.nih.gov/pubmed/7540941
http://www.ncbi.nlm.nih.gov/pubmed/12902466
http://www.ncbi.nlm.nih.gov/pubmed/11179363
http://www.ncbi.nlm.nih.gov/pubmed/15153503
http://www.ncbi.nlm.nih.gov/pubmed/10092807

@’PLOS ‘ ONE

B Cells during Latent TB

59.

60.

61.

62.

Keane J, Gershon S, Wise RP, Mirabile-Levens E, Kasznica J, Schwieterman WD, et al. (2001) Tuber-
culosis associated with infliximab, a tumor necrosis factor alpha-neutralizing agent. N Engl J Med
345:1098-104. PMID: 11596589

Gharibi T, Majidi J, Kazemi T, Dehghanzadeh R, Motallebnezhad M, Babaloo Z (2015) Biological
effects of IL-21 on differentimmune cells and its role in autoimmune diseases. Immunobiology 221
(2):357—-67. doi: 10.1016/j.imbio.2015.09.021 PMID: 26466984

Good KL, Bryant VL, Tangye SG (2006) Kinetics of human B cell behavior and amplification of prolifer-
ative responses following stimulation with IL-21. J Immunol 177:5236—47. PMID: 17015709

Bermejo DA, Jackson SW, Gorosito-Serran M, Acosta-Rodriguez E V, Amezcua-Vesely MC, Sather
BD, et al. (2013) Trypanosoma cruzi trans-sialidase initiates a program independent of the transcription
factors RORyt and Ahr that leads to IL-17 production by activated B cells. Nat Immunol 14:514-22. doi:
10.1038/ni.2569 PMID: 23563688

PLOS ONE | DOI:10.1371/journal.pone.0152710  April 6, 2016 16/16


http://www.ncbi.nlm.nih.gov/pubmed/11596589
http://dx.doi.org/10.1016/j.imbio.2015.09.021
http://www.ncbi.nlm.nih.gov/pubmed/26466984
http://www.ncbi.nlm.nih.gov/pubmed/17015709
http://dx.doi.org/10.1038/ni.2569
http://www.ncbi.nlm.nih.gov/pubmed/23563688

