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Abstract
DTH (delayed type hypersensitivity) reactions are secondary cellular immune responses that appear 24–72 h after
antigen exposure. Tuberculous pleurisy is a common manifestation of extrapulmonary TB (tuberculosis) and is
considered a human model of Th1-mediated DTH. In order to identify functional cross-talk among cellular
populations sited in this inflammatory microenvironment, we analysed phenotypic and functional features of human
B-cells isolated from the PF (pleural fluid) of TB patients. Freshly isolated PF-B-cells displayed a lower expression of
CD20, CD1d and HLA-DR, and a higher expression of CD95, CD38, CD25, CXCR3 (CXC chemokine receptor 3) and
CXCR4 (CXC chemokine receptor 4) than their PB (peripheral blood) counterparts, suggesting a non-classical in situ
activation. Although memory PF-T-cell frequencies were increased, the frequencies of memory PF-B-cells were not.
We demonstrated that, upon stimulation with γ -irradiated M. tuberculosis, mycobacterially secreted proteins or a
lectin mitogen, PF-B-cells had a strong activation and produced IL-10 by a mechanism that was dependent on
bystander activation of CD19− PF cells. Besides, within PF cells, B-cells diminished in vitro M. tuberculosis-induced
IFN (interferon)-γ production by T-cells and NK (natural killer) cells in an IL-10-dependent manner. Finally, we found
that the lower the frequency of B-cells, the higher the ratio of IFN-γ /IL-10 within PF. Thus our results suggest that
B-cells can regulate a human DTH reaction induced by M. tuberculosis.
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INTRODUCTION

TB (tuberculosis) is the leading cause of death from a single
infectious pathogen [1]. Although the role of T-cell-mediated im-
munity in the containment of Mycobacterium tuberculosis is well
known, the role of B-cells in the host defence against M. tuber-
culosis has not been clearly defined yet. In this regard, there is
growing clinical and experimental evidence for an active role of
B-cells in intracellular infections [2,3]. In fact, different stud-
ies have shown contradictory results regarding the frequency of
B-cells in PB (peripheral blood) of TB patients [4,5]. Neverthe-

Abbreviations: ADA, adenosine deaminase; BCR, B-cell receptor; CCR, CC chemokine receptor; CD40L, CD40 ligand; CD62L, CD62 ligand; CFP, culture filtrate protein; CXCR, CXC
chemokine receptor; Cy5, indodicarbocyanine; DC-SIGN, dendritic cell-specific intracellular adhesion molecule-3 grabbing non-integrin; DTH, delayed type hypersensitivity; IFN,
interferon; IL, interleukin; IL-10R, IL-10 receptor; mAb, monoclonal antibody; MFI, mean fluorescence intensity; NK, natural killer; PB, peripheral blood; PF, pleural fluid; PMN,
polymorphonuclear cell; PWM, poke weed mitogen; rh, recombinant human; TB, tuberculosis; TLR, Toll-like receptor.

Correspondence: Dr Pablo Schierloh (email lp_shier@hotmail.com).

less, studies on human tuberculous lung tissue have identified
dominant structures of follicle-like B-cells, suggesting that the
cross-talk between B- and T-cells may be critical for the contain-
ment of M. tuberculosis [6,7].

Among the clinical manifestations of extrapulmonary TB,
pleurisy is the most common form of primary TB associated
with young adults, but may also develop as a complication of
primary pulmonary TB, which is considered a relatively benign
form of the disease since it may resolve without chemotherapy
[8]. The presence of mycobacterial antigens in the pleural space
elicits an intense cellular immune response initially characterized

C© The Authors Journal compilation C© 2014 Biochemical Society 1



P. Schierloh and others

Table 1 Clinical and demographic heterogeneity of PF samples
PF samples from TB (n = 55) and non-TB (n = 6) patients were characterized. The number of samples (n) or years of age
[median (minimum–maximum)] are indicated. PF samples were classified as exudates or transudates following Light’s criteria
[17]. Clinical presentation of TB was based on X-ray findings. PF cytology was performed by microscopic examination of MGG
(May–Grünwald)-stained samples. Classification of PF as ‘lymphocytic’ or ‘atypical’ was determined according to Cheng et al.
[18]. TB patients were stratified as function of days after initiation of antibiotic treatment. For the cancer patients, one had
an adenoma, one had a mesothelioma and three were of undetermined origin.

Parameter PF samples from TB patients PF samples from non-TB patients

Sex (n)

Male 45 5

Female 10 1

Age (years) 31 (19–60) 41 (29–63)

Light’s criteria (n)

Exudate 55 6

Transudate 0 0

Clinical presentation (n)

Pleural 43 −
Pleuropulmonary 12 −

PF cytology (n)

Lymphocytic 49 2

Atypical 6 4

Antibiotic treatment (n)

0 day 29 −
<10 days 18 −
>10 days 8 −

Aetiology (n)

Cancer¶ − 5

Hydatid cyst − 1

by abundant PMNs (polymorphonuclear cells) and M�s (mac-
rophages), followed by NK (natural killer) cells, γ /δ T-cell and
Th cells, together with accumulation of their soluble mediators
[9–16]. This local inflammatory response is considered as a DTH
(delayed type hypersensitivity) reaction in which CD4+ T-cells
are the major effector population, making tuberculous pleurisy a
relevant model for studying human DTH reactions [12,17].

In the present study, we determined the phenotype and func-
tion of B-cells from the PF (pleural fluid) and PB of TB patients
in order to better understand their role at the site of the M. tuber-
culosis-induced human DTH reaction.

MATERIALS AND METHODS

Patients and healthy blood donors
Patients with newly diagnosed moderate and large pleural ef-
fusions were identified at the Servicio de Tisioneumonologı́a,
Hospital F.J Muñiz, and the Instituto Vaccarezza Buenos Aires,
Argentina from 2007 to 2012. The research has been carried out
in accordance with the Declaration of Helsinki (2013) of the
World Medical Association, and has been approved by the Ethics
Committees of both of the institutions mentioned above. Written
informed consent was obtained before sample collection. Phys-
ical examination, complete blood cell count, electrolytes, chest
X-ray, HIV test, ADA (adenosine deaminase) and LDH (lact-

ate dehydrogenase) in PF were performed by the institutions.
The diagnosis of tuberculous pleurisy was based on a positive
Ziehl–Nielsen stain or Lowestein–Jensen culture from PF and/or
histopathology of pleural biopsy, and was confirmed further by
an M. tuberculosis-induced IFN (interferon)-γ response [15] and
an ADA-positive test [8]. None of the patients had multidrug-
resistant TB. Exclusion criteria included a positive HIV test or the
presence of concurrent infectious diseases. PF and PB samples
were obtained as described previously [16].

Table 1 provides details about the demographics, Light’s cri-
teria [17], PF cytology [18], antibiotic treatment and clinical
presentation of the patients and controls. Buffy coats from healthy
donors were obtained from the Blood Transfusion Service, Hos-
pital Fernandez, Buenos Aires, Argentina.

Mononuclear cells
PF and PB were collected into 50 ml polystyrene tubes (Corn-
ing) containing heparin. PBMCs (PB mononuclear cells) and
PFMCs (PF mononuclear cells) were isolated by Ficoll–Hypaque
gradient centrifugation (Pharmacia) and were suspended in
complete medium [RPMI 1640 (Gibco) containing gentamycin
(85 μg/ml; Gibco), penicillin (100 units/ml; Sigma) streptomy-
cin (100 μg/ml; Sigma) and 10 % heat-inactivated FBS (Gibco)].
Cells numbers, purity and viability were determined using the
exclusion dye Trypan Blue.
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Antigens
The γ -irradiated M. tuberculosis H37Rv strain and CFPs (cul-
ture filtrate proteins) were kindly provided by J. Belisle (Colorado
State University, Fort Collins, CO, U.S.A.). Mycobacteria were
suspended in pyrogen-free PBS, sonicated and adjusted to a con-
centration of ≈108 bacteria/ml (D600 nm = 1).

Reagents
Human T memory-Activator Dynabeads® coated with anti-
human CD3, CD28 and CD137 were from Invitrogen. PMA,
ionomycin and PWM (poke weed mitogen) were from Sigma.
rh (recombinant human) IL (interleukin)-10, rhIL-21 and rhIL-
4, neutralizing azide-free purified rabbit polyclonal anti-IL-10,
anti-IL-21 and anti-IL-4 were from Peprotech. As a control in the
neutralization experiments, Protein A-purified rabbit IgG from
pre-immune serum was used (kindly provided by M. Izturiz,
Academia Nacional de Medicina, Buenos Aires, Argentina). The
purified anti-CD19 mAb (monoclonal antibody) was from Bec-
ton Dickinson. FITC-, PE- (phycoerythrin), PE–Cy5- (indodicar-
bocyanine), PerCP–Cy5.5 or APC (allophycocyanin)-conjugated
mAbs against CD62L (CD62 ligand), CD80, CD86, TLR (Toll-
like receptor) 2, TLR4, HLA-DR and CD1d were from e-
Bioscience. CD32, PD-L1 and PD-L2 were from Becton Dickin-
son. Mannose receptor, DC-SIGN (dendritic cell-specific intra-
cellular adhesion molecule-3 grabbing non-integrin), CCR (CC
chemokine receptor) 1, CCR2, CCR5, CXCR (CXC chemokine
receptor) 3, CXCR4 and CX3CR1 (CX3C receptor 1) were from
R&D Systems. CD3, CD69, CD19 and CD5 were from Biole-
gend. CD20, CD25 and MHC-II were from Ancell. IFN-γ and
IL-10 were from Caltag, and were used along with an isotype-
matched mAb.

PF-B-cell isolation and depletion
PF-CD19+ cells were positively selected by pre-incubation of
∼2×107 PFMCs at 4 ◦C for 30 min with anti-CD19 mAb. Then,
magnetic selection of PFMCs was performed using goat anti-
(mouse IgG)-coated MACS (magnetic-activated cell sorting)
(Miltenyi Biotec), according to the manufacturer’s instructions.
This procedure yielded less than 5 % of CD3+ /CD56+ /CD14+

cells in PF-CD19+ and less than 0.5 % of B-cells in PF-CD19− ,
as determined by FACS analysis.

In-vitro stimulation of PBMCs, PFMCs, PF-CD19+
and PF-CD19−
PBMCs, PFMCs and PF-CD19+ -depleted mononuclear cells
(PF-CD19− ) from TB patients were cultured at 106 cells/ml
in complete medium. Given their low numbers per sample, pur-
ified PF-CD19+ cells were cultured at 105 cells/ml. Mitogen,
M. tuberculosis antigens and bead concentrations, as well as the
stimulation time (48 h), were chosen according to our previous
studies [10,16,19]. Where indicated, PF-CD19− cells were mixed
with PF-CD19+ cells setting their relative ratio to 10:1 (106/105

cells/ml) to reach their relative in vivo frequencies. For intracel-
lular cytokine determinations, cells were cultured in polystyrene
round-bottomed tubes (FalconTM; Becton Dickinson) at a final
volume of 1 ml and Brefeldin A (5 μg/ml; Sigma) was added
4–6 h before staining. For cytokine secretion assays, cells were

cultured in 96-well round-bottomed microplates (FalconTM) at
final volume of 0.2 ml for 48 h. As positive control experiments,
PMA/ionomicyn were added overnight. Finally, plates were cent-
rifuged 10 min at 300 g before harvesting the supernatants for
ELISA.

Flow cytometry analysis for cell-surface and
intracellular protein expression
Surface marker expression was evaluated on freshly isolated or
cultured PBMCs and PFMCs by staining (0.1–1)×106 cells for
20 min at 4 ◦C with adequate amount and combinations of la-
belled mAb in ∼50 μl volume of PBS/1 % FCS. For intracellu-
lar cytokine determinations, after surface staining, as indicated
above, cells were fixed, permeabilized and stained with FITC-
conjugate anti-IFN-γ or PE-conjugated anti-IL-10 (IntraPrepTM;
Immunotech), according to the manufacturer’s instructions. Data
acquisition [at least (0.5–5)×105 events] was carried out using
FACScan or FACScalibur flow cytometers both equipped with
CellQuest software (Becton Dickinson). For data analysis, we
defined electronically a region that included PF and PB lymph-
ocyte/lymphoblast (R1, see Figure 3A), according to forward
and side-scatter parameters using the FCS Express V3 program
(De Novo SoftwareTM). B-cells were defined as R1-gated events
with an CD19+ CD3− phenotype, and NK cells and T-cells as
CD56+ /CD3− and CD3+ events respectively.

Cytokine ELISA
IL-10 and IFN-γ were determined in cell-free PF and culture
supernatants, following the manufacturer’s recommendations.
Samples were stored at − 70 ◦C until the assays were performed.
PF was diluted 1:10 and culture supernatants 1:20 for IFN-γ de-
terminations. For IL-10 determinations, no sample dilutions were
performed. When different cell numbers were used, the cytokine
production was normalized to cell numbers for each condition.

Statistical analysis
Comparisons of paired PBMCs and PFMCs and cell-free PF
samples were performed using the Wilcoxon (non-parametric)
pairwise test. Comparisons of non-paired data (i.e. normal com-
pared with patients’ data or between different groups of patients)
were performed using an unpaired Mann–Whitney U test (non-
parametric). For multiple comparisons among the in vitro treat-
ments, one-way ANOVA for repeated measures with a Bonfer-
roni’s post-hoc test was applied. A Spearman two-tailed (non-
parametric) test was used for correlation analysis. A P < 0.05
value was taken as significant.

RESULTS

Frequency and memory status of B-cells remain
invariant between PB and PF
It has been demonstrated that the frequencies of CD4+ T-cells
are increased in tuberculous PF, whereas PMNs, NK cells and
monocytes are decreased compared with PB [9–11,13–16]. Thus,
to determine the B-cell frequency in both compartments, freshly

C© The Authors Journal compilation C© 2014 Biochemical Society 3



P. Schierloh and others

isolated PBMCs and PFMCs derived from patients with pleurisy
(TB and no-TB), as well as PBMCs from healthy subjects, were
stained with anti-CD19 and anti-CD3 mAbs and analysed by
FACS. CD19+ lymphocyte/lymphoblast cells were considered
as B-cells. We found that B-cell frequencies between PF- and
PB-TB and no-TB did not differ, as the proportions of PB-B-
cells and PF-B-cells were similar to PB-B-cells from healthy
subjects (Figure 1A).

As T-cell effector memory recruitment is a hallmark of tuber-
culous pleurisy [9], we investigated whether memory B-cells
were also accumulated in PF-TB. Therefore the co-expression
of surface IgD and CD27 was determined in CD19+ -gated
PBMCs and PFMCs from TB patients, as well as in PB-
MCs from healthy subjects, allowing the characterization of
naı̈ve B-cells (IgD+ /CD27− ), non-switched memory B-cells
(IgD+ /CD27+ ), switched memory B-cells, human B1 cells and
plasma cells (IgD− /CD27+ ), and a double-negative cell pop-
ulation (IgD− /CD27− ), which includes a recently described
CD27− memory subset and a subset of plasma cells [20–23].
As shown in Figure 1(B), although the frequencies of memory
or naı̈ve B-cells did not differ between the PB and PF from
TB patients, a reduction in non-switched memory PB-B-cells
and an increase in double-negative PF-B-cells were observed in
TB patients compared with PB from healthy subjects. In addi-
tion, the frequencies of switched memory B-cells (CD27+ IgD−

or CD27+ IgM− ) were similar in PB- and PF-TB (Figure 1B),
which was in contrast with the increased memory-like phenotype
of PF-T-cells (CD3+ /CD45R0+ /CD45RAlow/ − ) from the same
PF-TB samples (Figure 1C).

PF-B-cells enhance homing molecules and display
an activated phenotype
Next, we tested whether freshly isolated PB-B-cells and PF-B-
cells express a differential pattern of homing receptors. Among
the chemokine receptors assessed, the percentages of CXCR3+

cells and CXCR4 MFI (mean fluorescence intensity) were in-
creased in PF-B-cells (Figure 2A), whereas no significant dif-
ferences in CCR1, CCR2, CCR5 and CX3CR1 expression were
detected (results not shown). Then, we determined whether B-
cells were also activated in PF, as in other pleural cell popula-
tions [9–16]. Compared with PB-B-cells, PF-B-cells had higher
CD95/Fas, CD38, CD25 and CD45R0 expression and lower
CD32 and CD1d expression (Figure 2B), indicating B-cell ac-
tivation [24–26]. On the other hand, several molecules known to
be augmented in BCR (B-cell receptor)-activated B-cells were
not modified on PF-B-cells (i.e., CD62L, CD69, CD80, CD86,
PD-L1, PD-L2 and CD5; Figure 2B). Similarly, the expression
levels of the pattern-recognition receptors TLR2, TLR4, mannose
receptor and DC-SIGN were undetectable in PB-B-cells or PF-
B-cells (results not shown). Interestingly, the expression of the
B-cell marker CD20 was lower in PF-B-cells than in PB-B-cells
(Figure 2C), which is in accordance with the down-regulation of
this protein upon B-cell activation and/or differentiation [24]. In
addition, HLA-DR levels were reduced in PF-B-cells without a
concomitant reduction in whole MHC-II molecules (Figure 2D).
Taken together, these results indicate that the environment of

tuberculous pleurisy induces a non-classical activation pheno-
type on B-cells.

Mycobacterial antigen-induced PF-B-cell activation
is dependent on PF bystander-activated CD19−
cells
Considering that PF-B-cells from TB are pre-activated, we in-
vestigated whether they respond differentially to ex vivo stimula-
tion compared with PB-B-cells. Thus paired samples of PBMCs
and PFMCs were stimulated with PWM or M. tuberculosis an-
tigens, such as irradiated bacteria (H37Rv strain) or CFPs, and
the CD69 activation marker was determined within the CD19+

or CD19− gates. We found that PWM and M. tuberculosis anti-
gens induced CD69 in CD19+ cells from PBMCs and PFMCs,
with this activation being higher in PFMCs and more pronounced
following stimulation with M. tuberculosis antigens (Figure 3A).
Furthermore, as shown in the representative dot plots (Figure 3A),
PWM induced CD69 expression in CD19− cells from PB and PF,
whereas M. tuberculosis antigens induced CD69 expression only
in PF-CD19− cells. Therefore we determined whether the strong
activation of PF-B-cells upon stimulation with M. tuberculosis
antigens might be a bystander cell effect instead of BCR-mediated
antigen recognition. To address this, PBMCs and PFMCs were
incubated with beads coated with anti-human CD3, CD28 and
CD137 that activate effector memory T-cells (1:10 bead/cell ra-
tio) and the frequencies of CD69+ cells were analysed within
the B-cell gate. T-cell-activator beads induced CD69 expression
in both PB-B-cells and PF-B-cells, which was greater in PFMCs
(Figure 3A), indicating that T-cell activation is sufficient to in-
duce PF-B-cell activation to similar levels as the stimuli did.
Moreover, CD19− cells from PBMCs and PFMCs were activ-
ated by T-cell-activator beads, but PF-CD19− cells had a more
efficient activation (Figure 3A). Interestingly, when ex vivo stim-
ulation was performed using CD19+ -purified PFMCs, neither
PWM nor M. tuberculosis antigens induced significant levels of
CD69 compared with PMA/ionomycin (Figure 3B). Therefore
the fact that PF-B-cells are only activated by M. tuberculosis an-
tigens in the presence of PF-CD19− cells and that PF-CD19−

cells are activated by those stimuli indicate that CD19− cells
may contribute to the activation of B-cells by a bystander-cell-
dependent mechanism.

IL-10 production in PF-B-cells induced by
mycobacterial antigens is dependent on PF-CD19−
cells
Given that activated B-cells can exert immunoregulatory func-
tions through the secretion of certain cytokines [2,26–32], the
intracellular expression of IL-10 was evaluated in PFMCs stim-
ulated with PMW or M. tuberculosis antigens within the CD19+

and CD19− cell gates. We found that, upon stimulation for 48 h,
the frequencies of IL-10+ cells increased in PF-B-cells and in
PF-CD19− cells, which were higher in the former cells (Fig-
ure 4A). As B-cells are at a low proportion in PFMCs, we as-
sessed their contribution to the overall IL-10 production. There-
fore total PFMCs, CD19+ -depleted PFMCs and CD19+ -purified
PFMCs were stimulated as indicated above, and IL-10 secretion
was measured by ELISA. PFMCs secreted high amounts of IL-10
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Figure 1 B-cell frequency and differentiation stage in PBMCs and PFMCs
Percentages of CD19+ , B-cells and T-cells expressing naı̈ve/memory markers were determined in PBMCs and PFMCs from
patients with TB and with non-tuberculous pleural exudates (No TB), as well as PBMCs from healthy subjects (HSs). (A)
Percentage of CD19+ cells within PBMCs and PFMCs from TB (n = 34) and No-TB (n = 6), as well as of PBMC from healthy
subjects (n = 16). None of these groups were statistically different. (B) Percentage of B-cells (CD19+ within the lympho-
cyte/lymphoblast gate) expressing the B-cell näıve/memory markers (IgD, IgM and CD27) in PBMCs and PFMCs from TB
patients (n = 15), as well as in PBMCs from healthy subjects (n = 16). ∗P < 0.05 compared with TB-PBMC IgD+ /CD27+
and TB-PFMC IgD− /CD27− (Mann–Whitney U test). (C) Percentage of T-cells (CD3+ lymphocyte/lymphoblast gate) ex-
pressing CD45RA and CD45RO in PBMCs and PFMCs from TB patients (n = 19), as well as in PBMC from healthy subjects
(n = 12). ∗P < 0.05 compared with TB-PBMCs for CD45RA− /CD45R0+ (Mann–Whitney U test); ∗∗P < 0.005 compared
with TB-PFMCs (Wilcoxon matched pair test). In (B and C), dark grey histograms correspond to PBMCs, empty histograms
to PFMCs and dashed histograms to control isotype. Ages range are indicated.
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Figure 2 B-cell expression of homing receptors and activation markers in PBMCs and PFMCs
Expression and percentage of B-cells positive for the indicated molecules were determined in PBMCs or PFMCs. FACS
analysis was performed in gated CD3− /CD19+ lymphocytes/lymphoblast (B-cells). (A) Percentage of positive B-cells and
MFI for CXCR3 and CXCR4 in paired TB samples (box and whiskers plots indicate the median, 25–75 % percentile
and range, n = 8). Broken line indicates the isotype control. (B) Percentage of B-cells expressing the indicated cell markers
in TB patients (n = 10). (C) CD20 MIF in B-cells from TB (n = 16), No-TB (n = 6) patients and healthy subjects (n = 6).
Representative traces in a TB patient and three No-TB patients [Hyd.Cyst, hidatidosis; CNR (Adm), adenoma cancer; CNR
(Msm), mesothelial cancer]. (D) MHC-II and HLA-DR MIF in B-cells of paired samples from TB patients (n = 10). ∗P < 0.05,
∗∗P < 0.01 and ∗∗∗P < 0.0005 compared with TB-PBMCs (Wilcoxon paired test).

upon stimulation with PWM or M. tuberculosis antigens, which
were reduced by depletion of CD19+ cells (Figure 4B), indicat-
ing a significant contribution of PF-B-cells to the overall IL-10
production. Besides, CD19+ -purified PFMCs did not produce
IL-10 upon stimulation with PWM or M. tuberculosis antigens,
but they did produce high levels of IL-10 upon PMA/ionomycin
stimulation, showing that CD19+ -purified PFMCs are able to
secrete IL-10, which rules out a purification process artefact.
Therefore IL-10 production induced by M. tuberculosis antigens
in PF-B-cells involves the presence of activated CD19− -PF cells,
as we have shown for B-cell activation. Next, we investigated
the involvement of T-cell-co-stimulation ligands [CD40L (CD40
ligand)] or Th-derived soluble factors (IL-21, IL-4 and IL-13)

in IL-10 secretion by PF-B-cells [25–27,33]. Our results showed
that the inhibition of these molecules did not modify the M. tuber-
culosis-induced IL-10 production by PFMCs and, furthermore,
addition of IL-21 and/or IL-4 did not induce IL-10 secretion in
PFMCs (Figure 4C, and results not shown).

Frequency of PF-B-cells inversely correlates with
the IFN-γ /IL-10 ratio in cell-free PF
Thus far, our results have indicated that ex vivo-activated PF-
B-cells may be a significant source of IL-10, a homoeostatic
cytokine that regulates Th1 inflammatory responses. Given that
tuberculous pleurisy is a well-characterized example of DTH, we
investigated the correlation of the frequency of B-cells in the PF
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Figure 3 In vitro B-cell activation in TB-PBMCs, TB-PFMCs and CD19+ -purified TB-PFMCs
PBMCs, PFMCs or CD19+ -purified PFMCs from TB patients were cultured alone (Control) or stimulated with PWM (1 μg/ml),
M. tuberculosis (Mtb; 10:1 bacteria/cell ratio), CFP (1 μg/ml), T-memory activator beads (1:10 T act Bds/cell ratio) or PMA
(10 ng/ml) plus ionomycin (1 μg/ml) (PMA + Iono) for 48 h and CD69 expression was determined. (A) left-hand panel,
representative dot plots showing cellular activation in lymphocyte/lymphoblast-gated cells (R1). Numbers in the upper-right
quadrants indicate the percentage of CD69+ B- (CD19+ ) cells and the numbers in the lower-right quadrants indicate the
percentage of CD69+ non-B- (CD19− ) cells. Right-hand panel, quantification of the percentage of CD69+ cells in gated
CD19+ lymphocyte/lymphoblast cells. Values are means +− S.E.M., n = 10. xP < 0.05 and xxxP < 0.005 compared with
the control; #P < 0.05 compared with the other treatments; ∗∗P < 0.01 compared with the same treatment in TB-PBMCs.
(B) TB-PFMCs or CD19+ -purified TB-PFMCs were stimulated as indicated above. Left-hand panel, representative dot plots
of CD69 and CD19 expression in TB-PFMCs and CD19+ -purified TB-PFMCs. Numbers in upper right quadrants indicate
the percentage of CD69+ B-cells. Right-hand panel, quantification of the percentage of CD69+ B-cells in TB-PFMCs
and CD19+ -purified TB-PFMCs. Values are means +− S.E.M., n = 10. xxxP < 0.005 compared with the control; ∗∗∗P < 0.005
compared with the same treatment in CD19+ -purified PFMCs (repeated-measures one-way ANOVA, Bonferroni post-hoc
test).

from TB patients with the cytokine profile present in the same
sample. Despite not finding any significant associations with clin-
ical data or cytological findings (see Supplementary Figure S1 at
http://www.clinsci.org/cs/127/cs127ppppadd.htm), we observed
that the levels of IL-10 and IFN-γ were directly correlated within
PF from TB (Figure 5A). Interestingly, the percentage of CD19+

cells on PFMCs was inversely correlated with IFN-γ , but not
with IL-10 (Figure 5A). More importantly, the IFN-γ /IL-10 ratio,
which is indicative of the pro-/anti-inflammatory cytokine bal-
ance, was inversely correlated with PF-B-cell frequencies (Fig-
ure 5B).

Previous studies have shown an association between the regu-
latory functions of human B-cells with CD19+ /CD5+ /CD1d+ /hi

and/or with CD19+ /CD24hi/CD38hi phenotypes [30–32]. Con-

sistent with this, we observed that the percentage of CD38hi

(n = 8) or CD1dhi (n = 10) in PF-B-cells was not increased com-
pared with PB-B-cells in TB patients (results not shown). In
addition, no significant differences were found in the percent-
age of CD19+ /CD5+ /CD1d+ between PF-B-cells and PB-B-
cells (P > 0.09; n = 10). Furthermore, when the percentage of
CD19+ /CD5+ /CD1d+ PFMCs was correlated with the level
of IL-10 present in PF, no statistical relationship was observed
(Figure 5B), suggesting that PF-B-cells with the conventional ‘B
reg’ phenotype are not quantitatively related to the PF cytokine
profile. In addition, it has been shown recently that plasmab-
last/plasma cells, besides their conventional function as antibody-
secreting cells, are able to produce a variety of cytokines regu-
lating cellular responses [34]. In this regard, we correlated the
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Figure 4 IL-10 production by PF-B-cells from TB patients
PFMCs (106/ml), CD19+ -depleted-PFMCs (106/ml) or CD19+ -purified PFMCs (105/ml) from TB patients were cultured
in complete medium alone (control) or with the treatments as indicated in Figure 3. (A) left-hand panel), representative
dot plots showing surface CD19 and intracellular IL-10 expression in lymphocytes/lymphoblast gates from TB-PFMCs.
Numbers in upper-right quadrants indicate the percentage of IL-10+ on CD19+ and the numbers in the lower-right
quadrants indicate the percentage of IL-10+ on CD19− cells. Isotype controls are also depicted. Right-hand panels,
quantification of the percentage of IL-10 positive cells in the CD19+ cells gate (CD19+ -gated-TB-PFMC) and in CD19−
cells from TB-PFMC (CD19− -gated-TB-PFMC). Values are means +− S.E.M. (n = 10). ∗P < 0.05 compared with control;
#P < 0.05 (repeated-measures one-way ANOVA, Bonferroni post-hoc test). (B) IL-10 production was determined by ELISA.
Data were normalized to equivalent cell numbers and are shown as the means +− S.E.M. (n = 12∗∗P < 0.01 compared
with control; #P < 0.05 compared with the same treatment in CD19+ -depleted TB-PFMCs. (C) TB-PFMCs (n = 11) were
stimulated with M. tuberculosis in the presence of neutralizing antibodies (α) against hIL-21 (5 μg/ml), IL-4 (5 μg/ml) and
CD40L (5 μg/ml), or rhIL-4 and/or rhIL-21 (10 ng/ml). Statistical differences: treatment vs control: ∗∗P < 0.01 compared
with control (repeated-measures one-way ANOVA, Bonferroni post-hoc test). Purified rabbit IgG (rbt IgG; 2 μg/ml) used as
an antibody control did not modify M. tuberculosis-induced IL-10 production.

amount of PF cytokines with the presence of PF antibodies that
recognize a variety of M. tuberculosis antigens. In our hands,
antibodies directed to protein antigens [i.e., anti-PPD (purified
protein derivate), -HSP10KD (10 kDa heat-shock protein) or -
Rv3763] or non-protein antigens [i.e., anti-mannan, -ManLAM
(mannose capped lipoarabinomannan) or -total lipid extract] were
not correlated with the amounts of IL-10 or IFN-γ in PF from
TB patients (n = 27, P > 0.05; see Supplementary Figure S2A
at http://www.clinsci.org/cs/127/cs127ppppadd.htm). Moreover,
when we analysed the percentage of plasmablast/plasma cells in
TB-PFMCs, we did not observe any difference with respect to
PBMCs from TB patients or health subjects (n = 16, P > 0.05;
see Supplementary Figure S2B).

Down-modulation of M. tuberculosis-induced-IFN-γ
production by PF-B-cells depends on IL-10
Next, we investigated whether PF-B-cells modulated a previously
characterized M. tuberculosis-evoked ex vivo response [15,16].
To assess this, IFN-γ production was measured in PFMCs and
CD19+ -depleted PFMCs stimulated with M. tuberculosis an-
tigens. CD19+ -depleted PFMCs produced higher amounts of
IFN-γ than PFMCs (Figure 6A), suggesting that PF-B-cells reg-
ulate the Th1 response. It is worth noting that, as the ELISA
data were normalized to identical numbers of CD19− cells in
each condition, the increase in IFN-γ production by CD19+ -
depleted PFMCs cannot be explained by the enrichment of IFN-
γ -producing populations. Next, to assess the role of IL-10 in
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Figure 5 Correlation of PF-B-cell frequency with the pleural IFN-γ /IL-10 ratio in TB patients
(A) IFN-γ and IL-10 levels were correlated with each other or with the percentage of CD19+ PFMCs (n = 55). (B) Correlation
between the IFN-γ /IL-10 ratio and the percentage of CD19+ PFMCs (n = 55). (C) Correlation of IFN-γ , IL-10 and the
IFN-γ /IL-10 ratio with the percentage of CD19+ /CD5+ /CD1d+ PFMCs (n = 17). Dot plots are two TB patients with very
disparate frequencies of CD19+ /CD5+ /CD1d+ PFMCs are shown. Spearman’s test correlation factor (r), P values and
number of patients (n) are indicated. Median values are indicated as broken lines.

the B-cell-mediated regulatory effect, fixed numbers of CD19+ -
depleted PFMCs (2×105 cells/well) were stimulated with M.
tuberculosis and co-cultured with autologous CD19+ -purified
PFMCs (10:1 ratio). We found that M. tuberculosis-induced
IFN-γ production by CD19+ -depleted PFMCs was indeed re-
duced by the addition of CD19+ -purified PFMCs, which was
recovered by IL-10 neutralization (Figure 6B). Furthermore, this
reduction was also achieved by the addition of IL-10 to CD19+ -
depleted PFMCs (Figure 6B), suggesting that B-cells exert a
regulatory function on CD19− from PF by an IL-10-dependent
mechanism.

As T-cells and NK cells are the main sources of IFN-γ within
PFMCs [9,10], we determined whether PF-B-cells modulated
IFN-γ production by these populations. Thus CD19+ -depleted-
PFMCs were stimulated with M. tuberculosis in the absence or
presence or CD19+ -purified PFMCs and intracellular IFN-γ ex-
pression was analysed within the CD56+ /CD3− (NK cell) and
CD3+ (T-cell) gates. The presence of CD19+ -purified PFMCs
reduced M. tuberculosis-induced IFN-γ expression in T-cells and
NK cells. Moreover, addition of anti-IL-10 abrogated IFN-γ
inhibition, and IL-10 mimicked the effect of CD19+ -purified
PFMCs (Figure 6C). Taken together, these results show that IL-
10 secretion by PF-B-cells regulates IFN-γ production by T-cells
and NK cells.

DISCUSSION

In the present study, we investigated the role of B-cells in a hu-
man DTH reaction using tuberculous pleurisy as a model [8,12].
We found that, in the pleural and blood compartments from pa-
tients with tuberculous pleurisy, the proportions of B-cells were
conserved within the peripheral ranges found in healthy subjects
and was not dependent on the aetiology of the pleurisy (TB or
no-TB). In addition, we did not detect changes in the frequencies
of memory and naı̈ve B-cells between PB and PF from patients
with tuberculous pleurisy, but we observed a reduction in non-
switched memory B-cells (CD27+ /IgD+ ) in PB and an increase
in CD27− /IgD− PF-B-cells in patients with tuberculous pleur-
isy when compared with age-matched PB from healthy subjects,
which might implicate an infection-driven outcome [20,21].

M. tuberculosis triggers an inflammatory response in the
pleural space, resulting in the recruitment of specific inflam-
matory cells to the site of infection [8–17]. In particular,
increased amounts of chemoattractants such as IP-10 (IFN-
inducible protein-10), MIG (monokine induced by IFN-γ ) and
SDF-1 (stromal cell-derived factor-1) were found in PF compared
with plasma from TB patients [35,36]. In line with this, we found
that the expression of CXCR4 and the frequency of CXCR3+

cells were augmented in PF-B-cell from TB patients, as has been
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Figure 6 B-cell-mediated regulation of IFN-γ production by T-cells and NK cells in TB-PFMCs
(A) TB-PFMCs or CD19+ -depleted TB-PFMCs were cultured in complete medium (control) or stimulated with CFP or
M. tuberculosis as indicated above for 48 h, and IFN-γ was determined by ELISA. Results are means +− S.E.M. (n = 10). All
treatments were significantly higher compared with control supernatants. ∗P < 0.05 and ∗∗P < 0.005. (B) CD19+ -depleted
TB-PFMCs were cultured without or with CD19+ -purified TB-PFMCs (CD19+ ) in complete medium (control) or stimulated
with M. tuberculosis in the absence or presence of rhIL-10 (1 ng/ml) or anti-IL-10 (α-hIL-10; 1 μg/ml) for 48 h, and
IFN-γ production was determined by ELISA. Values are means +− S.E.M. (n = 12). ∗∗P < 0.005 (repeated-measures one-way
ANOVA, Bonferroni post-hoc test). (C) CD19+ -depleted TB-PFMCs were cultured alone or with CD19+ -purified TB-PFMCs
as indicated in (B), and intracellular IFN-γ expression was determined within the T-cell and NK cell gates. Left-hand
panel, isotypes, gating strategy and analysis of a representative TB patient. Numbers in upper quadrants indicate the
percentage of IFN-γ + cells within NK-cell or T-cell gates. Purified rabbit IgG (2 μg/ml) was used as an antibody control.
Right-hand panel, quantification of the percentage of IFN-γ + in T-cells (CD3+ ) and in NK cells (CD56+ /CD3− ). Values
are means +− S.E.M., n = 10. ∗P < 0.05 (repeated-measures one-way ANOVA, Bonferroni post-hoc test).

observed in a similar study [37]. Consistent with that study, we
also observed signs of B-cell activation in PF from TB patients,
including down-regulation of CD20 and CD1d molecules [23,24]
and up-modulation of several activation markers (Figure 2B).
However, the classical feature of antigen-experienced B-cells,
such as enrichment of molecules for antigen presentation and
TLRs, as well as CD62L shedding, was not verified in PF-B-

cells, suggesting that the environment of tuberculous pleurisy
induces an atypical differentiation pathway for B-cell activation
[24,26].

A remarkable observation in our present study was that
in vitro PF-B-cells, but not PB-B-cells, were strongly activated by
M. tuberculosis antigens. This response was dependent on the
presence of bystander non-B-cells, since the single activation of
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effector memory PF-T-cells achieved similar levels of CD69+

B-cells as did stimulation with PWM and M. tuberculosis anti-
gens. Indeed, neither PWM nor M. tuberculosis antigens were
able to activate CD19+ -purified PF-B-cells, indicating that ac-
tivation signals triggered by BCR-specific and/or TLRs are not
sufficient. Regarding IL-10 production by PF-B-cells, our results
showed that neither the whole bacterium nor its secreted proteins
induced IL-10 production in purified PF-B-cells, indicating that
BCR stimulation is not involved or not sufficient. This result is
in clear contrast with those found in mice [38], although this
difference may be attributed to the anatomical source of B-cells
or to the antigen employed, i.e. heat-inactivated M. tuberculosis
antigen H37Ra. We have shown that IL-10 production by PF-
B-cells required CD19− co-operation, but was not dependent
on CD40/CD40L, IL-4 or IL-21, although other co-stimulatory
molecules on T-cell–B-cell interactions could be involved [39].
We have also shown that IL-10-producing B-cells modulate IFN-
γ production by pleural effector lymphocytes in a Th1 context,
which is consistent with the reported ability of a B-cell subset,
mostly CD5+ /CD1dhigh cells, to suppress IFN-γ production of
naı̈ve and memory CD4+ T-cells from healthy subjects under
Th1-polarizing conditions or upon polyclonal stimulation [29–
31]. However, in our hands, the majority of PF-CD19+ cells were
CD5− and the percentage of CD19+ /CD5+ /CD1d+ PFMCs
were not correlated with the amounts of IL-10 in PF. In addi-
tion, we did not find any evidence supporting a regulatory role
of antibody-secreting cells (CD19+ /CD27hi/CD38hi) in PFMCs
from TB patients. As far we are aware the present study is the
first to report that IFN-γ production by human NK cells can be
modulated by IL-10-producing B-cells. Supporting this, PF-NK
cells from TB patients express IL-10R (IL-10 receptor) (?????,
unpublished work), as reported previously for PB-NK cells fromQ2
healthy subjects [40]. Although additional experiments are ne-
cessary, considering results from the present study and our pre-
vious study [10], we speculate that IL-10 produced by PF-B-
cells could be acting at two levels to inhibit IFN-γ production
by PF-NK cells: (i) indirectly by diminishing IL-12 production
by antigen-presenting cells in PF [41], and (ii) directly through
IL-10R signalling. Finally, our ex vivo assays showing that PF-B-
cell-derived IL-10 modulates IFN-γ were reinforced further by
the negative correlation between the frequency of B-cells and the
ratio of IFN-γ /IL-10 at the site of infection.

CLINICAL PERSPECTIVES

� TB is the leading cause of death from a single infectious
pathogen. Although the role of T-cell-mediated immunity in
the containment of M. tuberculosis is well known, the role
of B-cells in the host defence against M. tuberculosis has not
been clearly defined yet.

� In the present study, for first time in a human model of a DTH
reaction (tuberculous pleurisy), we have described a feedback
loop involving locally activated B-cells, which modulate the
inflammatory response of NK and T-cells upon M. tuberculosis
stimulation.

� Thus, as it has been proposed for autoimmune diseases, hu-
man B-cells with regulatory potential also exert homoeostatic
functions on clinically relevant DTH reactions.
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and Verónica Landoni analysed the data and wrote the paper.

FUNDING

This work was supported by the Agencia Nacional de Promoción
Cient́ıfica y Tecnológica [grant numbers PAE-PICT 2328 and PAE-
PICT 2329] and A.J. Roemmers Foundation [grant numbers PICT-
2010-1795, PICT-2010-0599 and PICT-2011-0572].

ACKNOWLEDGEMENTS

We thank to the staff at the División de Tisioneumonologı́a, Hospital
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Gómez, E., Sweenie, C. H., Hao, Y., Freitas, A. A., Steinhoff, U.,
Anderton, S. M. and Fillatreau, S. (2008) TLR-activated B-cells
suppress T-cell-mediated autoimmunity. J. Immunol. 180,
4763–4773 CrossRef PubMed

39 Kow, N. Y. and Mak, A. (2013) Costimulatory pathways:
physiology and potential therapeutic manipulation in systemic
lupus erythematosus. Clin. Dev. Immunol. 2013,
245928 CrossRef PubMed

40 Cooper, M. A., Fehniger, T. A. and Caligiuri, M. A. (2001) The
biology of human natural killer-cell subsets. Trends Immunol. 22,
633–640 CrossRef PubMed

41 Tripp, C. S., Wolf, S. F. and Unanue, E. R. (1993) Interleukin 12
and tumor necrosis factor a are costimulators of interferon y
production by natural killer cells in severe combined
immunodeficiency mice with listeriosis, and interleukin 10 is a
physiologic antagonist. Proc. Natl. Acad. Sci. U.S.A. 90,
3725–3729 CrossRef PubMed

Received 25 November 2013/10 February 2014; accepted 1 April 2014

Published as Immediate Publication 1 April 2014, doi: 10.1042/CS20130769

C© The Authors Journal compilation C© 2014 Biochemical Society 13

http://dx.doi.org/10.4049/jimmunol.180.7.4763
http://www.ncbi.nlm.nih.gov/pubmed/18354200
http://dx.doi.org/10.1155/2013/245928
http://www.ncbi.nlm.nih.gov/pubmed/24000287
http://dx.doi.org/10.1016/S1471-4906(01)02060-9
http://www.ncbi.nlm.nih.gov/pubmed/11698225
http://dx.doi.org/10.1073/pnas.90.8.3725
http://www.ncbi.nlm.nih.gov/pubmed/8097322


Proof Delivery Form

Journal and Article number: CS2013-0769s

CS reference: CS2013/0769

Number of colour figures: Nil

Number of pages (not including this page): 4

This proof contains supplementary online material.

Clinical Science

Please check your proof carefully to ensure (a) accuracy of the content and (b) that no errors have been introduced
during the production process.

• You are responsible for ensuring that any errors contained in this proof are marked for correction before publication.
Errors not marked may appear in the published paper.

• Corrections should only be for typographical errors in the text or errors in the artwork; substantial revision of the
substance of the text is not permitted.

• Please answer any queries listed below.
• If corrections are required to a figure, please supply a new copy.

Your proof corrections and query answers should be returned as soon as possible (ideally within 48 hours of receipt). You
can send proofs by email (editorial@portlandpress.com) or fax (+44 (0)20 7685 2469). Corrections sent by email can be
sent as attachments, i.e. annotated PDF files or scanned versions of marked-up proofs

Notes:

1. Please provide the paper’s reference number in any correspondence about your article

2. If you have any queries, please contact the publisher by email (editorial@portlandpress.com) or by telephone +44 (0)20 7685 2410

Please return this form with your proof



Queries for author:

Notes to Publisher:

Non-printed material (for Publisher’s use only):

Primary: S10

Secondary: S8

Please return this form with your proof





Clinical Science (2014) 127, 00–00 (Printed in Great Britain) doi: 10.1042/CS20130769

SUPPLEMENTARY ONLINE DATA

Human pleural B-cells regulate IFN-γ production
by local T-cells and NK cells in a Mycobacterium
tuberculosis-induced delayed hypersensitivity
reaction
Pablo SCHIERLOH∗, Verónica LANDONI∗, Luciana BALBOA∗, Rosa M. MUSELLA†, Jorge CASTAGNINO†,
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Figure S1 Absolute and relative amounts of PF cytokines and B-cell frequencies with respect to demographic and clinical
features of the TB patients
PF B-cell frequency (% PFMC CD19+ ), PF IFN-γ amounts (IFN-γ pg/ml), PF IL-10 amounts (IL-10 pg/ml) and the PF
IFN-γ /IL-10 ratio present in TB patients discriminated by groups are shown. (A) Male or female TB patients. (B) Patients
without antibiotic treatment (untreated), with <10 days of antibiotic treatment or with >10 days of antibiotic treatment
(treated). (C) Typical pleural effusion cytology characterized by lymphocytic cell preponderance (Lymphocitic) or atypical
pleural effusion cytology showing abnormal numbers of reactive mesothelial and/or phagocytic cells [Atypical (reactive
cells)] [1]. (D) Patients with TB pleurisy or with pleuropulmonary TB. Median (horizontal line) and interquartile range (error
bars) are indicated. None of the parameters were statistically different between the groups.
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Figure S2 PF cytokine levels with respect to PF antibodies and the frequency of PB and PF plasmablast/plasma cells
An indirect ELISA assay for the detection of PF antibodies (Abs) that binds to plate-adsorbed Mycobacterium tuberculosis
H37Rv-derived antigens was performed as described previously [2]. Optimal PF dilutions were established experimentally
and were 1:1000 for purified protein derivate (PPD), mannan and total lipid extract (TLip), and 1:800 for mannose capped
lipoarabinomannan (ManLAM), 10 kDa heat-shock protein (HSP10KD) and 19 kDa lipoprotein (Rv3763). (A) Correlation
analysis for PF IL-10 and PF IFN-γ with respect to the amount of PF anti-PPD, -HSP10KD and -Rv3763 protein antigens
(n = 27; Spearman test). None of the correlations were statistically significant. (B) Correlation analysis for PF IL-10 and
PF IFN-γ with respect to the amount of PF anti-Mannan, -ManLAM and -TLip non-protein antigens (n = 27; Spearman test).
(C) Frequency of plasmablast/plasma cells were determined among mononuclear cells from healthy donors (HS, n = 13)
and TB patients (TB, n = 16). The immunophenotype of plasmablast/plasma cells was defined as CD19+ /CD27hi/CD38hi

according to Caraux et al. [3]. For detection of this small cell subpopulation, at least 2×105 events gated on FSC (forward
side scatter)/SSC (side scatter) lymphocyte/lymphoblast region were acquired. Unpaired (HS compared with TB) data were
compared with a Mann Whitney U-test. Paired (TB-PBMC compared with TB-PFMC) were compared with Wilcoxon signed
rank test. None statistically significant differences were found. OD, absorbance.
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