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Tuberculosis (TB) remains the world’s leading cause of morbidity and mortality. Although Mycobacterium bovis
bacillus Calmette-Gu�erin (BCG) is the only vaccine currently in use, its efficacy is highly variable. It has been suggested
that early antigenic presentation is a pivotal event leading to a better immune response in TB vaccine models. To
investigate this further, we compared in vitro cell-mediated immune responses in the context of early sensitization with
TB (i.e. healthy adults vaccinated with BCG when they were young, HD; n D 25) to those in its absence (i.e., newborns
with na€ıve immunity to TB, UV; n D 10) by challenging mononuclear cells with BCG Moreau. After 48 hours, CD4C and
CD8C T cells were harvested from both groups and stained for PD-1/CD25/ FOXP3. In addition, supernatants were
assayed for a broad range of cytokines using an array system. The HD group showed robust reactivity to Protein
Purified Derivative and BCG while the na€ıve, UV group did not. Similarly, in terms of PD-1 expression and Treg cells
(CD4C/CD25highC/FOXP3C), only the HD group showed higher levels in CD4 lymphocytes. Otherwise, only the UV
group showed expression of CD25dimC as an activation marker dependent on BCG infection. In terms of cytokines, the
HD group showed higher levels of Th1 (IL-2/TNF-a/IFN-g) and regulatory (IL-10) profiles, with monocytes, but not Tr1
cells, acting as the main source of IL-10. Taken together, our results highlight critical roles of early sensitization with TB
in mounting cell-mediated immune responses.

Introduction

Tuberculosis (TB) still remains a serious global health problem,
with a total of 8.8 million new cases and 3 million deaths each
year.1 Current projections point toward one third of the world
population being infected with Mycobacterium tuberculosis and
5–10% of those will develop the disease during their life-time.2

The primary TB vaccine is M. bovis bacille Calmette-Gu�erin
(BCG), which has been employed for almost a century to stop
the disease. Although BCG is the most widely used vaccine glob-
ally, its effectiveness remains controversial. Epidemiological stud-
ies and reviews imply BCG as affording systemic protection
against mostly the meningeal and miliary clinical forms of TB in
children than against the pulmonary clinical form in adults.3,4 In
endemic settings circulated along the equator and tropics regions,
such as Brazil, the vaccine has provided unpredictable results.4

Consequently, further studies are needed to better understand
how BCG confers protection in humans.5

Our preceding studies support the premise that BCG induces
distinct cell-death patterns during the maturation of the immune
system.6,7 In the study, we observed increasing apoptosis events
in BCG-stimulated monocytes from healthy, vaccinated adults,
associated with a release of IL-1b and TNF-a, but not metallo-
proteinase-9. Conversely, higher monocytes necrosis, but not
apoptosis, was observed following the infection of umbilical vein
cells from na€ıve, neonates. This pattern was paralleled by differ-
ent pro-inflammatory cytokine levels when compared to adults.
However, a key limitation of the study was that different subpo-
pulations of white blood cells (i.e. lymphocytes) after BCG infec-
tion were not probed further.

To address remaining critical issues related to the adaptive cel-
lular immune responses to BCG, we have used the same model of

*Correspondence to: P R Z Antas; Email: pzuquim@ioc.fiocruz.br
Submitted: 03/24/2014; Revised: 07/06/2014; Accepted: 07/16/2014
http://dx.doi.org/10.4161/21645515.2014.970954

450 Volume 11 Issue 2Human Vaccines & Immunotherapeutics

Human Vaccines & Immunotherapeutics 11:2, 450--457; February 2015; © 2015 Taylor & Francis Group, LLC

SHORT REPORT



infecting human cells with BCG Moreau for 48 hours and char-
acterized both T cell phenotypes and secreted soluble factors in
the context of presence/absence of BCG sensitization (i.e., vacci-
nated adults vs. na€ıve neonates). By this way, there is an input for
better understanding of the protective factors afforded by BCG
against TB that would help to identify the processes by which
this protection is achieved, thus opening up a horizon for its
future improved clinical applicability.

Studies to date have not established any relationship in the
context of in vitro cell-mediated immune responses comparing
BCG Moreau-vaccinated adults vs. non-BCGMoreau vaccinated
neonates. This is a community based cross-sectional population
study of a sample from Brazil, and the rationale is to uncover crit-
ical aspects of CD4C and CD8C T cells and their cytokines in
inducing either an inflammatory or regulatory profile.

Results

In vitro T-cell immune response against BCG Moreau
vaccine using a modified IFN-gamma ELISPOT assay

To identify mechanisms that may confer protection against
M. tuberculosis, cell-mediated immune responses in humans were
investigated in vitro in individuals with and without prior expo-
sures to BCG. To this end, we enrolled 2 groups of donors:
Healthy donor adults (HD) who have been already vaccinated
with BCG Moreau during childhood (BCG vaccination in Brazil
is mandatory after birth), and na€ıve individuals (i.e. newborns)
who have never been exposed to mycobacteria. For the na€ıve
individuals (UV), their umbilical vein mononuclear cells
(CBMC) were promptly collected after their delivery.

Images and frequencies of IFN-g enzyme linked immunospot
(ELISPOT) responses at the single-cell level for cell media (Base-
line), PHA, PPD and M. bovis BCG tested in the HD and UV
groups are shown in Figure 1. As controls, positive responses
(P-value � 0.02) to PHA, and negative ones to cell media were
observed in all individuals. Remarkably, the UV group (nD4)
showed no response to all mycobacteria-related stimuli tested
(Fig. 1). In contrast, the HD group (n D 11) showed robust reac-
tivity (P-value � 0.01) to the same stimuli, except to theM. bovis
HSP65 recombinant antigen (6.3 § 1.4, p-value D n.s.). The
HSP65 antigen was not tested in the UV group.

Cytokines signature profiling for the in vitro T-cell immune
response against BCG Moreau vaccine

The production of IFN-g and TNF-a are associated with
effective T cell-mediated immunity against M. tuberculosis, and
the assessment of cytokine productions is an important compo-
nent of studies of cellular immune responses to successful vacci-
nation.4 Overall, the magnitude of the in vitro immune responses
for the 6 cytokines tested, i.e., IL-2, IL-10, TNF-a and IFN-g
(Fig. 2), as well as IL-4 and IL-6 (data not shown), in the CBMC
after BCG infection, did not increase significantly. In contrast,
IL-2, IFN-g, TNF-a and IL-10 levels increased significantly at
48 hours of BCG infection in the HD group (Fig. 2). Additional
analyses were performed (1) to quantify the ratio of IFN-g/IL-10
in the Multiplex assay in samples from both groups, and (2) to
compare the IFN-g production between ELISPOT and Multi-
plex array kit for the same adult individuals tested in parallel.
Not surprisingly, M. bovis BCG induced a significantly elevated
IFN-g/IL-10 ratio only in the HD group (p-value < 0.01), con-
firming a polarized Th1 pattern in vitro (Fig. S2). On the other

hand, due to uneven range related to inten-
sity of responses, IFN-g levels in the HD
group had no direct correlation between
methods (data not shown).

Phenotyping assays by FACS
uncovering the in vitro T-cell immune
response against BCG Moreau vaccine

It has been shown that the cross-talk
between different immune cells leading to
antigen-presenting cell maturation and lym-
phocyte activation was found to be multi-
directional, involving not only soluble factors
release (as shown above) but also cell-to-cell
contacts, and the final outcome of these cellu-
lar interactions may have a dramatic impact
on the quality and strength of the down-
stream immune responses, mainly in the con-
text of early responses to infectious agents.8

In our previous work, we showed that pres-
ence/absence of early exposure to TB can
drastically influence the patterns of BCG-
induced monocyte cell death.6 To investigate
this further, we performed phenotyping
assays in 48 hours-BCG infected cultures

Figure 1. IFN-g production in primary mononuclear cell cultures challenged with Phytohaemaglu-
tinin (PHA), Purified Protein Derivative (PPD) and M. bovis BCG. In the left panel, ELISPOT assay
results for representative healthy adult mononuclear (A and B) and neonate cord blood cells
(C and D) are shown. The corresponding production levels in terms of counts of spot forming col-
onies are described below. PHA, PPD and BCG antigens were used at concentrations of 1% and
5 mg/ml, respectively. In the right panel, the average productions ( § SEM) for healthy adult
mononuclear (HD) and neonate cord blood cells (UV) are shown.
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focusing on the autologous lymphocytes to detect Treg cells that are
activated and express PD-1. Figure 3 summarizes all phenotypic
findings.

In Figure 3, the HD group shows a higher percentage of Treg
cells (CD25highC and FOXP3C co-expression) in the CD4C
compartment after BCG infection than the UV group (P-value
< 0.05). Since T lymphocytes expressing PD-1 are considered to
be exhausted,9 the expression levels of PD-1 on CD4C (Fig. 3)
and CD8C T cells were also determined (0.5 § 0.1 and 0.9 §
0.2; 1.2 § 0.4 and 2.1 § 0.7, at baseline and BCG-infected for
the HD and UV groups, respectively. p-value D n.s.). Thus, the
HD group showed a higher percentage of CD4C T cells express-
ing PD-1 after BCG infection (p-value < 0.05) than the UV
group. On the other hand, high level of the activation marker
(CD25dimC) expressing-CD4C T cells was observed in the UV
group after BCG infection (p-value < 0.01), but not in the HD
group. The lymphocyte subset has long been recognized in
human neonatal CBMC as invariant natural killer T cells
(iNKT) constitutively expressing CD25 and CD4C
markers.10,11 It seems possible that a lipid or glycolipid moiety
expressed by BCG Moreau and presented by CD1d to iNKT
cells contributed to the enhanced levels (p-value < 0.01) found
after infection, since no difference was observed when comparing
baseline levels between the 2 groups. In favor of this hypothesis,
during BCG infection, the UV group showed higher levels of
CD25dimC expression than the HD group (p-value < 0.05). Of
note, PD-1 expressing CD4C T cells in either group had no

direct correlation with activated, CD25dimC/CD4C T cells
(data not shown), in an assumption of unique cell population
and in line with other studies.9

The in vitro T-cell profile induced by BCG Moreau vaccine
in healthy donors is neither Th3, nor Tr1

The inhibitory cytokines TGF-b and IL-10 have been impli-
cated in CD4CFOXP3C induced (adaptive) regulatory T
(iTreg) cells function. In order to indirectly identify whether that
Treg cell population described in the Figure 3 has a Th3 cell phe-
notype after BCG infection in the HD group, we performed
ELISA for TGF-b in the supernatants of stimulated cultures, and
those levels did not increase significantly in either tested group
(Fig. 4A). Similarly, we also performed additional FACS analysis
to ultimately identify whether a Tr1-like phenotype was induced
after BCG infection in the HD group, and results show that
monocytes, but not Tr1 cells, are the main source of IL-10 in the
PBMC in our system (Fig. 4B).

Discussion

We hypothesized that BCG induces immune response pat-
terns that are dependent on the developmental stage of the
immune system, and that subsequent anti-mycobacterial immune
responses may be profoundly affected. To this end, we have pre-
sented results on in vitro T cell-profiles induced by the BCG

Figure 2. Cytokine productions induced by BCG Moreau infection at 48 h in PBMCs from healthy donor (HD) and CBMCs from umbilical vein (UV) individ-
uals. Shown are levels of (A) IL-2, (B) IFN-g, (C) TNF-a and (D) IL-10 in (pg/mL). Bars depict the mean levels in each condition. *P< 0.05; **P < 0.01.
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Figure 3. Treg cells, PD-1 and CD25-activation markers induced by BCG Moreau at 48h in T cells from healthy donor (HD) and umbilical vein (UV) individ-
uals. Bars depict the mean levels in each condition. *P � 0.05; **P < 0.01. Insert shows a typical profile from one representative experiment for PD-1 and
CD4 double staining for (A) baseline and (B) BCG Moreau-infected PBMC cultures evaluated by flow cytometry. In the dot plot, percentages of cells are
indicated in each quadrant. The viable lymphocyte population was previously gated on the basis of their light scattering properties. FL-1 and FL-8 repre-
sent CD4 FITC and PD-1 APC staining, respectively.

Figure 4. (A) Transforming growth factor (TGF)-b1 levels in pg/mL measured by ELISA in the supernatants of PBMCs from healthy donor (HD) and CBMCs
from umbilical vein (UV) individuals stimulated with BCG Moreau for 48h. Horizontal bars represent mean values in each condition. (B) Tr1 cells (CD4CIL-
10CFOXP3C; open bars) and monocytesCIL-10C (black bars) induced by BCG Moreau at 48 h in PBMC from healthy donor. Bars depict the mean levels
(C SEM) in each condition. **P < 0.01.
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Moreau vaccine in 2 cohorts distinguished by their BCG sensiti-
zation: already sensitized adults (either by vaccination after birth
or prior exposure to environmental mycobacteria), and neonates
with na€ıve immune response against mycobacterial antigens. In
support of this hypothesis, the 2 groups showed strikingly differ-
ent T-cell profiles. The BCG-sensitized group showed increased
levels of Treg cell markers which include IL-10, prototypic Th1
cell profile resembling the polyfunctional T cells, and PD-1
expression on CD4C T cells increased. In contrast, only the
BCG-naive group showed a single activated profile in non-
primed lymphocytes. Furthermore, the BCG-sensitized group
showed roughly 14-fold higher levels of immune responses to
PHA when compared to the BCG-naive group. The ELISPOT
data provided evidences that in vitro Th1-immune response of
neonates was deficient when cells were in contact with recombi-
nant antigens, except for a positive immune response against the
mitogen.7

Our IFN-gamma release assay results are notable since this has
not been done using umbilical vein cells from na€ıve individuals
before. Nevertheless, a study by Watkins and colleagues (2008)
has shown productions of IFN-g, IL-10, IL-12, IL-5 and IL-13,
but no IL-4, in a maximum of 6 days-stimulated CBMC cul-
tures. In the study, however, the NK cell population, instead of
T cells, was responsible for IFN-g specific production.

The reasons behind results for the neonate group are specula-
tive: perhaps due to a higher amount of circulating immature
immune cells or to a lack of exposure to mycobacterial antigens.
Actually, because of decreased Th1-cell-associated cytokines pro-
duction found by others13 and also in the current study employ-
ing pathogen-related antigens, it is thought that the neonatal
innate immune system is generally weakened or depressed. In
addition, the bias against Th1-cell-polarizing cytokines contrib-
utes to impairment of neonatal immune responses to most vac-
cines.14 Furthermore, there is an age-dependent maturation of
the immune response.

However, the previous assertion that the neonatal immune sys-
tem is partly down-regulated might not be entirely true, since high
levels of CD25dimC induced inM. bovis-naive CD4C T cells were
observed here. Actually, human neonatal iNKT constitutively
express CD25, and display 2 main CD4 subsets.10,11 The CD4C
iNKT cells dominate in fetal and neonatal blood (> 90% iNKT
population), and often suggests that intrinsic expression might mir-
ror a distinct developmental stage that plays a key role in immunity
in early life. Neonatal iNKT cells have an inherent and substantially
reduced proliferation threshold, and there is a recent suggestion for
a potential role of CD25dimC expression in ensuring survival, sta-
bility and expansion of a structurally diverse antigenic receptor
iNKT-cell repertoire in early stages.15 However, there is a unifying
belief that neonatal CD25C iNKT cells are not simply activated
cells, but rather represent a developmentally distinct subset, and is
also supported by the absence of other markers of recent T-cell acti-
vation, including CD69 and HLA-DR,16 which remain to be fur-
ther evaluated in our system.

Polyfunctional T cells have been originally characterized as high
IL-2, TNF-a and IFN-g producers.17 As previously stated, identical
cytokine profiles were detected in our BCG-infected PBMC

cultures, which make attractive the hypothesis that BCG Moreau
vaccine also induces that phenotype in vitro. In support of this
hypothesis, data from South Africa and Australia studies demon-
strated increased levels of polyfunctional T cells generation.18,19

Treg cells represent well-characterized CD4C T lymphocyte
subsets bearing a canonical high CD25 expression plus the intra-
cellular FOXP3 nuclear factor. Suppression of M. tuberculosis
specific T cells by blocking their effector function is the major
aspect of Tregs, and they are important for controlling the
immune response in TB (Reviewed by20). Recently, Reiley and
colleagues (2010) speculated that exposure to environmental
mycobacteria may stimulate pathogen-specific Treg cells, cross-
reacting with BCG antigens and hampering vaccine-induced
immune response against the bacteria. In fact, there is a strong
evidence to support the hypothesis that Treg cells induced by
environmental mycobacteria restrict the immunity afforded by
BCG vaccine. Therefore, Treg cells, rather than Th2 cells
induced by environmental mycobacteria,22 can suppress inflam-
matory responses to BCG. In another study, M. chelonae-sensi-
tized mice produced excessive Tr1 cells responses with high IL-
10 levels after challenge with BCG, indicating that environmen-
tal mycobacteria can support expansion or recruitment of Treg
cells, which again affects the immune response to BCG.23 Also,
we and others have shown that Treg cell levels increased after
BCG infection in sensitized adults.24,25 Alternatively, and
together with the increased IL-10 levels found exclusively when
PBMCs were infected with BCG Moreau in adults, it suggests
that a potential regulatory profile was indeed in vitro induced. In
fact, peripheral blood CD14C monocytes-derived DCs are sig-
nificant sources of IL-10 as a driving force to a more immunoreg-
ulatory phenotype,26,27 and thus compelling data generated in
the present study ruled out a Tr1-like phenotype. Rather, mono-
cytes were found to be the major source of IL-10 in BCG-
infected PBMC cultures from healthy sensitized adults. Likewise,
no Th3 cell phenotype was evident after BCG infection in the
HD group: Equivalent TGF-b levels were found regardless of
the stimulus employed.

However, albeit there is a trend for similarly high levels, we
did not observe a significant Treg cells level directly induced by
BCG in na€ıve, neonate individuals. We hypothesize that once
neonate individuals are exposed to environmental mycobacteria,
levels of Treg cells after infection with BCG will increase. Thus,
our current working model is that protective immunity induced
by BCG vaccination is compromised, because antigen-specific
Treg cells cross-react between environmental mycobacteria and
the BCG vaccine. This cross-reaction in turn may suppress the
Th2 cells development and compromise protective immunity
induced by BCG vaccination.27

T cell exhaustion develops under conditions of antigen persis-
tence caused by infection with various chronic pathogens, such as
HIV and M. tuberculosis.9 Thus, PD-1-expressing T lymphocytes
in humans have gained much importance recently in HIV
research as playing a role as intrinsic factors of inhibitory effect
on the proliferation and production of cytokines.28 Initial charac-
terization of the PD-1-PD-L1/L2 pathway, members of the
CD28 family of receptors, has revealed down-regulation in
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TCR- and CD28-mediated signals,28 as well as CD25 in CD8C
T cells.9 These signaling events collectively modulate immune
responses, presumably by inhibiting cell cycle progression. In the
present study, although the expression was first described for
HIV-specific CD8C T cells associated with exhaustion and dis-
ease progression in infected patients,28 we found higher PD-1
levels induced by BCG only in CD4C T cells from adults, sug-
gesting that the molecule plays a critical role in modulating
immune responses in the BCG-sensitized group. It remains to be
determined further the co-expression of additional inhibitory
receptors, such as CTLA-4, as a confirmatory approach. Multiple
inhibitory receptors independently contribute to T cell exhaus-
tion during chronic infection, suggesting that its reversal could
be achieved by therapeutic targeting of those pathways simulta-
neously.9 When putting together the phenotypic data generated
in our adult cohort, and while it is still not quite clear whether
Treg cells induced under antigen persistent environment may
directly exhaust T cells, accumulating evidence suggest that Treg
cells may contribute to the reduction of T cell efficiency and sec-
ondary T cell exhaustion.9

There were limitations in the current study. First, any addi-
tional analysis about demographic parameters of the cohort is
incomplete due to the hospital’s depository guidelines regarding
blood donation. However, we have restricted the HD cohort to
include only adults (�18-years old). Second, we were unable to
directly assess functional (suppressive) in vitro responses because
the methodology used to characterize Treg cell responses was
incomplete. Given the above, one should consider the results of
this study-particularly those from the second and third approach,
hypothesis-generating rather than hypothesis-confirming.
Finally, due to the BCG vaccination policy in Brazil (lasting
70 years),29 we could not enroll unvaccinated subjects, i.e.
healthy donor adults who have never been vaccinated with BCG
Moreau, to perform additional comparisons.

Taken together, the important topic of the triggering of innate
and adaptive immune responses by BCG vaccines deserves further
study. A better understanding of the factors that protect against TB
helps us identify the processes by which this protection is achieved,
thus opening up a horizon for its future clinical applicability. Ulti-
mately, this leads to the development of improved vaccines for TB
that, together with infectious diseases in general, disproportionately
affects poor and marginalized populations.

Patients and Methods

Study participants
Between November 2010 and August 2012, 2 groups of

donors were enrolled for this study at the Gaffr�ee Guinle State
University Hospital of Rio de Janeiro: Healthy donor adults
(HD; nD25) from the blood bank (anonymous donation policy,
but included individuals age �18-years old), and healthy mothers
who participated in puncturing umbilical cords procedures for
sampling blood from newborns’ umbilical vein (UV; nD10).
Exclusion criteria for those individuals utilized HIV-seronegative
status, a negative history of malignant, degenerative, or

transmitted diseases, diabetes mellitus, and use of corticosteroids
or other immunosuppressive agents at the time of the study. This
study was approved by the Institutional Review Board, and all
study participants provided written informed consent as
described elsewhere.6

Mononuclear cells purification, cell culturing and in vitro
infection with BCG

Peripheral Blood Mononuclear Cells (PBMC) and Cord
Blood Mononuclear Cells (CBMC) were separated (> 92%
purity) within 24 hours of obtaining the blood specimens from
all study participants using a Ficoll density gradient. The col-
lected cells were first washed 3-fold with endotoxin-free phos-
phate buffered saline (PBS 50 mM, pH 7.2), then suspended in
DMEM medium (Sigma Immunochemicals, MD, USA) supple-
mented with 20% autologous serum. Cell cultures (1 £ 106)
were kept at 37�C in a humidified 5% CO2 atmosphere in indi-
vidual 12 £ 75 mm sterile polystyrene tubes (Falcon, Corning
Inc., NY, USA). Previous experiments with these tubes showed a
better viability of cells when compared to conventional culture
plates (data not shown). The PBMC and CBMC were infected
with BCG Moreau strain for a total of 48 hours as previously
described.6 For each participant, one vial of fresh cells (maximum
of 1£ 107) and another for supernatant were kept frozen in a liq-
uid nitrogen tank and at ¡70 �C, respectively.

IFN-gamma ELISPOT assay
PBMC and CBMC were thawed, and the IFN-g ELISPOT

was assayed as recommended by the T.SPOT-TB� manufacturer
(Oxford Immunotech Inc., Oxford, UK) using a slightly modi-
fied protocol where original panels A and B were replaced by
adding 5.0 mg/ml of either Protein Purified Derivative (PPD
RT-23, Statens Serum Institut, Copenhagen, Denmark) or M.
bovis HSP65 (Kindly provided by Drs. T. Ottenhoff, LUMC,
The Netherlands, and E. Sampaio, FIOCRUZ, Brazil). The
mitogen Phytohaemaglutinin (PHA) was used at concentration
of 1%. Either cell population was never tested for original anti-
gens from this kit. BCG Moreau at the same concentration as
before, i.e., multiplicity of infection (MOI) ratio of 2:1 (bacilli:
mononuclear cell ratio), was used for infection as well.6,7 Once a
reactive sample was developed and quantified using an image
analysis software (KS-ELISPOT reader, Zeiss, Germany), it was
considered positive if at least 6 spots were formed.

Phenotyping and Cytometric Beads Array (CBA) assays by
Fluorescence Activating Cell Sorting (FACS)

The detection of regulatory (Treg: CD4C/CD25highC/
FOXP3C; Tr1: CD4C/IL-10C/FOXP3C), activated
(CD25dimC) and PD-1C expressing T cells were assayed in
48 hours-BCG infected PBMC and CBMC (except Tr1) by
using FITC-labeled-anti-hCD4 or hCD8 plus either a Treg-
staining kit (eBioscience, San Diego, CA, USA), PE-labeled-anti-
hIL-10, PE-labeled-anti-hCD25 or APC-labeled-anti-hPD-1 in
cold PBS plus 1% BSA. In addition, monocytes with an immu-
noregulatory phenotype (CD14C/IL-10C) were also assayed in
some experiments of 48 hours-BCG infected PBMC by using
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FITC-labeled-anti-hCD14 plus a PE-labeled-anti-hIL-10. The
mixtures were washed, followed by 1% paraformaldehyde.
Labeled cells were run on a CyAn ADP FACS device (Beckman-
Coulter/Dako, Brea, CA, USA) and analyzed using FlowJo soft-
ware (Tree Star Inc., Ashland, OR, USA). A cell gate region was
drawn around lymphocytes and monocytes to exclude debris,
and a total of 10,000 events per sample were collected. Optimal
gating strategies for determining Tr1 cells and monocytes were
applied (Supplementary Fig. 1). Thresholds and statistical
markers were set for positivity by means of negative, baseline
match controls as a reference. All data were expressed as the per-
centage of double stained-positive bright cells.

Cytokine levels were determined using the commercially avail-
able Cytometric Beads Array kit (CBA, BD Biosciences Phar-
Mingen, USA) to quantify human IL-2, IL-4, IL-6, IL-10, TNF-
a and IFN-g. The CBA immunoassay in thawed supernatants
was carried out according to the manufacturer’s instructions.

TGF-b1 detection by Enzyme-Linked Immunosorbent
Assay (ELISA)

Transforming growth factor (TGF)-b1 levels were determined
using a commercially available kit (DuoSet R&D, Minneapolis,
MN, USA) carried out according to the manufacturer instruc-
tions. Samples of TGF-b were activated using 1.0 N HCl and
neutralized by 1.2 N NaOH/0.5 M HEPES as recommended by
the kit manufacturer before being applied to the ELISA plate.
The optical density was determined directly using a microplate
reader (SpectraMax 190, Molecular Devices, Sunnyvale, CA,
USA) set at dual wavelengths of 450 nm and 540 nm. The 540-
nm reading was subtracted from the 450-nm reading. By means
of a computer-generated 4-parameter logistic (4-PL) curve fit
from the standard absorbance values and the corresponding con-
centrations, the unknown sample concentrations were

immediately calculated by the spectrophotometer software. The
detection limit was 20 pg/ml.

Statistical evaluation
Data were analyzed using GraphPad Instat software. Signifi-

cance of the difference in levels of immune responses between 2
groups of individuals was calculated using Student’s t-test.
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