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Background. In Uganda, the tuberculosis vaccine BCG is administered on the first day of life. Infants delivered
at home receive BCG vaccine at their first healthcare facility visit at 6 weeks of age. Our aim was to determine the
effect of this delay in BCG vaccination on the induced immune response.

Methods. We assessed CD4+ and CD8+ T-cell responses with a 12-hour whole-blood intracellular cytokine/
cytotoxic marker assay, and with a 6-day proliferation assay.

Results. We enrolled 92 infants: 50 had received BCG vaccine at birth and 42 at 6 weeks of age. Birth vaccina-
tion was associated with (1) greater induction of CD4+ and CD8+ T cells expressing either interferon γ (IFN-γ)
alone or IFN-γ together with perforin and (2) induction of proliferating cells that had greater capacity to produce
IFN-γ, tumor necrosis factor α (TNF-α), and interleukin 2 together, compared with delayed vaccination.

Conclusions. Distinct patterns of T-cell induction occurred when BCG vaccine was given at birth and at 6
weeks of age. We propose that this diversity might impact protection against tuberculosis. Our results differ from
those of studies of delayed BCG vaccination in South Africa and the Gambia, suggesting that geographical and pop-
ulation heterogeneity may affect the BCG vaccine–induced T-cell response.
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BCG vaccine is the only vaccine licensed for prevention
of childhood tuberculosis [1]. BCG protects infants
against severe forms of tuberculosis (meningitis and
miliary tuberculosis) [2] and has a positive influence on
overall infant morbidity and mortality [3]. Therefore, in
settings where theMycobacterium tuberculosis exposure
risk is high, the World Health Organization (WHO)
recommends BCG vaccination soon after birth [4].

In Uganda, tuberculosis is endemic [5], and BCG
vaccine is routinely administered within 24 hours after
birth among infants born in a healthcare facility.
However, up to 50% of babies are born at home [6, 7].
These infants commonly receive BCG vaccine at the
first contact with a healthcare facility, usually at 6
weeks of age, when other WHO Expanded Programme
on Immunization–recommended vaccines are adminis-
tered [8]. We aimed to assess the effect of this delay on
the immune response induced by BCG vaccine.

We proposed to investigate CD4+ and CD8+ T-cell
immunity, which is thought to be critical in the control
of M. tuberculosis. BCG vaccine induces a T-helper
type 1 (Th1) response, characterized by production of
interferon γ (IFN-γ), tumor necrosis factor α (TNF-α),
and interleukin 2 (IL-2) [9–12]. BCG vaccine also
induces cytotoxic T cells [13], as well as interleukin 17
(IL-17; Th17)–producing T cells [14].

Compared with adults, neonates’ innate immune cells
produce less Th1-promoting interleukin 12 (IL-12) [15]
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and display diminished Toll-like receptor 4 (TLR) expression
and signaling [16]. This potentially results in a suboptimal re-
sponse to BCG vaccine. At 6 weeks of age, the infant immune
system would start adapting to the ex utero environment [17],
and enhanced priming of BCG-specific immune responses
might occur. Multiple studies have investigated the effects of
delaying BCG vaccination. Comparable purified protein deriva-
tive (PPD)–induced IFN-γ production was shown between
infants vaccinated at birth or later [18–20]. In contrast, a South
African study showed that delaying BCG vaccination from
birth to 10 weeks of age induced a greater frequency of BCG-
specific polyfunctional CD4+ T cells (ie, cells that express IFN-
γ, TNF-α, and IL-2 together) [21]. Importantly, in all previous
studies, infants were randomized to receive BCG vaccine at
birth or later. In contrast, we addressed the effects in a setting
where delayed vaccination occurred due to home births. We
hypothesized that BCG vaccination at 6 weeks of age would
result in an enhanced specific T-cell response, compared with
administration at birth. We report a comprehensive immuno-
logical assessment of delayed BCG vaccination.

METHODS

Study Population and Sample Collection
Healthy 9-month-old infants were enrolled at the Child Health
and Development Center in Mulago National Referral Hospital,
Kampala, Uganda. A child health growth card was used to
identify infants who received BCG vaccine at birth or at 6
weeks of age.

Infants were excluded if the mother had documented evi-
dence of a positive HIV test result or had not participated in a
program to prevent mother-to-child HIV transmission and if
the infant lacked a BCG vaccination scar, was born before 37
weeks of gestation, had significant perinatal complications, had
any acute or chronic disease symptoms at the time of enroll-
ment or clinically apparent anemia, had a household contact
with tuberculosis, or had an unexplained persistent cough or
confirmed active tuberculosis.

The study was approved by the institutional review board of
the School of Public Health, Makerere University College of
Health Sciences, and the Uganda National Council for Science
and Technology. Good clinical practice procedures were
adhered to.

Blood Collection and Processing
From each study participant, a 4-mL whole-blood specimen
was collected in a sodium-heparin tube and was transported to
the laboratory for processing within 1 hour. One milliliter of
heparinized whole blood was incubated with either BCG
(Danish strain 1331; Statens Serum Institut; 1.2 × 106 colony-
forming units [CFU]/mL) or phytohemagglutinin (PHA; Sigma-
Aldrich; 5 µg/mL) or was left unstimulated, as previously

described [22]. The costimulatory antibodies anti-CD28 and
anti-CD49d (at 1 µg/mL each; BD Biosciences, San Jose, CA)
were added to all assay conditions to enhance the responses
[23]. Blood was incubated at 37°C for 7 hours, after which
plasma was removed and stored at −80°C for later measure-
ment of soluble cytokines. Thereafter, brefeldin A (Sigma-
Aldrich; 10 µg/m) was added, and the blood was incubated for
a further 5 hours. Cells were harvested, fixed in BD FACS
Lysing Solution (BD Biosciences), and cryopreserved for later
measurement of T-cell–associated cytokine expression.

A further 1 mL of whole blood was diluted in 9 mL of
Roswell Park Memorial Institute medium and mixed in a sterile
polypropylene tube. One milliliter of diluted blood was incu-
bated with either BCG (Danish strain 1331; Statens Serum In-
stitut; 1 × 105 CFU/mL) or PHA (Sigma-Aldrich; 1 µg/mL,
added on the third day of incubation) or was left unstimulated.
Incubation continued for 6 days at 37°C in 5% CO2 as previous-
ly described [24]. Four hours before the end of the cell culture,
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich; 20 ng/
mL), ionomycin (Sigma-Aldrich; 2 µg/mL), and brefeldin A
(Sigma-Aldrich; 10 µg/mL) were added to induce cytokine ex-
pression. Later, red cells were lysed with BD FACS Lysing Solu-
tion (BD Biosciences), and white blood cells were fixed and
cryopreserved for measurement of the proliferation and cyto-
kine-producing potential of proliferating cells.

Antibodies
The following monoclonal antibodies were used: anti-CD3
Pacific Blue (UCHT1), anti-CD8 PerCP-Cy5.5 (SK-1), anti-CD8
Horizon V500 (RPA-T8), anti-IFN-γ Alexa Fluor 700 (B27),
anti-IL-2 FITC (5344.111), anti-Ki67 PE (B56), anti-CD45RA
FITC (HI100), anti-CD27 APC (L128), and anti-CCR7 PE
(150 503), from BD Biosciences (San Jose, CA); anti-CD4
QDot605 (S3.5) and anti-CD8 QDot565 (3B5), from Invitrogen
(Eugene, OR); anti-TNF-αPE-Cy7 (Mab11) and anti-IL-17
Alexa Fluor 647 (eBio64CAP17), from eBiosciences (San Diego,
CA); anti-CD69 PerCP-Cy5.5 (FN50), from Biolegend (San
Diego, CA); and anti-Perforin PE (B-D48), from Diaclone (Be-
sancon, France).

Intracellular Cytokine Staining (ICS) Assay
Fixed, cryopreserved white cells from the stimulated whole blood
were thawed, washed, and permeabilized before staining, as pre-
viously described [22]. Stained cells were acquired on a LSRII
flow cytometer (BD Biosciences). After acquisition, data were an-
alyzed using FlowJo software (v9.4.11; Tree Star). Compensation
was done with positive and negative anti-mouse immunoglobu-
lin kappa beads (BD Biosciences) labeled with the respective
fluorochrome-conjugated antibodies. Cytometer setting and
tracking beads (BD Biosciences) were used for daily settings.

Flow cytometry data were exported to Pestle v1.7 (Mario
Roederer, Vaccine Research Center, National Institute of
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Allergy and Infectious Diseases, National Institutes of Health)
and Spice (v5.1) for analysis [25].

Multiplex Soluble Cytokine Assay
Plasma collected after 7 hours of incubation during the short-
term whole-blood assay was used to measure levels of IFN-γ,
IL-2, interleukin 4 (IL-4), interleukin 5 (IL-5), interleukin 10
(IL-10), and interleukin 13 (IL-13) with the Milliplex MAP
assay (Millipore, Billerica, MA), in accordance with the manu-
facturer’s instructions. Fluorescence was detected using a
Luminex 100 IS machine (xMAP technology; Luminex). Data
were acquired using the Bio-Plex Manager Software. The stan-
dards for each assay ranged from 3.2 to 10 000 pg/mL.

Data Analysis
The response detected in the negative controls (unstimulated)
was subtracted from the response detected in the BCG-
stimulated samples. For short-term ICS, proliferation, and mul-
tiplex analyses, samples were excluded from the final analysis if
the response detected in the positive control (PHA) was lower
than the median plus 3 times the median absolute deviations of
the negative control samples for all infants.

For memory phenotype analysis, in addition to the above crite-
ria, data were excluded if (1) the frequency of BCG-specific cells
was <0.01%, (2) the ratio of BCG to unstimulated frequencies was
<2, and (3) there were <20 positive events in the BCG-stimulated
sample minus the number of events in the unstimulated sample.

For multiplex analysis, data were excluded if (1) the positive
control response was less than that of the negative control and
(2) the positive control response was <3.2 pg/mL.

The Mann–Whitney U test was used to compare immuno-
logical outcomes between the 2 groups. A P value of <.05 was
considered statistically significant. Spearman rank correlation
was used to test for associations between frequencies of the spe-
cific T cells and the levels of soluble cytokines. Prism v5.0
(GraphPad Software) was used for statistical analyses. The in-
fluence of vaccination group, sex, household income, and
weight on the frequency of cytokine-expressing T cells was de-
termined by linear regression analysis.

RESULTS

Participants
We enrolled 92 infants at 9 months of age between October
2008 and February 2009 in Uganda. Fifty of these infants re-
ceived BCG vaccine at birth and 42 received the vaccine at 6
weeks of age. Six infants who had received BCG vaccine at birth
and 2 infants who had received BCG vaccine at 6 weeks of age
were excluded because of inadequate blood volumes. The body
weight and sex distribution between the 2 groups were not
different at recruitment (Table 1). The birth weight for home-
born infants was not available. Infants who received BCG

vaccine at birth were more likely to be from a household with
higher income than infants vaccinated at 6 weeks of age
(Table 1).

Greater Frequencies of BCG-Specific CD4+ and CD8+ T Cells
Expressing IFN-γ, With or Without Perforin, in Infants
Vaccinated at Birth, Compared With Infants Vaccinated at 6
Weeks of Age
We compared the frequency of BCG-specific IL-2–, IL-17–,
IFN-γ–, TNF-α–, and perforin-expressing CD4+ T cells in
infants who received BCG vaccine at birth or at 6 weeks of age,
using a short-term WB-ICS assay (Figure 1A and Supplemen-
tary Figure 1). The great majority of infants vaccinated at either
time point had a detectable specific IL-2, IL-17, IFN-γ, TNF-α,
and perforin CD4+ T-cell response (Figure 1B and 1C). The
frequencies of BCG-specific CD4+ T cells expressing IL-2, IL-
17, TNF-α, or perforin were comparable in the 2 vaccination
groups (Figure 1B and 1C). However, infants who received
BCG vaccine at birth had greater frequencies of IFN-γ–express-
ing CD4+ T cells, compared with infants vaccinated at 6 weeks
of age (Figure 1B).

Next, we compared the profile of BCG-specific CD4+ T cells
expressing IL-2, IL-17, IFN-γ, or TNF-α alone or in different
combinations between the 2 groups of infants. We did not
observe coexpression of IL-17 with any of the Th1 cytokines
(Figure 1D and data not shown), whereas perforin was coex-
pressed with IFN-γ only (Figure 1E and data not shown).
Frequencies of BCG-specific polyfunctional (IL-2+IFN-γ+

Table 1. Demographic Characteristics of the Study Participants
at 9 Months of Age

Variable
Vaccinated at
Birth (n = 44)

Vaccinated at
6 Weeks of
Age (n = 40) P

Sex

Female 18 (41) 20 (53) .29a

Male 26 (59) 18 (47)
Income

Less than
$125

12 (27) 25 (64) .001a

Greater than
$125

32 (73) 14 (36)

Season of BCG vaccination

Dry 28 (64) 24 (60) .73a

Rainy 16 (36) 16 (40)

Weight at 9 mo
of age, kg

9.0 (8–9.55) 8.5 (8–9.45) .26b

Weight-for-age
z score at 9
mo of age

0.27 (−0.70 to 1.08) 0.04 (−0.42 to 0.89) .53b

Data are no. (%) of infants or median (interquartile range).
a By χ2 analysis.
b By the Mann–Whitney U test.
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Figure 1. Specific CD4+ T-cell cytokine and perforin responses measured in the short-term whole-blood assay. Representative flow cytometry data of cy-
tokine and perforin expression in a negative control (unstimulated) sample (top row) or BCG-stimulated sample (bottom row) from a 9-month-old infant who
received BCG vaccine at birth (A). Scatterplots depict frequencies of total: interferon γ (IFN-γ)–, tumor necrosis factor α (TNF-α)–, interleukin 2 (IL-2)–, and
interleukin 17 (IL-17)–expressing CD4+ T cells (B) and perforin-expressing CD69+CD4+ T cells (C). In the scatterplots, the horizontal lines represent the
median frequencies. Box and whisker plots show the frequencies of distinct subsets of specific CD4+ T cells based on combinations of expression of IFN-γ,
TNF-α, IL-2, and IL-17 (D) and the frequencies of CD69+CD4+ T cells expressing IFN-γ and perforin singly or in combination (E ). For box and whiskers plots,
the horizontal line represents the median, the boxes represent the interquartile range, and the whiskers represent the 10th and 90th percentiles. Values
shown are corrected for background responses in the negative control condition. The Mann–Whitney U test was used to assess differences in frequencies
of cytokine- or perforin-expressing CD4+ T cells between infants vaccinated at birth (open dots/bars) and 6 weeks of age (closed dots/bars).
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TNF-α+), double positive (IL-2+IFN-γ+, IL-2+TNF-α+, or IFN-
γ+TNF-α+), and single-positive (IL-2+, IL-17+, TNF-α+, or per-
forin+) CD4+ T-cell subsets were not different between the 2
groups (Figure 1D and 1E). However, the group vaccinated at
birth had greater frequencies of BCG-specific IFN-γ single-
positive and IFN-γ+perforin+ double-positive CD4+ T cells,
compared with those vaccinated at 6 weeks (Figure 1D and 1E).

Next, we analyzed specific CD8+ T cells. In both groups,
BCG-specific CD8+ T-cell responses were dominated by IFN-γ
and perforin expression (Figure 2B and 2C). As observed for
CD4+ T cells, frequencies of BCG-specific IL-2–, IL-17–, TNF-
α–, and perforin-expressing CD8+ T cells in both groups were
not different, whereas infants who received BCG vaccine at
birth had greater frequencies of IFN-γ–expressing CD8+

T cells, compared with infants vaccinated at 6 weeks of age
(Figure 2B). Also, similar to CD4+ T cells, the group vaccinated
at birth had greater frequencies of specific CD8+ T cells ex-
pressing IFN-γ alone (Figure 2D) or in combination with per-
forin (Figure 2E).

No Difference in Proportions of BCG-Specific CD4+ and CD8+

T-Cell Memory Phenotypes Between the 2 Groups
Next, we evaluated whether the observed differences in fre-
quencies of BCG-specific IFN-γ–expressing CD4+ and CD8+

T cells could be associated with differential T-cell memory phe-
notypes, as defined by CCR7 and CD45RA expression
(Figure 3A) [26]. We hypothesized that birth vaccinated infants
would show a greater proportion of BCG-specific effector
memory (TEM) cells, compared with those vaccinated at 6
weeks of age. Phenotypic markers were measured following
stimulation of whole blood for 12 hours.

The majority of BCG-specific IFN-γ–expressing CD4+ T
cells showed a central memory (TCM) phenotype, in both
groups of infants (Figure 3B). Proportions of BCG-specific
IFN-γ–expressing CD4+ T cells showing a naive-like (TNaive),
TCM, TEM, and effector memory RA (TEMRA) phenotype were
not different in the infant groups (Figure 3B). We also mea-
sured memory phenotypes of specific CD8+ T cells. BCG-
specific IFN-γ–expressing CD8+ T cells mainly showed TEM and
TEMRA phenotypes in both groups of infants, and no differences
were observed between the 2 vaccination groups (Figure 3C).

Higher IL-10 Levels in Infants Vaccinated at 6 Weeks of Age,
Compared With Those Vaccinated at Birth
We also evaluated levels of Th1 and Th2 cytokines and IL-10 in
plasma. We hypothesized that the cytokine milieu would
impact the BCG-primed T-cell response (eg, the presence of
high levels of Th2 cytokines [IL-4, IL-5, and IL-13], as well as
IL-10, might attenuate Th1 immunity) [27, 28]. Levels of BCG-
induced IL-10 were higher in the infants vaccinated at 6 weeks
of age, compared with the group vaccinated at birth
(Figure 4A–C and 4E). However, infants vaccinated at birth

had higher levels of IL-10 in the unstimulated controls, compared
with infants vaccinated at 6 weeks of age (Figure 4D). We there-
fore calculated a stimulation index and could confirm higher spe-
cific induction of IL-10 when vaccinated later (Figure 4E); IL-10
was not measured with the WB-ICS, because preliminary experi-
ments showed that T-cell–specific expression was too low for
valid analysis. Levels of all other cytokines were not different
between the 2 groups of infants (Figure 4A–C and 4E).

Greater Capacity of Specific Proliferating CD4+ T Cells to
Coexpress IL-2, IFN-γ, and TNF-α in Infants Vaccinated at Birth
Than at 6 Weeks of Age
The ability of T cells to proliferate in response to secondary antigen
encounter is an important feature of memory responses [29]. We
measured this ability of the T cells in a 6-day assay by measur-
ing upregulation of Ki67, a nuclear protein expressed during
the active phases of cell division [30], as a marker for prolifera-
tion (Figure 5A and 5B) [24, 31]. The proliferative capacity of
CD4+ and CD8+ T cells were similar between the 2 groups
(Figure 5C and 5D).

We also assessed the cytokine-producing capacity of specific
proliferating CD4+ T cells after stimulating the cells on day 6
with PMA/ionomycin. Although the capacity of the specific
cells (ie, Ki67+ cells) to produce any of the cytokines did not
differ (data not shown), we observed that cells from infants vac-
cinated at birth had a greater capacity to coexpress IL-2, IFN-γ,
and TNF-α, compared with those vaccinated at 6 weeks of age.
However, the proportion of these cells expressing TNF-α only
was lower in the group vaccinated at birth, compared with
those vaccinated at 6 weeks of age (Figure 5E). Cytokine pro-
duction capacity among specific CD8+ T cells did not differ
between the groups (data not shown).

DISCUSSION

We compared BCG vaccine–induced immunity in Ugandan
infants either vaccinated at birth or at 6 weeks of age. We
showed that age of vaccination impacted specific immune re-
sponse measured at 9 months of age. Infants vaccinated at birth
had higher frequencies of BCG-specific CD4+ and CD8+ T cells
producing IFN-γ alone or coexpressing IFN-γ and perforin.
Furthermore, although the T-cell proliferative potential was
similar in the 2 groups, a higher proportion of proliferating
BCG-specific CD4+ T cells coexpressed IL-2, IFN-γ, and TNF-
α in birth vaccinated infants. These infants also had lower
levels of specific IL-10, compared with those vaccinated at 6
weeks of age.

We measured specific Th1 cytokine– and perforin-producing
cells based on the proposed roles for these molecules in control of
mycobacteria. For example, humans with mutations in the IL-12/
IFN-γ pathway show an increased risk of mycobacterial disease
[32, 33]. The role of perforin in mediating immunity against
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Figure 2. Specific CD8+ T-cell cytokine and perforin responses measured in the short-term whole-blood assay. Representative flow cytometry data of cy-
tokine and perforin expression in a control (unstimulated) sample (top row) or a BCG-stimulated sample (bottom row) from a 9-month-old infant who re-
ceived BCG vaccine at birth (A). Scatterplots depict frequencies of total: interferon γ (IFN-γ)–, tumor necrosis factor α (TNF-α)–, interleukin 2 (IL-2)–, and
interleukin 17 (IL-17)–expressing CD8+ T cells (B) and perforin-expressing CD69+CD8+ T cells (C). On the scatterplots, the horizontal lines represent the
median frequencies. Box and whisker plots show the frequencies of distinct subsets of specific CD8+ T cells based on combinations of cytokine expression
of IFN-γ TNF-α IL-2, and IL-17 (D) and the frequencies of CD69+CD8+ T cells expressing IFN-γ and perforin singly or in combination (E ). For box and
whisker plots, the horizontal line represents the median, the boxes represent the interquartile range, and the whiskers represent the 10th and 90th percen-
tiles. Values shown are corrected for background responses in the negative control condition. The Mann–Whitney U test was used to assess the differences
in frequencies of cytokine- or perforin-expressing CD8+ T cells between infants vaccinated at birth (open dots/bars) and 6 weeks of age (closed dots/bars).
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M. tuberculosis involves perforation of the cell membrane of an
infected cell to permit entry of cytolytic granzymes that may di-
rectly kill M. tuberculosis or infected cells [34]. Rahman et al
showed that, following vaccination of nonhuman primates with a
recombinant BCG vaccine expressing a pore-forming toxin and
the M. tuberculosis antigens Ag85A, Ag85B, and TB10.4, which
was then boosted with an adenovirus 35 (rAd35) vaccine vector

encoding the same M. tuberculosis antigens, better protection
against M. tuberculosis challenge correlated with greater frequen-
cies of vaccination-induced perforin-expressing T cells [35]. In
our study, greater frequencies of BCG-specific CD4+ and CD8+ T
cells expressing either IFN-γ and coexpressing IFN-γ and perfor-
in in the group vaccinated at birth, compared with the group vac-
cinated at 6 weeks of age, could be a reflection of more effective

Figure 3. Memory phenotype of BCG-specific CD4+ and CD8+ T cells identified in the short-term whole blood intracellular cytokine assay. For the gating
strategy to analyze the expression of CD45RA and CCR7 memory markers on BCG-specific CD4+ T cells, CD3+ cells were separated into CD4+ and CD8+

T cells. Then, cells expressing interferon γ (IFN-γ) or CD69, both considered specific to BCG stimulation, were selected from the CD4+ T cells. Finally,
CD45RA and CCR7 expression were assessed from these specific cells (A). A similar analysis strategy was used for CD8+ T cells. Box and whiskers plots
show the frequencies of BCG-specific IFN-γ+ CD4+ T cells (B) and IFN-γ+ CD8+ T cells (C) expressing the CD45RA and CCR7 memory markers singly or in
combination. The open and closed bars represent the infants vaccinated at birth and 6 weeks of age, respectively. The horizontal line represents the
median, the boxes represent the interquartile range, and the whiskers represent the 10th and 90th percentiles. The Mann–Whitney U test was used to
assess the differences in proportions of memory phenotypes of specific CD4+ and CD8+ T cells between the 2 groups.
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vaccine-take in the former group. However, we cannot speculate
about clinical relevance of this observation in human infants in
terms of protection against tuberculosis [14]; BCG-induced cor-
relates of protection are not known.

In chronic viral infections, persistence of antigen is associat-
ed with induction of effector memory cells; these cells may be
functionally defined by their ability to produce IFN-γ [36]. The
current study and previous studies from our laboratory have
shown BCG-specific responses in infants are dominated by
IFN-γ–producing CD4+ and CD8+ T cells [12, 21]. On the basis
of this definition, it would appear as if vaccination at birth is
more likely to induce an effector phenotype, compared with
delayed vaccination. However, we have shown here and previ-
ously [37] that most BCG-induced IFN-γ–expressing cells have
a TCM surface phenotype—the cells express the surface mole-
cules required by classical TCM to home to lymph nodes [38].
The functional implication of the apparent discrepancy
between functional and phenotypic definitions of T-cell popu-
lations induced by BCG is the focus of ongoing research; this

may be important, given that BCG is likely to remain a prime
vaccine for quite some time.

We evaluated levels of BCG-induced IL-10 on the basis of
studies showing that this cytokine may attenuate Th1 respons-
es. For example, inM. tuberculosis–susceptible CBA/J mice, an-
tibody blockade of IL-10R during BCG vaccination resulted in
an enhanced BCG-specific IFN-γ response and better protec-
tion against subsequentM. tuberculosis challenge [39]. We have
shown that infants who received BCG vaccine at 6 weeks of age
had greater levels of BCG-specific IL-10 production, compared
with infants vaccinated at birth. However, we showed no strong
negative correlation between IL-10 levels and CD4+ T-cell IFN-γ
(Data not shown). The greater BCG-induced IL-10 levels ob-
served in the infants vaccinated at 6 weeks of age may potentially
result in attenuation of mycobacteria-specific Th1 immune re-
sponses during infection withM. tuberculosis in infants vaccinat-
ed at 6 weeks of age, compared with those vaccinated at birth.

We expanded the specific memory T cells in a long-term
proliferation assay and measured the capacity of the specific

Figure 4. BCG-specific cytokine levels in plasma. The scatterplots show levels of 3 different cytokines measured by multiplex bead array in plasma col-
lected after whole blood was incubated with BCG for 7 hours. The following cytokines are shown: interferon γ (IFN-γ; A), interferon 2 (IL-2; B), and interleu-
kin 10 (IL-10; C). All values are corrected for unstimulated levels (BCG-unstimulated) implies the response detected in the unstimulated sample was
subtracted from that of the stimulated sample. IL-10 levels of the unstimulated samples and the ratio of stimulated divided by unstimulated IL-10 levels are
shown in panels D and E, respectively. The horizontal lines represent the median frequencies. The Mann–Whitney U test was used to assess for differenc-
es between the cytokine levels in the 2 groups.
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Figure 5. Capacity of BCG-specific CD4+ and CD8+ T cells to proliferate and produce cytokines. Representative flow cytometry data of cytokine expres-
sion by proliferating CD8− (herein referred to as CD4+; A) and CD8+ (B) T cells in a control (unstimulated) sample (top row) or BCG-stimulated sample
(bottom row) from a 9-month-old infant who received BCG vaccine at birth. Scatterplots depict frequencies of proliferating CD4+ (C) and CD8+ (D) T cells.
The capacity of the proliferating CD4+ T cells to express interleukin 2 (IL-2), interleukin 17 (IL-17), interferon γ (IFN-γ), and tumor necrosis factor α (TNF-α)
alone or in combination is shown in (E ). In the scatterplots, the horizontal lines represent the median frequencies. Finally, proportions of distinct subsets
assessed by the cytokine coexpression of the proliferating CD4+ T cells were analyzed (D). The open and closed bars or dots represent the infants vaccinat-
ed at birth and 6 weeks of age, respectively. The Mann–Whitney U test was used to assess for differences between the 2 groups.
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proliferating cells to secrete cytokines. Proliferating CD4+ T
cells from the infants vaccinated at birth showed greater capaci-
ty to coexpress IL-2, IFN-γ, and TNF-α. This was surprising,
given our findings from the short-term assay, which indicated
that BCG vaccination at birth was more likely to induce cells
able to produce IFN-γ alone. It is possible that greater IL-10
levels observed in the infants vaccinated at 6 weeks of age may
have attenuated the expansion of polyfunctional CD4+ T cells.
Polyfunctional CD4+ T cells are thought to be important in tu-
berculosis immunity [40] and are therefore routinely measured
in clinical trials assessing the immunogenicity of novel tubercu-
losis vaccines [41–43]. However, a clinical study from our labo-
ratory reported no association between greater proportions of
BCG-specific polyfunctional T cells and the risk of developing
tuberculosis [14].

What are the possible explanations for the differences observed
in the BCG-induced T-cell immunity between the 2 groups of
infants? First, we observed that a higher proportion of infants
vaccinated at 6 weeks of age were from families of lower social
economic status, compared with infants vaccinated at birth
(Table 1). Lower social economic status may negatively impact
health-seeking behavior, nutrition, helminth exposure, and other
factors, possibly leading to altered immune responses [44]. We
showed no difference in the frequencies of BCG-specific IFN-
γ–expressing CD4+ and CD8+ T-cell responses in infants from
families with a higher income, compared with those from fami-
lies in the lower income categories (Supplementary Figure 2) A
and B. Nevertheless, we observed a significant association
between the frequency of IFN-γ–expressing CD4+ T cells and
household income (Supplementary Table 1). Second, we specu-
late that the lower Th1 responses observed in infants vaccinated
at 6 weeks of age may be due to coadministration of BCG
vaccine with alum, which is present in other vaccines [45]. Alum
induces predominantly Th2 immune responses [46], which
might have attenuated the BCG-induced Th1 responses [47].

We assessed the immune responses at 9 months of age. We
do not know whether other differences in BCG-induced immu-
nity may exist at earlier time points after vaccination. Our study
setting limited us from accessing the participants at the peak of
BCG-induced T-cell immune response [37]. However, in a clin-
ical study of delayed BCG vaccination, Kagina et al showed that
the greatest difference in BCG-induced T-cell immunity was at
1 year of age and not at the peak time point after the vaccina-
tion [21]. Differences between our study findings and those
previously reported may be explained by many factors. First,
we used a cross-sectional design, whereas previous studies were
randomized controlled trials [18, 19, 21]. Second, diverse assays
were used to measure outcomes in previous studies. For
example, we used BCG as antigen, as did Burl et al [18], while
others used PPD [19]. Third, the duration of incubation and
choice of T-cell outcomes differed [18, 19, 21]. Finally, environ-
mental and genetic variation may impact the mycobacterial

immune response, as recently demonstrated by diverse patterns
of antigen recognition and cytokine production in M. tubercu-
losis–infected persons from the Gambia, Uganda, and South
Africa [48]. Environmental factors may include exposure to
helminths [49], other infections, and diverse nutritional prac-
tices [44]. Genetic variation across Africa is well documented in
descriptions of single-nucleotide polymorphisms [50], which
may affect the immune response.

In summary, our findings appear to support WHO recom-
mendations that infants in areas of high endemicity, such as
Uganda, be vaccinated as soon as possible after birth. In this
setting, delaying vaccination does not appear to hold vaccine-
induced immunological advantages.
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