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Background: In most tuberculosis (TB) endemic countries, bacillus Calmette-Guérin (BCG) is usually given
around birth to prevent severe TB in infants. The neonatal immune system is immature. Our hypothesis
was that delaying BCG vaccination from birth to 10 weeks of age would enhance the vaccine-induced

Methods: In a randomized clinical trial, BCG was administered intradermally either at birth (n=25) or at
10 weeks of age (n=21). Ten weeks after vaccination, and at 1 year of age, vaccine-specific CD4 and CD8
T cell responses were measured with a whole blood intracellular cytokine assay.

Results: Infants who received delayed BCG vaccination demonstrated higher frequencies of BCG-specific

Birth CD4 T cells, particularly polyfunctional T cells co-expressing IFN-y, TNF-a and IL-2, and most strikingly

Delayed at 1 year of age.

Polyfunctional CD4 T cells

Conclusions: Delaying BCG vaccination from birth to 10 weeks of age enhances the quantitative and

qualitative BCG-specific T cell response, when measured at 1 year of age.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Bacillus Calmette-Guérin (BCG), the only current tuberculosis
(TB) vaccine, is a live attenuated strain of Mycobacterium bovis.
Worldwide, more than 100 million children receive BCG each year
[1]. BCG vaccination confers protection against severe forms of
childhood TB, i.e. TB meningitis and miliary TB [1,2]. The protec-
tion afforded by BCG vaccination against pulmonary TB, the most
common form of TB, is variable and mostly poor [3]. Factors that
have been implicated in variable protection of BCG against TB
include the BCG strain, BCG dose, prior exposure to environmen-
tal non-tuberculous mycobacteria (NTM), host genetic variations,
Mycobacterium tuberculosis (M.tb) strain, and vaccination route
[3-7].

CDA4T cells that produce the T-helper type 1 (Th1) cytokines IFN-
v, TNF-a and IL-2 are thought to be critical for protection against
TB [8,9]. This kind of Th1 response is characteristic following BCG
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vaccination [10,11]. In areas where TB is highly prevalent, BCG vac-
cination is widely administered at or soon after birth because of
the risk of early exposure to M.tb [12]. Evidence exists that the Th1
response at birth is “immature”, for example, progressively increas-
ing specific Th1 cell-mediated immunity has been shown when
measles vaccine was given at 6, 9 and 12 months of age, respec-
tively [13]. We proposed that allowing maturation of the neonatal
immune system to 10 weeks of age prior to BCG vaccination would
enhance vaccination-induced T-cell immunity. The effect of opti-
mizing vaccination timing could have important implications for
ultimately improving protection against TB disease through BCG
vaccination.

Marchant et al. reported that varying the age of BCG vaccina-
tion did not affect BCG immunogenicity when assessing interferon
gamma (IFN-v) production by peripheral blood mononuclear cells
(PBMC) stimulated with mycobacterial antigens [10]. In a small
study, Hussey et al. also reported that a delay in BCG vaccination
from birth to 10 weeks of age did not influence IFN-vy secretion,
proliferative responses, or cytotoxic potential of BCG-specific T
cells, following incubation of PBMC with mycobacterial antigens
[14]. Since these results have emerged, we have shown that mea-
surement of IFN-y alone underestimates the complexity of the
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BCG-induced Th1 response. BCG vaccination in infants induces mul-
tiple Th1 subsets, defined by expression of different combinations
of IFN-v, TNF-a and IL-2 by specific cells [11]. We wished to com-
prehensively address the effect of age on the magnitude and quality
of Th1 immunity induced by BCG in infants.

2. Materials and methods
2.1. Participant enrolment and follow-up

Participants were enrolled between April 2006 and March 2008
in Khayelitsha, a suburb of Cape Town with an extraordinarily high
TB incidence, reported to be 1614 per 100,000 in the first quarter of
2008 (Case notification rate, City of Cape Town).

This formed part of a larger study investigating clinical and
immunological characteristics of HIV-exposed and unexposed
infants. In brief, pregnant women were approached at a public ante-
natal clinic for enrolment of their infants. For the study reported
here, infants who were born to HIV-infected women or women

with unknown HIV status, exposed to active TB in the house-
hold, born prematurely (<36 weeks gestational age) or had low
birth weight (<2.5kg), or who had significant perinatal complica-
tions were excluded. In addition, all infants with a positive [FN-y
response to ESAT-6/CFP-10 at 10 weeks of age were excluded (see
below for assay details). Infants were randomly assigned during
antenatal recruitment to receive BCG (intradermal Danish strain
1331, Statens Serum Institute) on the first day of life (“birth vaccina-
tion”), or the identical BCG vaccination at 10 weeks of age (“delayed
vaccination”). Infants were followed at 10 weeks, 20 weeks and at
50 weeks of age. A window period of —2 to +4 weeks around the
week 10 visit was allowed (e.g. 8-14 weeks). The time period for
the 20-week visit ranged from 18 to 28 weeks, and 41 to 54 weeks
for the 50-week visit.

Regulatory approval was obtained from the research ethics com-
mittees of Stellenbosch University and the University of Cape Town.
Written informed consent was obtained from all mothers in their
home language. All HIV testing was completed in conjunction with
informed consent and pre- and post-test counselling.

Inclusion criteria

*Documented negative maternal HIV status
*No current household tuberculosis contact
«Consent for participation

*Birth weight >2500 grams

*No significant postnatal complications

v

Initially included: n=46
Randomized to BCG at birth or delayed BCG at

10 weeks of age

!

'

Birth vaccination group: n=25 |

| Delayed vaccination group: n=21

Week 10

Included: n=22

Excluded: n=3

Reasons for exclusion:

*Visits beyond week 10 window period (n=0)
sIntercurrent M.tb infection (n=0)

*Not present at this time point (n=3)

Week 10

Included: n=17

Excluded: n=4

Reasons for exclusion:

+Visits beyond week 10 window period (n=2)
sIntercurrent M.tb infection (n=0)

*Not present at this time point (n=2)

Week 20
Included: n=18
Excluded: n=7

Reasons for exclusion:
Intercurrent M.tb infection (n=2)
*Not present at this time point (n=5)

Week 20
Included: n=18
Excluded: n=3

Reasons for exclusion:
eIntercurrent M.tb infection (n=2)
*Not present at this time point (n=1)

Week 50

Included: n=19

Excluded: n=6

Reasons for exclusion:

«Intercurrent M.tb infection (n=0)
*Not present at this time point (n=4)
*Excluded earlier for M.tb intercurrent
infection at week 20 (n=2)

Week 50

Included: n=12

Excluded: n=9

Reasons for exclusion:

eIntercurrent M.tb infection (n=1)
*Not present at this time point (n=6)
*Excluded earlier for M.tb intercurrent
infection at week 20 (n=2)

Fig. 1. Overview of eligibility, study flow and participants.
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2.2. Blood collection and intracellular cytokine assay

One milliliter of blood was collected at 10, 20, and 50 weeks
of age in heparinized syringes. Whole blood was processed within
2 h of collection, as previously described [15]. Briefly, 250 wL whole
blood was incubated for 12 h at 37°C with viable BCG (reconsti-
tuted from the vaccine vial, Danish strain, Staten Serum Institute,
1.2 x 108 CFU/mL) and the co-stimulatory antibodies anti-CD28 and
anti-CD49d (BD Biosciences, 0.5 p.g/mL each). 250 pL blood incu-
bated with Staphylococcal enterotoxin B (SEB, Sigma, 10 jug/mL)
and 250 pL incubated with the co-stimulatory antibodies alone
(unstimulated) served as positive and negative controls, respec-
tively. Brefeldin A (Sigma, 10 p.g/mL) was added for the last 5h of
incubation. Following incubation, red blood cells were lysed and
white cells fixed with BD FACS Lysing Solution (BD Biosciences),
and the cells cryopreserved.

Cryopreserved cells were later thawed and washed in 1%
bovine serum albumin (Sigma) in phosphate buffered saline (PBS,
BioWhittaker), and permeabilised using Perm/Wash Solution (BD
Biosciences). Cells were then stained with the following antibodies:
anti-CD3 Pacific Blue (clone UCHT1), anti-CD4 PerCPCy5.5 (SK3),
anti-CD45RA PECy7 (L48), anti-IFN-vy AlexaFluor700 (B27), anti-IL-
2 FITC (5344.111), anti-TNF-a PE (MAb11; all from BD Biosciences),
anti-CD8 Qdot605 (3B5, Invitrogen) and anti-CCR7 APC (150503,
R&D Systems). After washes, cells were acquired on a LSR II flow
cytometer (BD Biosciences), for this experiment configured with 3
lasers and 10 detectors, using FACS Diva 6.1 software. Compensation
settings were set using anti-mouse kappa-beads (BD Biosciences),
labelled with the respective fluorochrome-conjugated antibodies.
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Flowjo 8.7.1 (Treestar) was used to compensate and to analyze
the flow cytometric data. Boolean gating was applied to generate
combinations of cytokine expressing CD4 and CD8 T cell subsets
(Fig. 2B).

2.3. Assay of intercurrent M. tuberculosis infection

At each time point, whole blood was diluted 1:5 in RPMI-1640
tissue culture medium (Sigma), containing 1% L-glutamine (Sigma),
and incubated with ESAT-6/CFP-10 fusion protein (provided by
Tom Ottenhoff, Leiden University Medical Centre, 10 ng/mL), phy-
tohemagglutinin (PHA, Sigma, 5 wg/mL) and SEB (1 pg/mL; both
positive controls), or no antigen (negative control), in triplicate, in
96-well plates (modified from Black et al.) [16]. Plates were incu-
bated at 37 °C with 5% CO,, for 7 days, supernatants were harvested,
triplicate wells pooled and stored at —80°C. Later, supernatants
were thawed, and an IFN-y sandwich ELISA was used to quan-
tify IFN-vy in the supernatants derived from the 7-day whole blood
assay (BD Pharmingen). A positive IFN-y response was defined as
62 pg/mL, after background subtraction (twice the assay detection
limit of 31 pg/mL). Infants with evidence of intercurrent M. tubercu-
losis infection/exposure at 10, 20 or 50 weeks of age, were excluded
from analysis.

2.4. Data analysis
For the intracellular cytokine assay, cytokine expression lev-

els from unstimulated blood were subtracted from levels obtained
after BCG stimulation. (The median level of expression of IFN-
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Fig. 2. Gating strategy used to analyze CD4 and CD8 T cell cytokine responses. Whole blood was incubated with BCG to complete a flow cytometric intracellular cytokine
assay, as described in Section 2. (A) Doublet cells were excluded by gating on forward scatter-area (FSC-A) against forward scatter-height (FSC-H), and lymphocytes were then
selected in a FSC-A against side scatter-area (SSC-A) dots plot. T cells were selected by gating on CD3* events, which were further differentiated into CD4 and CD8 T cells. (B)
Representative dot plots of cytokine co-expression patterns in CD4 T cells from unstimulated, BCG and SEB-stimulated conditions.
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Fig. 3. Comparison of CD4 T cell responses following incubation of whole blood
from BCG-vaccinated and unvaccinated infants’ blood with BCG, at 10 weeks of age.
Frequencies of cytokine-expressing CD4 T cells detected by a whole blood intra-
cellular cytokine assay (see Fig. 2) are shown. The median is represented by the
horizontal line, the interquartile range by the box, and the range by the whiskers.
The Mann-Whitney U test was used to calculate p-values of differences between the
2 groups.

v, IL-2 and TNF among CD4 T cells in unstimulated blood was
0.002%, 0.03% and 0.06%, respectively.) Differences in participant
birth weights and gender were assessed using parametric tests.
The Mann-Whitney U test was used to assess differences in fre-
quencies of cytokine expressing CD4 and CD8 T cells between
the 2 groups. p-Values lower than 0.05 were considered to be
significant.

3. Results
3.1. Participant characteristics

A total of 46 infants were enrolled into this study: 25 in the
birth group and 21 in the delayed vaccination group. Infants not
present for phlebotomy at a certain time point, bled beyond the
defined window period at week 10 visit, or positive for M.tb infec-
tion were excluded from analysis (Fig. 1). Results from infants with
M.tb infection were excluded from the time point at which this was
diagnosed, and from subsequent time points. At baseline, no differ-
ences were observed in birth weights or gender between the birth
and delayed vaccination groups (mean birth weight (SD): 3306 g
(435.6) birth vs. 3200¢g (371.9) delayed; p=0.390). Sixteen (64%)
infants in the birth group were male compared with 9 (43%) in the
delayed birth group (p=0.235).

3.2. Detection of BCG-specific CD4 T cells using viable BCG as
antigen

Before comparing BCG-induced immunity between infants who
received birth and delayed vaccination, we evaluated whether
incubation of whole blood with viable BCG might result in non-
specific T cell activation, or whether a vaccination-specific response
would be detectable. We compared CD4 T cell immunity, mea-
sured at 10 weeks of age with an intracellular cytokine detection
assay (Fig. 2: example of assay outcomes), between participants
who had received BCG at birth and those who had not yet
received BCG (infants in the delayed group). Cytokine produc-
tion by CD4 T cells was readily detectable in infants from the
birth-vaccinated arm, but was not detectable, or detectable at
very low levels only, in infants who had not received the vaccine
at birth (Fig. 3). The birth-vaccinated infants had high frequen-
cies of BCG-specific polyfunctional CD4 T cells, i.e., CD4 T cells
that express IFN-y, TNF-a and IL-2 together, and of CD4 T cells
expressing other combinations of Th1 cytokines. Polyfunctional
BCG-specific CD4 T cells were absent in infants in the delayed
vaccination group. All infants had a positive response to the pos-
itive control, SEB (data not shown). We concluded that T cell
responses measured by our assay system when BCG is used as
antigen, are antigen specific and not due to non-specific T cell acti-
vation.

3.3. Delayed vaccination resulted in moderately higher
frequencies of BCG-specific CD4 T cells 10 weeks post-vaccination

To assess differences in CD4 and CD8 T cell responses when the
vaccine was given at birth or at 10 weeks at age, we measured the
Th1-cytokine expression pattern induced by BCG 10 weeks after
vaccination, i.e., at 10 weeks of age in the birth group and at 20
weeks of age in the delayed group. In both groups, high frequencies
of polyfunctional CD4 T cells, or cells expressing other combina-
tions of the Th1 cytokines, were observed (Fig. 4A). The IFN-y* and
IFN-y*IL-2* BCG-specific CD4T cells subset frequencies were signif-
icantly higher in the delayed-vaccination group, compared with the
birth-vaccination group (Fig. 4A). As the frequencies of induced spe-
cific CD8 T cell subsets were very low, in both vaccination groups,
total BCG-specific CD8 T cell responses only were evaluated: there
was no difference between the 2 groups (Fig. 4B). We concluded
that delaying BCG vaccination by 10 weeks might result in an
increased frequency of BCG-specific CD4 T cells, 10 weeks after
vaccination.
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Fig. 4. BCG-specific T cell responses 10 weeks post-vaccination, in infants who received BCG at birth and those who received BCG at 10 weeks of age. (A) Frequencies of
BCG-specific cytokine expressing CD4 T cells are shown, as detected by the whole blood intracellular cytokine assay. (B) Frequencies of all cytokine expressing BCG-specific
CD8 T cells, evaluated together, after incubation of whole blood with BCG. The median is represented by the horizontal line, the interquartile range by the box, and the range
by the whiskers. The Mann-Whitney U test was used to calculate p-values of differences between the 2 groups.
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Fig. 5. BCG-specific CD4 T cell responses in the 2 groups of infants at 1 year of age. Frequencies of cytokine-expressing CD4 T cells detected by a whole blood intracellular
cytokine assay are shown. The median is represented by the horizontal line, the interquartile range by the box, and the range by the whiskers. The Mann-Whitney U test was

used to calculate p-values of differences between the 2 groups.

3.4. Delayed vaccination increased frequencies of polyfunctional
BCG-specific CD4 T cells at 1 year of age

We also compared the BCG-specific memory response at 50
weeks of age. We observed significantly higher frequencies of
BCG-specific polyfunctional IFN-y*TNF-a*IL-2* CD4 T cells in the
delayed vaccination group, compared with the birth vaccination
group (Fig. 5). Frequencies of specific T cell subsets co-expressing
TNF-a and IL-2, TNF-a and IFN-vy, or TNF-a alone, were also
higher in the delayed vaccination group. At this age, total BCG-
specific CD8 T cell responses were too low for reliable data analysis
(data not shown). No differences between the 2 groups were
observed when responses to the positive control, SEB, were com-
pared (Supplementary Fig. 1). We concluded that delaying BCG
vaccination from birth to 10 weeks of age results in a quantitatively
increased and qualitatively more optimal BCG-specific CD4 T cell
memory response at 1 year of age.

3.5. The total BCG-specific CD4 T cell response peaks at 10 weeks
post-vaccination in the birth and delayed vaccination groups

To assess whether the BCG-specific CD4 T cell responses fol-
low a similar kinetic pattern if vaccination is given at birth or at
10 weeks, we measured the total BCG-specific CD4 T cell mem-
ory response at 10, 20 and 50 weeks of age. Total responses are
denoted by BCG-specific CD4 T cells that express IFN-vy, TNF-a,
or IL-2, alone or in combination. In the birth and delayed vac-
cination groups, BCG-specific CD4 responses peaked 10 weeks

0.4

—O-Birth vaccination group

Total cytokine* CD4 T cells (%)

—-@-Delayed vaccination group

0.0

T T
10 20 Time (weeks) 50
Fig. 6. Kinetics of total BCG-specific CD4 T cell responses in the delayed and birth
vaccination groups over 1 year. Median frequencies of BCG-specific total cytokine-
expressing CD4 T cells detected by a short term whole blood intracellular cytokine
assay at 10, 20 and 50 weeks of age.

post-vaccination, and diminished gradually over the first year of
life (Fig. 6).

3.6. Comparable BCG-specific CD4 T cell memory phenotype
between birth and delayed vaccination groups

To assess whether delaying BCG vaccination results in an
altered vaccine specific CD4 T cell memory phenotype, we char-
acterized cytokine expressing BCG-specific T cells. The memory
phenotype of specific T cells, as defined by surface expression of
CD45RA and CCR7, has in animal models been shown to deter-
mine vaccination outcome [17]. In both the birth-vaccination
and delayed-vaccination groups effector memory (CD45RA-CCR7-,
Tem) T cells predominated and at all time points evaluated (Fig. 7
for data at 1 year of age). At 1 year of age, there was no significant
difference for Tgyp or central memory (Tcy, CD45RA~CCR7%) in the
two infant groups (Fig. 7).

4. Discussion

Our study showed that delaying BCG vaccination from birth to 10
weeks of age results in induction of higher frequencies of detectable
specific CD4 T cells. In addition, the specific CD4 T cells were more
likely to be polyfunctional in the delayed vaccine group, indicating
that the “quality” of the BCG-induced response was enhanced.

Our results differ from those reported in 2 earlier studies, which
did not show a difference in induced immunity when BCG vaccina-
tion was delayed beyond the immediate newborn period [10,14].
Importantly, both those studies used IFN-y measurement alone
as outcome. Our results suggest that a detailed examination of
the T cell response allows a more comprehensive, and contrasting,
assessment of outcome. We showed that the most striking differ-
ences in induced immunity were at 1 year of age, highlighting the
importance of a longitudinal design of such studies. Data on the
kinetics of the BCG-induced immune response in infant cohorts is
limited, especially in settings highly endemic for TB.

The immune correlates of vaccination-induced protection
against TB are not known. Therefore, the question remains whether
frequencies of specific cells, patterns of cytokine production and
memory phenotype may be important for long-term protection
against TB. Most vaccinologists would regard a quantitatively
greater antigen-specific response as more optimal, following novel
TB vaccination in clinical trials. This opinion has been substantiated
by multiple animal studies, which have demonstrated that greater
frequencies of specific T cells result in improved protection against
TB [18-20].In contrast, other studies have shown that the frequency
of antigen-specific T cells induced by a TB vaccine may not neces-
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sarily correlate with outcome after virulent M.tb challenge [21-24].
Study design variables, such as the time point evaluated and the
compartment analyzed, may be responsible for these discrepant
results. In addition, many of these studies evaluated specific T cells
responses by IFN-y production only. Protection against TB without
an optimal IFN-vy response is not possible. However, it is postulated
that measuring other Th1 cytokines in addition to IFN-y would
allow a better assessment of the “quality” of the T cell response.
For example, presence of polyfunctional T cells, co-expressing IFN-
v, TNF-a and IL-2, has emerged as a useful readout of “quality”
immune responses [25,26]. In animal models of vaccination against
Leishmania major [27] and against TB [28], strategies that induce the
highest frequency of polyfunctional antigen-specific CD4 T cells are
associated with the best protection against subsequent challenge
with the pathogen. Further, in HIV-1 infected individuals, slow dis-
ease progression is strongly associated with higher frequencies of
polyfunctional HIV-specific T cells [29].

Classically, CD45RA and CCR7 have been used to delineate T cells
into 4 memory subsets, namely naive cells (CD45RA*CCR7%, Tnaive ),
central memory cells (CD45RA~CCR7*, Tcy ), effector memory cells
(CD45RA~CCR7-, Tgm), and effector memory cells that have re-
expressed CD45RA (CD45RA*CCR7~, Temra ) [30,31]. Long-lived Ty
expand in lymph nodes, and differentiate into effector cells [30]. In

contrast, Tgy or the more terminally differentiated Tgyra popula-
tions can immediately home to a disease site for effector functions,
but their proliferative capacity and longevity are limited [30]. From
a hypothetical point of view, induction of long-lived Ty should
be a vaccination goal—this view has been substantiated in animal
models of macaque infection with simian immunodeficiency virus
(SIV) [17]. In contrast, induction of Tgy or Tgyra May not be as
optimal, as these short-lived populations cannot expand, and are
more prone to exhaustion [32]. Interestingly, in most studies of
human mycobacteria-specific T cells, Tgy populations predominate
and Tcy are relatively infrequent [11,33-35]. Our findings corrobo-
rate this; however, there were no significant differences in these T
cell subpopulations upon delaying the BCG vaccination.

Many variables are thought to affect BCG-induced immunity, as
described in the introduction above. For example, Lalor et al. [36]
reported that seasonal changes affected the IFN-vy response in BCG
vaccinated infants, when measured by PPD stimulation of whole
blood for 6 days. In our study, at 50 weeks of age when the most sig-
nificant differences in BCG-specific immunity were observed, there
was no significant difference in the distribution of birth season
between the delayed and birth vaccination groups. Further, it is pos-
sible that variable exposure to environmental mycobacteria could
have confounded our results, although we regard this as unlikely, as
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all infants were enrolled from the same geographic area. We cannot
exclude that other variables could have impacted on results.

Why did the immune response appear enhanced following
delayed BCG vaccination? The newborn’s immune response is often
regarded as “immature”, when compared with that of adults [37].
“Immature” may be a misnomer, as the response may be very appro-
priate for a baby emerging into a world of continuous antigenic
challenge, and where excessive immunity to these stimuli may be
detrimental. However, this may result in suboptimal responses to
certain vaccines, such as BCG. We propose that the different nature
of immunity induced by BCG at 10 weeks of age, compared with
birth, could be ascribed to early “maturational” changes in infant
immunity. Very limited data on “maturation” of the infant immune
response over the first few months of life exists, but factors that
may have contributed include inefficient antigen presenting cell
function, including limited capacity to produce IL-12 [37], a critical
cytokine for inducing the Th1 responses characteristic of successful
mycobacterial immunity. In addition, animal and human evidence
suggests that the newborn’s immune system is skewed towards a
Th2 response [38-40], which may suppress induction of Th1 immu-
nity.

Unlike many infant vaccines that confer increased protection
upon boosting, a second BCG vaccination has been shown not to
enhance protection [41]. New TB vaccination strategies focus on
boosting immunity induced by BCG through use of heterologous
vaccines. It is therefore critical that we use the prime vaccine most
optimally. Our results suggest that the age at which BCG is adminis-
tered may be a critical variable. The next step would be to confirm
these findings in another cohort, prior to larger studies to assess
whether delayed vaccination leads to increased protection against
TB disease. Should this be the case, a comprehensive assessment
of implications of delaying BCG vaccination to 6-14 weeks of age,
when other childhood vaccines are given routinely, would be war-
ranted.
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