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SUMMARY

BACKGROUND—Human immunodeficiency virus (HIV) exposed infants are at high risk of
Mycobacterium tuberculosis exposure, have high rates of progression to tuberculosis (TB) disease
and are at significant risk of bacille Calmette-Guérin (BCG) induced adverse events.

OBJECTIVE—To evaluate a delayed BCG vaccination strategy in HI\VV-exposed infants.

DESIGN—A randomised trial of routine BCG vaccination given at birth compared to 14 weeks of
age in HIV-exposed non-infected and non-HIV-exposed infants to investigate longitudinal BCG-
induced immune responses using a 7-day whole blood interferon-gamma (IFN-y) enzyme-linked
immunosorbent assay.

RESULTS—A significantly higher proportion of infants had positive responses to M.
tuberculosis purified protein derivative (PPD) and BCG at 14 weeks in the birth vs. delayed
vaccination groups (P = 0.001 for both). This difference was no longer apparent at weeks 24 or 52.
Among infants vaccinated at birth, the 14-week IFN-y response to M. tuberculosis PPD was lower
among HIV-exposed than non-exposed infants (276.5 pg/ml vs. 790.2, P = 0.048). Among all
infants, there were significant correlations between the magnitude of IFN-y responses to BCG, M.
tuberculosis PPD, TB 10.4 and culture filtrate protein 10/early secreted antigenic target 6.

CONCLUSIONS—The timing of vaccination had limited effect on BCG-induced IFN-y
responses, which waned considerably over 1 year despite initial vigorous responses in both
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vaccination groups. The lower responses in HIVV-exposed non-infected infants suggest potentially
altered mycobacterial immunity early in life.
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Infants born to human immunodeficiency virus (HIV) infected women (HIV-exposed
infants) have a high risk of exposure to Mycobacterium tuberculosis? and, even in the
absence of HIV infection, are at high risk of developing active tuberculosis (TB).2 The
bacille Calmette-Guérin (BCG) vaccination protects young, non-HIV-infected children
against disseminated forms of TB.3 In contrast to responses to most other early-life
vaccinations, BCG induces robust T-helper 1 (Th-1) type immune responses in infants when
measured 3 months after birth vaccination.>=2 Although there is no validated immune
marker for BCG vaccine-induced protection,10-14 Th-1 CD4+ T-cells and interferon-gamma
(IFN-y) appear to be critical in the containment of mycobacterial infection.15-17

Due to the well-characterised risk of serious BCG-related adverse events, including 1%
disseminated BCG disease in HIV-infected infants in the absence of antiretroviral
therapy,18-19 HIV is a relative contraindication to BCG vaccination. However, HIV status is
typically not known at birth; BCG vaccination of HIV-infected infants therefore continues to
occur in high TB and HIV burden settings. Delaying BCG vaccination in HIV-exposed
infants until HIV infection is ruled out may be an effective strategy to reduce the risk of live
vaccination.1920 Data characterising the effect of delayed BCG vaccination or the influence
of maternal HIV infection on infant immune responses against mycobacteria are limited;
however, altered BCG immunogenicity has been described in HIV-exposed non-infected
infants following routine BCG vaccination at birth.2:22 BCG-induced immunity in infants is
important in settings where there is a high risk of M. tuberculosis exposure early in life, and
even more so in settings with high maternal HIV prevalence, which poses a risk of both
vertical HIV transmission and M. tuberculosis exposure.23:24

The present study aimed to investigate the effect of delaying BCG vaccination until 14
weeks of age, and the effect of maternal HIV status on infant cellular immune responses to
mycobacterial antigens.

MATERIALS AND METHODS

This was an individual, open-label, exploratory randomised Phase 2 clinical trial
investigating immunological and clinical effects of early and delayed BCG vaccination in
HIV-exposed and non-exposed infants (trial number DOH-27-1106-1520).1° Pregnant HIV-
positive and -negative women were recruited and randomised at an antenatal clinic in
Khayelitsha, Cape Town, South Africa, where there is a well-established prevention of
mother-to-child HIV transmission programme (PMTCT). Maternal HIV prevalence was
32.7% (95% confidence interval [CI] 29.5-35.9) in 2006; HIV testing was opt-out. During
the study period, dual treatment for PMTCT was provided for mothers and infants. Mothers
were counselled to either exclusively breastfeed or formula feed their infants. A single infant
HIV DNA polymerase chain reaction test (Amplicor, Roche Molecular Diagnostics,
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Pleasanton, CA, USA) was routinely offered at 12 weeks of age. Reported vertical HIV
transmission rates were 4.5-5.4% (unpublished data, Western Cape Department of Health).

Infants were randomised to receive either routine Danish strain BCG (0.05 ml, Statens
Serum Institute [SSI], Copenhagen, Denmark, 1331) on day 1 of life (birth group) or
delayed BCG vaccination at 14 weeks of age (delayed group) in the right deltoid region,
according to the manufacturer’s specifications. Enrolment was stratified by maternal HIV
status to ensure that two thirds of infants were HIV-exposed and one third non-exposed,
using two computer-generated randomisation lists. Women of =32 weeks’ gestation with
known HIV status were screened for eligibility. Written informed consent was obtained in
the local language (isiXhosa). Women who intended to move out of the district within the
first year of the infant’s life, those with proven or suspected active TB or a current known
household TB contact were excluded. Infants were excluded for stillbirth, birth weight <1.6
kg, severe congenital malformation, asphyxia or other severe illness at birth. Infants
excluded during the first week postpartum were replaced by additional randomised subjects.
All women with a negative antenatal HIV test result underwent HIV testing again 2 weeks
postpartum.

Whole blood assay

Antigens

One ml of blood was collected into pre-heparinised syringes at 14, 24 and 52 weeks of age.
Samples were processed within 2 h of collection. Whole blood was diluted 1:10 in Roswell
Park Memorial Institute medium and 200 pl was incubated with each antigen in duplicate for
7 days at 36°C, 5% carbon dioxide.2% On day 7, supernatants were removed and stored at
—80°C for batched IFN-y enzyme-linked immunosorbent assay (ELISA).

M. tuberculosis purified protein derivative (PPD) for in vitro use (SSI) was added at a final
concentration of 5 ug/ml. Lyophilised BCG vaccine (SSI) was tested at a final density of
5x10° colony-forming units (cfu)/ml. Early secreted antigenic target 6/culture filtrate protein
10 (ESAT-6/CFP-10) fusion protein (Leiden University Medical College, Leiden, The
Netherlands) and TB10.4 peptide pool (SSI) were both used at a final concentration of 10
pg/ml. Staphylococcus enterotoxin B (SEB) (Sigma, St Louis, MO, USA) was used as a
positive control at a final concentration of 1 ug/ml, and medium alone (unstimulated cells)
was used as negative control.

Interferon-gamma ELISA

The IFN-y ELISA was performed as previously described.2 Laboratory personnel were
blinded to all clinical data. The mean IFN-y concentration detected in duplicate wells was
used to measure antigen-induced immune responses. The negative control IFN-y value was
subtracted from the mean antigen and positive control-induced IFN-y values. Following
background subtraction, a positive response cut-off was defined as 62 pg/ml.

Data and statistical analysis

Analysis of antigen responses was based on both the magnitude and the proportion of infants
with positive IFN-y responses (=62 pg/ml). Primary comparisons investigated the proportion
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of positive IFN-vy responses between arms, measured at 14, 24 and 52 weeks of age.
Secondary analyses examined the effect of HIV exposure on the proportion of responders
and the magnitude of IFN-vy responses at 14, 24 and 52 weeks of age in the group that
received vaccination at birth.

CONSORT (Consolidated Standards of Reporting Trials) guidelines for reporting
randomised clinical trials and a per-protocol analysis were followed.2! Protocol violators
were infants randomised to delayed vaccination but who were given routine BCG at birth.
Longitudinal responses at each time point were treated as dependent measures. Both the
effect of calendar time since vaccination and age at vaccination were considered in the
analyses. Non-parametric analytical approaches were used for non-normal data. Response
magnitudes were summarised using medians with interquartile ranges (IQRs). The effect of
vaccination group on the proportion of responders was compared using the %2 or Fisher’s
exact tests; effect estimates (odds ratios [ORs] and 95%CI) were calculated. Paired analyses
were conducted for comparison of individual responses over time, stratified by vaccination
group. Overall differences between the three timepoints were assessed using the Friedman
test statistic. Responses to antigens between weeks 14 and 24 and between weeks 24 and 52
were then compared using the Wilcoxon signed rank test.

Of the 180 total randomised infants, 148 infants completed phlebotomy at week 14: 84 in
the birth group and 64 in the delayed BCG group; 95 (64.2%) infants were HIV-exposed and
53 (35.8%) were non-exposed (Figure 1). Of the infants who completed phlebotomy at week
14, 11 were protocol violators. Baseline characteristics between protocol violators and other
infants were comparable (data not shown), and were therefore included in the birth analyses.
Overall, 117 infants completed phlebotomy at week 24: 67 in the birth and 50 in the delayed
group; 71 (60.7%) were HIV-exposed and 46 (39.3%) non-exposed. Infants lost to follow-up
had similar baseline characteristics compared to infants included in the analysis. Immune
response data on a subset of 67 infants (32 HIV-exposed) who underwent phlebotomy at
week 52 are reported: 41 in the birth and 26 in the delayed vaccination group. Infants with
assay results at 1 year had similar characteristics compared to the total study sample at
enrolment. Two HIV-infected infants (transmission 1.7%) were excluded from the analysis.

Magnitude of IFN-y responses between vaccination groups

The majority of the infants (146/148, 98.6%) had positive responses to SEB at 14 weeks of
age. Both of the SEB non-responders were able to respond to other antigens and were
therefore included in the analysis. The mean coefficient of variation across all duplicate
ELISA results was 3.26%. In infants vaccinated at birth, marked IFN-y responses were seen
at 14 weeks of age after stimulation with M. tuberculosis PPD and BCG (Figure 2).
Considerable responses against these two antigens were still present at 24 weeks of age,
followed by a substantial decline in cytokine production at 52 weeks of age (Figure 2). In
infants vaccinated at 14 weeks, responses to M. tuberculosis PPD and BCG increased
significantly from 14 to 24 weeks of age, followed by a decrease at 52 weeks of age. The
IFN-y response to SEB was robust at all three timepoints in both groups.
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Proportion of positive IFN-y responses between vaccination groups

The proportion of infants with a positive IFN-y response to M. tuberculosis PPD in the
group vaccinated at birth was 70.2% at 14 weeks, 68.7% at 24 weeks and 25% at 52 weeks
of age; 72.6% of the infants vaccinated at birth had positive responses to BCG at 14 weeks,
71.6% at 24 weeks and 39% at 52 weeks of age. In contrast, the proportion of infants with a
positive response to M. tuberculosis PPD in the delayed vaccination group was 9.4% at 14
weeks, 58.0% at 24 weeks and 30.8% at 52 weeks of age; 23.4% of these infants had a
positive response to BCG at 14 weeks, 70.0% at 24 weeks and 46.2% at 52 weeks of age
(Figure 3).

As expected, a significantly higher proportion of infants had positive responses to M.
tuberculosis PPD (OR 22.81, 95%CI 8.72-59.69, P < 0.001) and to BCG (OR 8.66, 95%CI
4.09-18.37, P < 0.001) at 14 weeks of age in the birth vaccination group. This effect was no
longer apparent at 24 or 52 weeks of age (Figure 3). At 14 weeks of age, infants in the birth
group were also more likely to have positive responses to ESAT-6/CFP-10 (OR 7.56,
95%CI 0.93-61.30, P = 0.043) and TB 10.4 (OR 7.56, 95%CI 0.93-61.30, P = 0.043) than
those in the delayed group, implying some cross-reactivity between these antigens. At 24
and 52 weeks of age, this effect was no longer observed. No infant with either a positive
ESAT-6/CFP-10 or TB 10.4 response at 14 weeks of age had a history of exposure to a TB
source case or any suggestive symptoms.

The proportion of infants with a positive response to M. tuberculosis PPD at 14 weeks of
age in the vaccination at birth group was compared to the proportion of responders at 24
weeks of age in the delayed group (i.e., at 14 weeks vs. 10 weeks following vaccination),
and was found to be similar (70.2% vs. 58%, OR 1.78, 95%CI 0.80-3.97, P = 0.122).
Responses to BCG were also similar at these time points (70.2% in the birth group at week
14 and 70.0% in the delayed group at week 24; OR 1.14, 95%CI 0.49-2.63, P = 0.51). At
week 52, similar proportions of infants responded to M. tuberculosis PPD in the delayed
group (30.8%) compared to the birth group (25.0%; OR 0.75, 95%CI 0.25-2.25).

Results for the proportion of M. tuberculosis PPD responders per vaccination group were
similar when protocol violators were excluded from analysis (data not shown). In the birth
group, the median responses to M. tuberculosis PPD declined with age (Table). In the
delayed group, median responses to M. tuberculosis PPD were higher at 24 weeks than at 14
weeks of age, as expected (594.81, IQR 0-1752.29 vs. 0, IQR 0-0, P = 0.001), but then
declined by 52 weeks of age (0, IQR 0-385.40 vs. 594.81, IQR 0-1752.29, P = 0.006).

Effect of HIV exposure on IFN-y responses in infants vaccinated at birth

Among the infants vaccinated at birth, the median IFN-vy responses to M. tuberculosis PPD
at week 14 were lower in HIV-exposed than in non-exposed infants (276.49, IQR 30.55-
935.0 vs. 790.17, IQR 238.56-1668.01, P = 0.048; Figure 4). Responses to ESAT-6/CFP-10
demonstrated a similar pattern (0, IQR0-4.22 vs. 0, IQR 0-58.21, P = 0.060). Responses to
BCG, TB10.4 and SEB did not differ between HIV-exposed and non-exposed infants at
week 14. At week 24, results for HIV-exposed and non-exposed infants were similar in the
birth group for M. tuberculosis PPD, BCG and ESAT-6/CFP-10, but HIVV-exposed infants
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had a lower response to TB 10.4 (P = 0.044). At week 52, the responses were comparable
between HIV-exposed and non-exposed infants for all antigens tested. Of the HIV-exposed
infants in the birth group, 64.8% produced a positive IFN-vy response to M. tuberculosis PPD
at week 14 compared to 80.0% of non-exposed infants (P = 0.145). A significantly lower
proportion of HIV-exposed infants had a positive ESAT-6/CFP-10 response at week 14 (P =
0.009).

Among the infants who received delayed BCG vaccination at 14 weeks of age, there were
no significant differences in responses to M. tuberculosis PPD or BCG between HIV-
exposed and non-exposed infants at 24 and 52 weeks of age. At 24 weeks of age (10 weeks
post-vaccination), median responses to M. tuberculosis PPD were 49.77, IQR 0-1704 in the
HIV-exposed infants vs. 613.5, IQR 0-1364 in the non-exposed infants; and median
responses to BCG were 354.5, IQR 26.46-1512 in the HIV-exposed and 634.9, IQR 0-2286
in the non-exposed infants. At 52 weeks of age (38 weeks post-vaccination), the median
response to M. tuberculosis PPD was 0, IQR 0-0 in the HIV-exposed infants and 0.71, IQR
0-737.9 in the non-exposed infants, P = 0.199. Similarly, median responses to BCG were
respectively 0, IQR 0-342.6 and 26, IQR 0-284.7 in the HIV-exposed and non-exposed
infants.

To evaluate the effect of delaying vaccination in HIV-exposed infants until after HIV status
is determined, the median IFN-y response to BCG and M. tuberculosis PPD at 14 weeks of
age in the birth group was compared to the median IFN-vy responses at 24 weeks of age
following delayed vaccination in the HIV-exposed infants only (i.e., at 14 vs. 10 weeks
following vaccination) (Figure 5). There were no significant differences in responses to M.
tuberculosis PPD (median 435, IQR 38.5-953.99 in the early group vs. 589.56, IQR 0-
147.47 in the delayed group, P = 0.370) nor BCG (median 450.18, IQR 30.8-2120.26 in the
early vaccinated infants at 14 weeks vs. 476.22, IQR 14.2-2002.26 in the delayed group at
24 weeks of age, P = 0.839), implying that delayed vaccination does not reduce BCG
immunogenicity.

DISCUSSION

As expected, infants who received BCG vaccination at birth had higher IFN-y responses
against mycobacterial antigens at 14 weeks of age than unvaccinated infants. However, the
magnitude of cytokine responses at both 24 and 52 weeks of age were similar in those
vaccinated at birth and at 14 weeks, although responses in both arms declined considerably
by 52 weeks. IFN-y responses measured at 14 weeks of age in the group vaccinated at birth
were also similar to responses measured at 24 weeks of age in the delayed vaccination
group.

Although studies have evaluated delayed BCG vaccination in non-HIV-exposed

infants, 2527 the number of published studies on the effect of BCG vaccination timing on
infant immune responses to mycobacteria in HIV-exposed infants are limited. We have
previously demonstrated increased Th1 cytokine production to BCG at 14 weeks in HIV-
exposed infants vaccinated with BCG at 8 weeks of age vs. at birth.28 This current study
shows that Th1 cytokine production at 52 weeks is equivalent, regardless of HIV exposure
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or vaccination age. These differences may be due to the duration of follow-up, differences in
assays used or differences in age at vaccination in the two studies. Nevertheless, delaying
BCG vaccination in HIVV-exposed infants does not appear to be detrimental to vaccine
responses.

Several studies have described non-specific effects of in utero HIV exposure on immune
responses in HIV-negative infants,21:22:29.30 the Jong-term significance of which is still
unknown. In the present study, HIVV-exposed infants vaccinated at birth had lower IFN-y
responses to M. tuberculosis PPD and ESAT-6/CFP-10 at 14 weeks of age compared to non-
HIV-exposed infants. Van Rie et al., using the identical whole blood assay, also found lower
IFN-v responses to M. tuberculosis PPD in 6-week-old South African HIV-exposed
compared to non-exposed infants.2! In contrast, Mansoor et al., using multiparameter flow
cytometry, demonstrated that T-cell responses to BCG during the first year of life were not
altered by HIV exposure.® In the present study, effects relating to HIV exposure were lost by
52 weeks of age, suggesting possible early, transient T-cell immune suppression as a result
of HIV exposure. In addition, when infants were vaccinated at 14 weeks of age, there were
no differences in the responses according to HIV exposure status, which further confirms a
short-term effect of HIV exposure. Although the clinical relevance is unclear, our data
suggest increased immunological susceptibility to TB in HIV-exposed infants during the
first 3 months of life, when they may also experience a high level of exposure to M.
tuberculosis.
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!
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Infants allocated to BCG at birth n =90,
50%; 60 HIV-exposed)

Total received intervention (n = 106)

Received randomised intervention (n =
90,100%)

Protocol violations: 16 infants in the
delayed intervention group also
received BCG at birth

Infants allocated to delayed BCG (n = 90,
50%; 60 HIV-exposed)

Received randomised intervention (n = 74,
82.2%)

Did not receive allocated intervention (n =
16, 17.8%)

Reasons: infants inadvertently vaccinated
at birth by nursing staff in labour ward, as
per routine practice

}

Underwent phlebotomy at week 14
(84/116, 72.4%)

Lost to follow-up (11+16, 23.3%)

HIV-infected (n = 1, died before week 14)

Failed phlebotomy (n = 4)

Underwent phlebotomy at week 14
(64/74, 86.5%)

Lost to follow-up (n = 8)

HIV-infected (n = 1, excluded from
analysis)

A 4

\4

Underwent phlebotomy at week 24
(67/106, 63.3%)

Lost to follow-up after week 14 (n = 10)

Failed phlebotomy (n = 2)

Other: laboratory unable to accept

Underwent phlebotomy at week 24 (50/74,
67.6%)

Lost to follow-up after week 14 (n =9)

Failed phlebotomy (n = 2)

Other: laboratory unable to accept
samples (n = 3)

samples (n = 5)

Underwent phlebotomy at week 52
(41/106, 38.7%)

Figure 1.

Underwent phlebotomy at week 52
(26/74, 35.1%)

Overview of study cohort investigated for immunological measures based on actual
vaccination status at birth (per protocol analysis). HIV = human immunodeficiency virus;

BCG = bacille Calmette-Guérin.
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o Early
o]
g& oggo o Delayed
(o]

000° o

Weeks of age

IFN-y responses (pg/ml) measured by ELISpot in response to A) M. tuberculosis PPD, B)
BCG, C) TB 10.4, D) ESAT-6/CFP-10 and E) SEB in infants vaccinated at birth (early,
open circles) vs. at 14 weeks (delayed, grey circles) measured at 14, 24 and 52 weeks of age.
Lines represent medians and interquartile ranges. * P < 0.05. T P < 0.001. IFN-y =
interferon-gamma; PPD = purified protein derivative; BCG = bacille Calmette-Guérin;
ESAT-6 = early secreted antigenic target 6; CFP-10 = culture filtrate protein 10; SEB =

staphylococcus enterotoxin B.
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Figure 3.
Proportion of infants vaccinated at birth (early) or at 14 weeks of age (delayed) with positive

IFN-y responses (=62 pg/ml) to A) M. tuberculosis PPD, B) BCG, C) TB 10.4, D) ESAT-6/
CFP-10 in infants vaccinated at birth (early, white bars) vs. at 14 weeks (delayed, grey bars),
measured at 14 (n = 148, all antigens), 24 (n = 105, all antigens) and 52 weeks (n = 57, all
antigens) of age. IFN-y = interferon-gamma; PPD = purified protein derivative; BCG =
bacille Calmette-Guérin; ESAT-6 = early secreted antigenic target 6; CFP-10 = culture
filtrate protein 10.
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Figure4.
IFN-vy responses (pg/ml) to A) M. tuberculosis PPD, B) BCG, C) TB 10.4, D) ESAT-6/

CFP-10 and SEB at 14 weeks of age in HIV-exposed (circles) and non-exposed (squares)
infants who received BCG at birth. Lines represent medians and interquartile ranges. * P <
0.05. IFN-y = interferon-gamma; PPD = purified protein derivative; BCG = bacille
Calmette-Guérin; ESAT-6 = early secreted antigenic target 6; CFP-10 = culture filtrate
protein-10; SEB = staphylococcus enterotoxin B; HIV = human immunodeficiency virus.
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O Early:14
© Delayed: 10

o /o)
o© o7}

Early: 14 Delayed: 10
Weeks post-vaccination

IFN-vy responses (pg/ml) to A) M. tuberculosis PPD, B) BCG, in HIVV-exposed infants
vaccinated at birth (early, open circles) at 14 weeks of age, 14 weeks post-vaccination, were
compared to HIV-exposed infants vaccinated at 14 weeks of age (delayed, grey circles)
measured at 24 weeks of age, 10 weeks post-vaccination. Lines represent medians and
interquartile ranges. IFN-y = interferon-gamma; PPD = purified protein derivative; BCG =
bacille Calmette-Guérin; HIV = human immunodeficiency virus.
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