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Background: Tuberculosis (TB) remains the leading cause of infectious disease-related death. Recently, a trial
of BCG revaccination and vaccination with H4:IC31, a recombinant protein vaccine, in South African adoles-
cents (Aeras C-040-404) showed efficacy in preventing sustained QuantiFERON (QFT) conversion, a proxy for
Mycobacterium tuberculosis (M.tb) infection. A phase 1b trial of 84 South African adolescents was conducted,
concurrent with Aeras C-040-404, to assess the safety and immunogenicity of H4:IC31, H56:IC31 and BCG
revaccination, and to identify and optimize immune assays for identification of candidate correlates of pro-
tection in efficacy trials.
Methods: Two doses of H4:IC31 and H56:IC31 vaccines were administered intramuscularly (IM) 56 days
apart, and a single dose of BCG (2�8 £ 105 CFU) was administered intradermally (ID). T-cell and antibody
responses were measured using intracellular cytokine staining and binding antibody assays, respectively.
Binding antibodies and CD4+/CD8+ T-cell responses to H4- and H56-matched antigens were measured in
samples from all participants. The study was designed to characterize safety and immunogenicity and was
not powered for group comparisons. (Clinicaltrials.gov NCT02378207).
Findings: In total, 481 adolescents (mean age 13¢9 years) were screened; 84 were enrolled (54% female). The vac-
cines were generally safe and well-tolerated, with no reported severe adverse events related to the study vac-
cines. H4:IC31 and H56:IC31 elicited CD4+ T cells recognizing vaccine-matched antigens and H4- and H56-
specific IgG binding antibodies. The highest vaccine-induced CD4+ T-cell response rates were for those recogniz-
ing Ag85B in the H4:IC31 and H56:IC31 vaccinated groups. BCG revaccination elicited robust, polyfunctional BCG-
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specific CD4+ T cells, with no increase in H4- or H56-specific IgG binding antibodies. There were few antigen-spe-
cific CD8+ T-cell responses detected in any group.
Interpretation: BCG revaccination administered as a single dose ID and both H4:IC31 and H56:IC31 administered
as 2 doses IM had acceptable safety profiles in healthy, QFT-negative, previously BCG-vaccinated adolescents.
Characterization of the assays and the immunogenicity of these vaccines may help to identify valuable markers
of protection for upcoming immune correlates analyses of C-040-404 and future TB vaccine efficacy trials.
Funding: NIAID and Aeras.

© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
3) assessed the effi-
preventing initial or
as a marker of initial
is (M.tb) infection,
lanned for a similar
ut was withdrawn
had been studied in
enicity trials, but no
single trial had been

to compare immune
1 to BCG and to eval-
for use in future cor-

e dose intradermally
inistered as 2 doses
ptable safety profiles
-vaccinated adoles-
56:IC31 all induced
tracellular cytokine
ucing serum IgG to
ISA. These immuno-
may be valuable for
rent and future M.tb
arrants correlates of
The HVTN 602/Aeras A-042 study was conducted at the Emavund-
leni Clinical Research Site (CRS) in Crossroads, Cape Town, South Africa.
1. Introduction

Tuberculosis (TB) remains the leading cause of infectious disease-
related death due to a single pathogen worldwide, with the highest
burden in low- to middle-income countries. An effective vaccine is
crucial for controlling and ultimately eliminating TB as a global public
health problem [1]. To date, the bacillus Calmette-Gu�erin (BCG) vac-
cine is the only available TB vaccine and provides only partial and
variable protection againstMycobacterium tuberculosis (M.tb) [2�4].

Aeras C-040-404, a phase 2 Prevention of Infection (POI) trial of
H4:IC31 and BCG regimens, was conducted among HIV-uninfected,
BCG-vaccinated healthy adolescents in high tuberculosis transmis-
sion settings and showed that the rate of sustained QuantiFERON-TB
Gold In-tube (QFT-GIT) conversion, a secondary endpoint thought to
be a marker of sustained M.tb infection, could be reduced by vaccina-
tion [5]. Specifically, BCG revaccination reduced the rate of sustained
QFT-GIT conversion with an efficacy of 45¢4% (p = 0¢03); the primary
endpoint, QFT-GIT conversion, was not significantly reduced by BCG
revaccination (VE = 20%, p = 0¢14). The efficacy against sustained QFT-
GIT conversion of the H4:IC31 vaccine was 30¢5% but was not statisti-
cally significant (p = 0¢16). This was the first evidence that sustained
M.tb infection could be prevented by vaccination, assuming that sus-
tained QFT conversion is a surrogate of sustained M.tb infection, even
in a high-transmission setting such as Cape Town, South Africa [5].

The lack of known correlates of protection is a major impediment
for the rational and expeditious development of TB vaccines. A study
to identify immunological correlates of protection in the POI trial is
underway; however, sample volumes and resources are limited,
making the prioritization of assays and vaccine response biomarkers
essential. For example, with limited peripheral blood mononuclear
cells (PBMC) for intracellular cytokine staining, one might select only
a limited subset of antigens for use in the case-control immune corre-
lates analysis. For this reason, conducting pilot studies in parallel to
efficacy trials can provide opportunities to characterize vaccine
responses and optimize immunogenicity assays that will facilitate
correlates analyses . To this end, we conducted a concurrent phase 1b
trial, known as HVTN 602/Aeras A-042, to characterize the immuno-
genicity of H4:IC31 and BCG revaccination, in addition to a third vac-
cine candidate, H56:IC31. The objective was to help identify
candidate vaccine response biomarkers and to optimize immune
assays that could be evaluated as correlates of protection againstM.tb
infection in the completed C-040-404 efficacy trial and anticipated
efficacy trial of H56:IC31. HVTN 602/Aeras A-042 was conducted in
QFT-GIT-negative, HIV-uninfected, healthy adolescents (aged 12�17
years) in Cape Town who had been BCG vaccinated at birth � mirror-
ing the C-040-404 population � to investigate safety, tolerability and
primary immunogenicity.

2. Methods

2.1. Study setting and participant characteristics

This CRS is situated in a high TB transmission area, where rates of TB
among the general population are >1000/100,000 persons [6�8]. Ado-
lescents in this trial had received BCG vaccination at birth per the South
African vaccination policy, and vaccine coverage is high [9,10]. Deltoid
scarification or clinical immunization card verification were used to
confirm prior immunization with BCG. The study aimed to enroll 84
QFT-GIT-negative, BCG-vaccinated at birth, healthy, HIV-uninfected
volunteers aged 12 to 17 years. Adolescents with previously-treated or
current TB, a household TB contact, substance use, or pregnancy were
excluded. Adolescents provided written informed assent and legal
guardians/parents provided written informed consent.

2.2. Study design

HVTN 602/Aeras A-042 (Clinicaltrials.gov NCT02378207) was a
randomized, placebo-controlled, four arm, partially blinded phase 1b
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clinical trial to evaluate the safety, tolerability and cellular immune
responses of BCG revaccination, H4:IC31, and H56:IC31 vaccination.
The number of participants per group was sufficient to have a >90%
chance of observing at least one serious adverse event if the true rate
of serious adverse events was 9%. Secondary objectives included
measuring humoral, innate and adaptive immune responses to the
vaccines. The study was not designed nor powered to make compari-
sons between the immune responses to each vaccine or placebo. Par-
ticipants were randomized to 1 of 3 treatment groups or the control
group in a 2:2:2:1 ratio (Table 1). Participants received 2 doses of H4:
IC31, H56:IC31, or placebo, or a single dose of BCG and were followed
through study day 224 (8 months).

2.3. Vaccines and vaccine administration

H4:IC31 (AERAS-404) is a field-reconstituted vaccine with H4
antigen (Sanofi Pasteur) and IC31� proprietary adjuvant (Valneva,
formerly Intercell) supplied in different vials. H56:IC31 is a vaccine
with the H56 antigen (Statens Serum Institut; SSI) formulated in
IC31� adjuvant. The BCG vaccine (Danish strain) was manufactured
and supplied by SSI.

The H4:IC31 and H56:IC31 vaccines each had two components: a
recombinant fusion protein of M.tb antigens (antigens Ag85B and
TB10.4 in H4; antigens Ag85B, ESAT-6, and Rv2660c in H56); and the
adjuvant IC31� (contains KLK peptide and TLR9 agonist ODN1a, syn-
thetic oligonucleotide) that has been demonstrated to augment both
cellular and humoral immune responses [11].

Vaccines were administered as follows: Group 1: H4:IC31 (15 mg
H4/500 nmol IC31) administered intramuscularly (IM) as 0¢5 mL in
alternating deltoid at days 0 and 56. Group 2: H56:IC31 (5 mg H56/
500 nmol IC31) administered IM as 0¢5 mL in alternating deltoid at
days 0 and 56. Group 3: BCG (2�8 £ 105 CFU) administered intrader-
mally (ID), using the standard Mantoux technique, as 0¢1 mL over the
upper left deltoid at day 0. Group 4: Placebo; sterile sodium chloride
0¢9% for injection administered IM as 0¢5 mL in alternating deltoid at
days 0 and 56.

2.4. Randomization and blinding

Participants were randomized to 1 of 3 treatment groups or the
control group in a 2:2:2:1 ratio. The randomization sequence was
computer-generated and provided to the CRS through an interactive
web response system (IWRS) developed and managed by Almac
(https://www.almacgroup.com/). The randomization schedule was
prepared by a statistician who was not involved in the analysis of the
study in order to maintain blinding of the study team. The randomi-
zation was done in blocks to ensure balance across arms over time.
The CRS pharmacist with primary responsibility for dispensing study
products was charged with maintaining security of the treatment
assignments. This was a partially blinded trial, as H4:IC31, H56:IC31
and placebo were administered in a blinded fashion; given that BCG
is administered by a different route and is associated with well-char-
acterized vaccination site reactions, BCG was administered in an
unblinded fashion by a staff member not otherwise involved in the
Table 1
Dosage, injection schedule and group assignment.

Injection schedule

Group N Dose Volume Day 0 Day 56

1 24 15 mg H4/500 nmol IC31 0¢5 mL H4:IC31 H4:IC31
2 24 5mg H56/500 nmol IC31 0¢5 mL H56:IC31 H56:IC31
3 24 2�8 £ 105 CFU 0¢1 mL BCG �
4 12 Placebo 0¢5 mL Control Control
Total 84

CFU = colony forming units.
study. The day of enrolment for each participant was study day 0,
and participants who discontinued from the trial were not replaced.

3. Outcomes

3.1. Safety assessments

Serum chemistry, full blood count with differential, and urinalysis
(dipstick) were conducted at screening, seven days after each vacci-
nation, and, except for urinalysis, at study day 168. All adverse and
serious adverse events (AE and SAE) reported post-vaccination were
collected. Evaluation was performed through 28 days after each study
vaccination for unsolicited AEs; seven days after each vaccination for
solicited systemic AEs; 28 days after each vaccination for solicited
injection site reactions in the placebo, H4:IC31, and H56:IC31 groups;
and 84 days after vaccination for solicited injection site reactions in
the BCG group. SAEs and AEs of special interest were collected
throughout the entire study period. Solicited AEs included injection
site reactions of pain, erythema, swelling, and axillary lymphadenop-
athy; and systemic AEs of pyrexia, myalgia, arthralgia, fatigue, head-
ache, nausea, diarrhea, and chills. Vital signs (blood pressure, pulse,
and temperature [axillary or by infrared thermometry]) were mea-
sured at every clinic visit (pre-vaccination and at least 30 min post-
vaccination on each vaccination day).

3.2. Immunogenicity assessments

Blood samples for longitudinal cellular and humoral immunoge-
nicity assays were collected on study days 0, 70, and 168 for all treat-
ment groups and additionally at study day 14 for the H4:IC31, H56:
IC31 and placebo groups; and at study day 28 for the BCG group.
Blood samples for the QFT-GIT assay were collected at screening and
study days 70, 168, and 224.

3.3. Regulatory and study oversight

The study was approved by the Health Science Human Research
Ethics Committee of the University of Cape Town and the Medicines
Control Council of South Africa. The study was overseen by a Collab-
oration Oversight Group (COG), composed of representatives from
Aeras, Sanofi Pasteur, SSI, the National Institutes of Health (NIH),
and the HIV Vaccine Trials Network (HVTN); members were not
involved with conducting the study but responsible for overseeing
the collaboration.

3.4. Laboratory assessments

3.4.1. QFT-GIT assay
The QFT-GIT in vitro diagnostic test (Qiagen, Hilden, Germany)

was used to assess IFN-g responses to peptide antigens that repre-
sent mycobacterial proteins (ESAT-6, CFP-10 and TB7.7), as a measure
of prior exposure toM.tb. The test was run at baseline and repeated at
study days 70, 168 and 224. Assay procedures were standardized
according to the recommendations in the Aeras C-040-404 trial [12].
Supernatants were run in the QFT-GIT ELISA and positivity was deter-
mined as per the manufacturer’s instructions (Qiagen, QuantiFERON-
TB Gold). Response rates and corresponding 95% confidence intervals
were calculated using Wilson’s score method [13].

3.4.2. Intracellular cytokine staining (ICS) assay
PBMC were isolated and cryopreserved from whole blood col-

lected in acid citrate dextrose (ACD)-anticoagulant as previously
described [14]. T-cell responses to M.tb antigens were measured by
ICS using multiparameter flow cytometry as previously described
[15,16]. Briefly, cryopreserved PBMC were thawed, incubated over-
night and stimulated on day 2 for six hours at 37 °C with either

https://www.almacgroup.com/
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peptide pools (peptides of 15 amino acids overlapping in sequence
by 11 amino acids) for the vaccine-matched proteins (Ag85B, ESAT-
6, Rv2660c and TB10.4), BCG (Pasteur strain grown from glycerol
stocks and provided by Aeras, Rockville, MD), dimethyl sulfoxide
(DMSO, 0¢5%, Sigma Aldrich, Saint Louis, MO; negative control) or
staphylococcal enterotoxin B (SEB, 0¢25 mg/mL, Sigma Aldrich; posi-
tive control) in the presence of costimulatory antibodies CD28 and
CD49d (1 mg/mL, BD Biosciences, San Jose, CA) and brefeldin A (BFA,
10 mg/mL, Sigma Aldrich, Saint Louis, MO). Cells were incubated
with ethylenediaminetetraacetic acid (EDTA, 2 mM, Life Technolo-
gies) overnight at 4 °C, then stained with a 26-color antibody stain-
ing panel (modified version of [17]) and acquired on a BD
FACSymphony A5 flow cytometer (BD Biosciences, San Jose, CA),
and analyzed using FlowJo version 9¢9¢6 (BD, Franklin Lakes, NJ).
Data would have been excluded from analyses if fewer than 1000
CD4+ and/or CD8+ T cells were counted; however, no samples were
excluded based on this criterion.

To assess the response of CD4+ and CD8+ T cells to each ex vivo
antigen stimulation, cell frequencies were measured based on their
expression of IL-2, IFN-g and/or TNF-a. The magnitude of the
response to an antigen was computed as the fraction of CD4+ or CD8
+ T cells expressing �2 of the cytokines minus the same fraction mea-
sured in the DMSO negative control condition. To assess positivity for
an antigen stimulation within the CD4+ or CD8+ T-cell subset, a two-
by-two contingency table was constructed to compare the antigen-
stimulated and DMSO negative control data. The four entries in each
table were the number of cells expressing �2 of the cytokines, and
the number of cells expressing <2 of the cytokines, for both the stim-
ulated and the negative control data. The probability of response was
estimated for each sample using a Bayesian hierarchical mixture
model approach (MIMOSA [18]); responses with a posterior probabil-
ity of response greater than 99¢9% were considered positive. The
response probability at post-vaccination timepoints did not adjust
for responses measured at baseline. Therefore, positive responses
measured after vaccination indicate a response to the antigen stimu-
lation but may not reflect an increase in response due to vaccination.
Treatment group response rates and the corresponding 95% confi-
dence intervals were calculated by Wilson’s score method [13].

Longitudinal comparisons: for comparisons between two time-
points within a group, positive response rates were compared using
McNemar's test [19], and response magnitudes were compared using
the Wilcoxon signed rank test [20]. Unlike Fisher’s exact test and the
Wilcoxon rank sum test, the McNemar’s and Wilcoxon signed rank
tests account for the paired nature of these comparisons (i.e., the
repeated measurements on each individual at each timepoint). Longi-
tudinal comparisons were adjusted for multiple comparisons using
the method of Holm-Bonferroni to compute FWER-adjusted p-values.
Adjustment was performed across antigens, timepoints, and treat-
ment groups, with significance based on FWER-p < 0¢05. Adjustment
was performed independently for response rate and magnitude com-
parisons.

Statistical analyses were done using SAS (version 9¢4; SAS Insti-
tute, Cary, NC, USA) and R statistical software (version 3¢3¢2; R Foun-
dation for Statistical Computing, Vienna, Austria). Boxplots are used
to show the distribution of all available data by group, timepoint or
antigen. The mid-line of the box denotes the median and the ends of
the box denote the 25th and 75th percentiles. The whiskers that
extend from the top and bottom of the box extend to the most
extreme data points that are no more than 1¢5 times the interquartile
range beyond the 25th and 75th percentiles. Descriptive tables of the
ICS data and longitudinal comparisons can be found in the Supple-
mental Materials (Supplemental ICS Tables).

3.4.3. Binding antibody multiplex assay (BAMA)
Total serum IgG and IgG subclass binding antibodies were mea-

sured at dilutions of 1:50 (total IgG binding to H4, total IgG, IgG1,
IgG2, IgG3, and IgG4 binding to H56) and 1:40 (IgG1, IgG2, IgG3, and
IgG4 binding to H4) using a binding antibody multiplex assay [21].
The readout was mean fluorescence intensity (MFI) after background
subtraction measured on a Bio-Plex instrument (Bio-Rad, Hercules,
CA). Samples from post-enrolment visits were designated as positive
responses if they met three conditions: (1) the net-MFI values were
� antigen-specific cut-off (based on the 95th percentile of the base-
line visit serum samples and at least 100 MFI), (2) the net-MFI values
were > 3 times the baseline (day 0) net-MFI values, and (3) the MFI
values were > 3 times the baseline MFI values. Response rates and
corresponding 95% confidence intervals were calculated by the Wil-
son score method [13]. Response rates between treatment arms were
compared using Fisher’s exact test. No formal comparisons of
response rates were made between the active treatment groups, as
comparing the vaccines to each other was not the aim of the study,
and the study was not powered for this comparison. Each group was
compared to the placebo group.
3.4.4. Role of the funding source
The study funders, NIAID and Aeras, participated in data collec-

tion, data analysis, data interpretation, and writing of the report. The
authors had full access to all the data in the study. The decision to
submit for publication was joint among all co-authors.
4. Results

4.1. Participant disposition at enrolment

A total of 481 participants were screened (Fig. 1), and of these, 84
were randomized into the study between July 2015 and March 2016.
The most common reason for exclusion (229 of the 397 [58%]) was a
positive QFT-GIT response. Mean age across the study was 13¢9 years
and 98¢8% of the participants were Black. The treatment groups were
comparable for age, race, weight, and height. Participants in the H4:
IC31 group were predominantly female (62¢5%), while in each of the
remaining three groups approximately half the participants were
female (Table 2).

All randomized participants received their first vaccination per
protocol. One individual in the placebo group, five in the H56:IC31
group and three in the H4:IC31 group did not receive their second
vaccination. Of these participants, three in the H56:IC31 group and
one in the H4:IC31 group contributed immunogenicity data at day 70
and 163 and one in the H56:IC31and H4:IC31 group contributed data
at day 163 only. A total of 78 (93%) participants completed the study
(Fig. 1) and 75 (89%) participants completed all study vaccinations.
Analyses of safety and immunological data were conducted on all
available data, without exclusions for participants that missed a study
vaccination.
4.2. Safety

Most AEs were mild or moderate in severity, and no severe AEs
deemed related to study vaccine were reported. No AEs resulted in
discontinuation of vaccination in any study group. No apparent
increased incidence or severity of AEs overall was observed after the
second vaccination of H4:IC31 or H56:IC31. AEs reported as related
to vaccination are shown in Table 3 and by grade in Supplemental
Table 1. The incidence of moderate AEs was higher (�20 percentage
points difference) in the H56:IC31 group vs. placebo after the first
vaccination, largely due to an increased incidence of moderate injec-
tion site pain and headache. One normal term pregnancy occurred in
a young woman in the H4:IC31 arm. Mild to moderate injection site
induration and ulcer formation were most commonly seen with BCG
revaccination, and these events resolved without sequelae.



Fig. 1. HVTN 602/AERAS A-042 CONSORT flow diagram.
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4.3. M.tb exposure and QFT-GIT conversion

QFT-GIT was used to identify participants who may have been
exposed to M.tb while enrolled; exposure was evaluated in all groups
and at all visits. Because the H56:IC31 vaccine contains ESAT-6, one of
the antigens included in the QFT-GIT stimulation, positive results in the
QFT-GIT could either be due to recent exposure or H56:IC31 vaccina-
tion. The quantitative readouts and positivity rate within each group at
each visit are presented (Fig. 2). One participant (1 of 84) was detected
as being QFT-GIT positive at baseline, despite the enrolment require-
ment of being QFT-negative. In the placebo, H4:IC31, H56:IC31 and BCG
groups there were 2/11 (18%), 1/21 (5%), 9/19 (47%) and 3/20 (15%)
QFT-GIT conversions by day 70, respectively (Fig. 2). These denomina-
tors reflect the number of evaluated samples at each time point by
arm, and the percentages represent those with a positive QFT-GIT test
result at that time point. Since these occurred within the 84-day “wash
out” period that was defined in the Aeras C-040-404 POI study, these
would not have been considered conversion endpoints in that study
and may indicate M.tb exposure prior to enrolment that was not yet
detectable at baseline. This is with the exception of the H56:IC31 group,
where the nine QFT-GIT conversions could indicate vaccine-induced
responses due to the presence of ESAT-6 in the vaccine and/or to M.tb
exposure. By the final visit on day 224, there were 2/10 (20%), 2/21
(10%), 6/20 (30%), and 3/21 (14%) QFT-GIT positive participants in the
placebo, H4:IC31, H56:IC31 and BCG groups, respectively. Individual
responses can be tracked over the three sampling intervals during the
224-day trial period in Fig. 2. There was one individual in the placebo
arm with a QFT reversion between day 168 and 224; there were no
occurrences of this in the H4:IC31 arm. Four participants in the H56:
IC31 group reverted between day 70 and day 168, with one of these
participants having a positive reading again at day 224. One participant
in the BCG arm also reverted between day 70 and day 168 and was
QFT-GIT positive again at day 224.

4.4. T-cell response magnitudes and rates

We assessed the frequencies of CD4+ and CD8+ T-cells expressing
at least two of three cytokines (IL-2, IFN-g , TNF-a) to vaccine-
matched antigens or to BCG at baseline and at study days 14 (or 28 in
the BCG arm), 70 (peak immunogenicity timepoint) and 168 (durabil-
ity timepoint). T-cell responses were assessed at day 28 in the BCG
arm to allow the adaptive responses to BCG, known for slow replica-
tion, to more fully develop. All participants provided samples at day
70 (two weeks post the second H4:IC31, H56:IC31 and placebo injec-
tions or 10 weeks post BCG revaccination), to allow for a direct com-
parison across all arms. In addition, we also applied a positivity call
method used in our HIV vaccine studies [18] to identify the level of
vaccine ‘take’ in participants. Positive responses were determined
using the MIMOSA, as described in the methods. We examined T cells
recognizing four M.tb peptide pools representing the proteins Ag85B,
TB10.4, ESAT-6 and Rv2660c. The protein Ag85B is present in all three
vaccines; it is also known to be present in environmental



Table 2
Baseline characteristics total and by arm.

Variable Placebo (n = 12) BCG (n = 24) H4:IC31 (n = 24) H56:IC31 (n = 24) Total (N = 84)

Age (years)
n 12 24 24 24 84
Mean (SD) 13¢2 (1¢1) 14¢5 (1¢5) 13¢8 (1¢4) 13¢7 (1¢5) 13¢9 (1¢5)
Median 13¢0 15¢0 14¢0 13¢5 14¢0
Min, Max 12,15 12,17 12,17 12,17 12,17

Sex
Male 6 (50) 13 (54) 9 (38) 11 (46) 39 (46)
Female 6 (50) 11 (46) 15 (63) 13 (54) 45 (54)

Race
Asian 0 0 0 0 0
Black 12 (100) 24 (100) 24 (100) 23 (96) 83 (99)
White 0 0 0 0 0
Coloreda 0 0 0 1 (4¢2) 1 (1¢2)
Other 0 0 0 0 0

Height (cm)
n 12 24 24 24 84
Mean (SD) 156¢3 (7¢4) 159¢6 (7¢4) 155¢7 (9¢8) 157¢6 (8¢7) 157¢5 (8¢5)
Median 154¢0 160¢0 155¢0 157¢5 158¢0
Min, Max 148,173 145,174 138,183 141,175 138,183

Weight (kg)
n 12 24 24 24 84
Mean (SD) 55¢9 (13¢2) 57¢7 (12¢8) 54¢2 (10¢2) 54¢5 (9¢5) 55¢5 (11¢1)
Median 51¢0 55¢5 52¢0 52¢5 52¢5
Min, Max 44,85 40,84 41,74 42,78 40,85

a Colored refers to persons of multiracial backgrounds within southern Africa, primarily within the western part of South Africa.
Max = maximum; Min = minimum; SD = standard deviation.
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mycobacteria [22]. The protein TB10.4 is present in the H4:IC31 vac-
cine and BCG, while ESAT-6 and Rv2660c are only present in the
H56:IC31 vaccine [23].

As seen in other clinical trials of these vaccines [5,24�26], vaccine
antigen-specific CD4+ T cells were prevalent and few CD8+ T-cell
responses were detected. No antigen-specific CD4+ or CD8+ T-cell
responses to Ag85B, ESAT-6, Rv2660c or TB10.4 were detected in the
placebo group at any timepoint (Figs. 3, 4, Suppl. Figures 1 & 2). CD4+
or CD8+ T-cell responses to the peptide pools at baseline in the vaccine
groups were also rare. The H4 group showed no positive responses to
any peptide pools at baseline, but the H56 group had one participant
who had positive responses to Ag85B, TB10.4 and ESAT-6 as well as
four additional participants who showed a baseline positive response to
just the TB10.4 peptide pool (Fig. 3A�C). As expected, since all
Table 3
Adverse events by vaccination group.

Preferred term Placebo (N = 12) n (%) BCG

Participants with at least 1 AE 6 (50) 23 (
Participants with at least 1 solicited AE 6 (50) 21 (
Participants with at least 1 unsolicited AE 2 (17) 15 (
Fatigue 1 (8) 7 (2
Headache 2 (17) 7 (2
Chills 2 (177) 2 (8
Myalgia 1 (8) 4 (1
Nausea 1 (8) 2 (8
Arthralgia 1 (8) 3 (1
Diarrhea 1 (8) 5 (2
Tachycardia 1 (8) 0
Vomiting 0 1 (4
Pyrexia 1 (8) 0
Abdominal pain 0 2 (8
Feeling cold 0 1 (4
Injection site scar 0 2 (8
Injection site pain 3 (25) 14 (
Injection site abscess 0 1 (4
Injection site discoloration 0 1 (4
Injection site exfoliation 0 1 (4
Injection site rash 0 1 (4
Injection site scab 0 1 (4
volunteers received BCG vaccine at birth, BCG-specific responses were
detectable in the placebo group with the highest response rate in CD4+
T cells of 40% at day 168 (Fig. 3D) and in CD8+ T cells of 9% at days 0
and 70 (Fig. 4). Additionally, all vaccine groups had responses to BCG at
baseline; the H56 group had the highest CD4+ T-cell response rates at
32% (Fig. 3D) and the H4 group had the highest CD8+ T-cell response
rates at 22% (Fig. 4).

H4 vaccination induced CD4+ T-cell responses to both Ag85B and
TB10.4 peptide pools, with significant increases in the response mag-
nitudes over baseline seen for Ag85B two weeks after the first dose
(day 14) and to both peptide pools after the second dose (day 70;
Fig. 3A, B). The response contracted by day 168 but the magnitudes
remained elevated relative to baseline. H56 vaccination similarly
increased response magnitudes to Ag85B on days 14 and 70 and
(N = 24) n (%) H4:IC31 (N = 24) n (%) H56:IC31 (N = 24) n (%)

96) 17 (71) 15 (63)
88) 17 (71) 15 (63)
62) 2 (8) 1 (4)
9) 6 (25) 7 (29)
9) 6 (25) 6 (25)
) 5 (21) 6 (25)
7) 2 (8) 5 (21)
) 3 (13) 5 (21)
3) 1 (4) 3 (13)
1) 1 (4) 1 (4)

0 0
) 0 0

1 (4) 2 (8)
) 0 0
) 1 (4) 0
) 0 0
58) 14 (58) 13 (54)
) 0 0
) 0 0
) 0 0
) 0 0
) 0 0



Fig. 2. Background-subtracted readouts from the QFT-GIT. Assay magnitudes (IFN-g ELISA readout) are plotted on a log-scale, by treatment group and visit. Each participant is rep-
resented as a single line with one symbol per visit/sample. A dashed line indicates the manufacturer’s recommended positivity threshold (�0.35 IU/mL). The shaded gray area indi-
cates the “uncertainty” area as defined in (12) in which they showed changes in response magnitude from below the shaded region (<0.2 IU/mL) to a level above the region (>0¢7
IU/mL) were more strongly associated with increased risk of TB disease. The post-vaccine responses among participants in the H56:IC31 group may indicate vaccine-induced
responses as H56 contains one of the antigens in the QFT-GIT assay.

Fig. 3. Antigen-specific CD4+ T-cell responses after re-stimulation with vaccine-matched peptide pools or BCG. Frequency of CD4+ T cells expressing at least 2 of the cytokines IL-2,
TNF-a and IFN-g in response to (a) Ag85B, (b) TB10.4, (c) ESAT-6 and (d) BCG, at study days 0, 14/28, 70 and 168 after vaccination (day 28 for BCG group and day 14 for all other
groups). Respective response rates are indicated above each box plot. Comparisons to baseline response rates were made using McNemar’s test (top of each panel) and to baseline
magnitudes with the Wilcoxon Signed rank test (bottom of each panel) (* indicates FWER-p < 0¢05). The mid-line of the box denotes the median and the ends of the box denote the
25th and 75th percentiles. Whiskers extend to the most extreme data points, no more than 1¢5 times the interquartile range.
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Fig. 4. Antigen-specific CD8+ T-cell responses after re-stimulation with BCG. Fre-
quency of CD8+ T cells expressing at least 2 of the cytokines IL-2, TNF-a and IFN-g in
response BCG at study days 0, 14/28, 70 and 168 after vaccination (day 28 for BCG
group and day 14 for all other groups). Respective response rates are indicated above
each box plot. Comparisons to baseline response rates were made using McNemar’s
test and to baseline magnitudes with the Wilcoxon Signed rank test; no responses met
the significance criteria FWER-p < 0¢05. The mid-line of the box denotes the median
and the ends of the box denote the 25th and 75th percentiles. Whiskers extend to the
most extreme data points, no more than 1¢5 times the interquartile range.

Fig. 5. Cytokine expression of stimulated CD4+ T cells. Boxplots show the median and
interquartile (IQR) of the percentage of CD4+ T cells expressing the combination of
cytokines indicated on the x-axis. The magnitude is background-subtracted. Panels
show Ag85B-specific responses among (a) H4:IC31 and (b) H56:IC31 recipients and (c)
BCG-specific responses among BCG recipients. Comparisons to baseline were made
within each functional subset using a Wilcoxon signed-rank test (*FWER-p < 0¢05).
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these responses also contracted at day 168, remaining elevated rela-
tive to baseline (Fig. 3A). The only significant increase in the magni-
tude of the response to ESAT-6 or Rv2660c peptide pools was to
ESAT-6 at day 70 for the H56 vaccine (Fig. 3C, Suppl. Fig. 1). Neither
H4 nor H56 vaccination induced significant increases in the magni-
tude of the response to BCG (Fig. 3D).

Vaccination with H4 or H56 induced significant increases in the
proportion of positive CD4+ T-cell responders to Ag85B after 2 doses
of vaccine at day 70, with H4 achieving a 60% and H56 achieving a
65% response rate (Fig. 3A). The response rate in the H4 group to
Ag85B remained significantly higher than baseline of 65% at day 168.

BCG re-vaccination only induced significant increases in the CD4+ T-
cell response magnitude to the TB10.4 peptide pool with increases in the
magnitude of the response over baseline observed at days 14, 70 and 168
(Fig. 3B). Re-stimulation with BCG also revealed increases in the magni-
tude of the response at all three timepoints (Fig. 3D) in the BCG group,
however no significant increases in the CD4+ T-cell response rate were
observed (Fig. 3D). CD8+ T-cell response magnitudes and rates to BCG
were not significantly altered post-vaccinationwith BCG (Fig. 4).

To better understand how the quality of the responses differed by
vaccine arm, we then examined the frequency of single, dual or triple
cytokine-expressing CD4+ T-cell subsets in the populations of cells
that showed changes after vaccination (Fig. 5; Suppl. Fig. 3 shows
only the H4:IC31 [n = 3] and H56:IC31 [n = 5] that received the first of
two scheduled injections). As shown in Fig. 5A, H4 vaccine-induced
responses to Ag85B that were boosted at day 70 post-vaccination
consisted primarily of IL-2/TNF-a dual-expressing and polyfunctional
triple cytokine-expressing cells. This pattern was also observed in
responses to the H56 vaccine (Fig. 5B). In contrast, BCG vaccination
only significantly boosted triple cytokine-expressing CD4+ T cells and
this subset increased as early as day 28 post-vaccination (Fig. 5C). No
CD8+ T-cell subsets showed changes after vaccination (Suppl. Fig. 2).
4.5. Vaccine-specific binding antibody responses

Levels of H4- and H56-specific binding antibodies were measured
in serum samples provided on days 0, 28, 70, and 168 in the BCG
revaccination group and days 0, 14, 70 and 168 in all other groups
(Fig. 6). On study day 14 in the H4:IC31 group, there were detectable
levels of H4-specific IgG antibodies in 2/21 recipients and H56-spe-
cific IgG antibodies in 1/22 recipients; the response rates were signifi-
cantly higher at day 70 (H4, 18/18; H56, 17/19). Responses were also
seen among H56:IC31 recipients, but only at day 70 (H4, 8/18; H56,
7/18). In both the H4:IC31 and H56:IC31 groups, the IgG responses
were predominantly comprised of the cytophilic subclasses of IgG1
(Suppl. Fig. 4) and IgG3 (Suppl. Fig. 5). Fewer antigen-specific IgG4
responses (Suppl. Fig. 6) and no substantial IgG2 responses were
detected (Suppl. Fig. 7). No responses to H4 and H56 were detected
among BCG or placebo recipients.

5. Discussion

This study is the first to assess immune responses induced by BCG
revaccination, H4:IC31 and H56:IC31 vaccination in QFT-negative



Fig. 6. H4- and H56-specific IgG binding antibody. Levels of binding antibody were measured using a binding antibody multiplex assay. Boxplots show the median and IQR of the
net response on a log scale. Panels show response rates (upper graphs) and net response magnitude (lower graphs) to the H4 recombinant fusion protein (a) and the H56 recombi-
nant fusion protein (b).
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adolescents who received BCG vaccination at birth in a single trial.
The notable M.tb transmission rate in this setting was indicated by
the numerous participants who were ineligible to participate in this
study due to QFT-GIT positivity (229 of 481 screened), even among
adolescents as young as 12 years. This was also observed in the com-
panion efficacy study and has been previously described in the Cape
Town region [5,27,28]. The single positive QFT-GIT result observed in
an enrolled participant at baseline may be explained by the short
delay between screening and enrolment or fluctuations in QFT posi-
tivity, which have been previously observed [29]. These data suggest
that in such settings, should a vaccine candidate be successful in pre-
venting M.tb infection, it would best be deployed to children younger
than 12 years to ensure maximum impact.

All three vaccinations, including BCG revaccination, were gener-
ally safe and well tolerated in this population of adolescents in Cape
Town. Most adverse events were mild or moderate in severity, and
no severe vaccine-related events were reported. In the mild-to-mod-
erate category, injection site pain was twice as frequent in the active
vaccine arms compared with placebo, and fatigue was three times
more common. The tolerability profiles of H4:IC31 and H56:IC31
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were generally similar. The adverse events seen after BCG revaccina-
tion were most commonly those expected after BCG vaccination,
including induration and vaccine site abscess, which occurred in one
participant with full resolution.

While this trial was not designed to measure efficacy, by the final
visit on day 224 there were 3/21 (14%), 2/21 (10%), 6/20 (30%), and 2/
10 (20%) QFT-GIT positive participants in the BCG, H4:IC31, H56:IC31,
and placebo groups, respectively; at day 70, nearly half of H56:IC31
recipients (9/19, 47%) had positive QFT-GIT results. The greater per-
centage of QFT-GIT conversions among H56:IC31 recipients is consis-
tent with previous observations that vaccinations with the ESAT-6
antigen result in interferon gamma release assay (IGRA) conversion;
an ESAT-6 free IGRA has been developed to monitor M.tb infection
following administration of such vaccines [30]. In the C-040-404 effi-
cacy trial, BCG did not prevent primary QFT-GIT conversion but did
reduce sustained QFT-GIT conversion by 45¢4% [5]; H4:IC31 reduced
sustained conversion by 30%.

All three vaccines were immunogenic, and the CD4+ T-cell
response profiles differed by antigen specificity. The highest vaccine-
induced CD4+ T-cell response rates were for those recognizing Ag85B
in both the H4:IC31 and H56:IC31 vaccinated groups, which were
statistically different at day 70 in comparison to baseline and placebo
group responses. This was consistent with its presence in both the
H4 and H56 immunogens and also with previous studies that have
documented its immunodominance [26]. Unsurprisingly, the cyto-
kine co-expression frequencies and patterns of the Ag85B-specific
responses were also similar between the two arms. Responses to
ESAT-6 in the H56:IC31 group and TB10.4 in the H4:IC31 group were
also significantly increased by vaccination.

Previous trials with H56:IC31 have demonstrated CD4+ T-cell
responses to Rv2660c, and the lack of responses in this study may be
attributed to differences in the specimens tested (whole blood versus
cryopreserved PBMC), antigen stimulation times, the lower antigen
dose (5 mg H56 vs. 15 mg H56), and positivity criteria of the assays
that were used [24,25]. There were CD4+ T-cell responses to BCG-
Pasteur detected at baseline in all the groups; the response magni-
tude was significantly boosted at day 28 by BCG revaccination and
remained significantly higher than baseline at days 70 and 168. The
Ag85B and TB10.4-specific responses induced by H4:IC31 vaccination
and the BCG-specific responses induced by BCG revaccination were
consistent with those observed in the concurrent efficacy trial. The
TNFa-expressing CD4+ T cells contributed to a large proportion of
the responding cell subsets in the polyfunctional analyses, and more
comprehensive comparative studies of other functional markers will
be important in the full assessment of the vaccine-induced responses
of these three immunogens.

We present the primary immunogenicity endpoints of multiple
vaccines in a single clinical trial. Characterization of the vaccine-
induced immune response is the first step toward identifying a corre-
late of protection; in fact, presence of a significant post-vaccine
response is one of the criteria for establishing a Prentice surrogate
endpoint [31]. The endpoints measured constitute vaccine response
biomarkers that may be associated with prevention of M.tb infection
and/or reversion and their characterization will help inform the
ongoing design of immune correlates studies nested in the Aeras C-
040-404 study. The recent BCG revaccination efficacy of 45¢4%
reported by Nemes, et al. provides a unique opportunity to investi-
gate immunological correlates of vaccine protection against sustained
QFT-GIT conversion [5]. These data may help to identify biomarkers
with high reproducibility and robust vaccine-induced changes, two
criteria that are necessary � though not sufficient � for establishing
an association with protection. The increased reversions that contrib-
uted to vaccine efficacy occurred most frequently within months
from the initial QFT-GIT conversion, which may be explained by BCG-
induced immune clearance of these infections, whether by trained
immunity [32] or antigen-specific adaptive responses. The recently
reported efficacy of the GSK M72/AS01E vaccine to prevent tubercu-
losis disease will also provide an opportunity to identify correlates of
protection [33]. Together, results of these investigations could shape
the future of TB vaccine development.

BCG revaccination administered as a single dose ID (2�8 £ 105

CFU) and both H4:IC31 (15 mg H4/500 nmol IC31) and H56:IC31
(5 mg H56/500 nmol IC31) administered as 2 doses IM were associ-
ated with acceptable safety profiles in healthy, QFT-GIT-negative,
previously BCG-vaccinated adolescents. BCG revaccination, H4:IC31,
and H56:IC31 all induced CD4+ T-cell responses with H4:IC31 and
H56:IC31 inducing serum IgG. Characterization of these responses
may help to identify valuable markers of protection in current and
future TB vaccine trials.

6. Data availability

Upon journal acceptance, a copy of the study protocol and the
data underlying the findings of this manuscript (participant data de-
identified) will be available via the following publicly accessible data
portal: https://atlas.scharp.org/cpas/project/HVTN%20Public%20Data/
begin.view?
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