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Abstract
Purpose In this dose-finding Phase II study (NCT00621322),
we evaluated the safety and immunogenicity of different
formulations of the candidate tuberculosis vaccine containing
the M72 antigen (10/20/40 μg doses) and the liposome-based
AS01 Adjuvant System. We aimed to select the lowest-dose
combination of M72 and AS01 that was clinically well

tolerated with immunogenicity comparable to that of the pre-
viously tested M72/AS01B (40 μg) candidate vaccine.
Methods Healthy PPD-positive (induration 3–10 mm) adults
(18–45 years) in The Philippines were randomized (4:4:4:4:1:1)
to receive 2 injections, 1 month apart, of M72/AS01B (40 μg),
M72/AS01E (10 μg), M72/AS01E (20 μg), M72/AS02D
(10 μg), M72/Saline (40 μg) or AS01B alone, and were follow-
ed up for 6 months. AS01E and AS02D contain half the quan-
tities of the immunostimulants present in AS01B. AS02D is an
oil-in-water emulsion. Vaccine selection was based on the
CD4+ T-cell responses at 1 month post vaccination.
Results All formulations had a clinically acceptable safety
profile with no vaccine-related serious adverse events report-
ed. Two vaccinations of each adjuvanted M72 vaccine in-
duced M72-specific CD4+ T-cell and humoral responses
persisting at 6 months post vaccination. No responses were
observed with AS01B alone. One month post second vaccina-
tion, CD4+ T-cell responses induced by each of the threeM72/
AS01 vaccine formulations were of comparable magnitudes,
and all were significantly higher than those induced by M72/
AS02D (10 μg) and M72/Saline.
Conclusions The formulation with the lowest antigen and
adjuvant dose, M72/AS01E (10 μg), fulfilled our pre-defined
selection criteria and has been selected for further clinical
development.
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Introduction

Tuberculosis (TB) is the second leading cause of mortality
worldwide, resulting in 1.4 million deaths and 8.7 million
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incident cases in 2011 [1]. The only licensed TB vaccine,
Bacille Calmette-Guérin (BCG) confers protection against
meningeal and disseminated TB in children [2]. This vaccine
has however a poor efficacy in preventing adult pulmonary
disease [3], which is the foremost source of Mycobacterium
tuberculosis (Mtb) transmission and also the primary cause of
death [4]. Moreover, the efficacy of BCG wanes over time
[5–7], highlighting the need to develop a highly efficacious
and safe TB vaccine.

Several novel prophylactic vaccines are being developed to
prevent TB disease [8], including the adjuvanted M72 candi-
date vaccine [9]. Initial development of the latter vaccine
started with the adjuvanted Mtb72F vaccine, which is com-
posed of the Mtb72F antigen formulated with one of two
different Adjuvant Systems (the liposome-based AS01 or the
oil-in-water emulsion-based AS02 [10, 11]). Mtb72F is a
recombinant fusion protein [12], derived from theMtb proteins
Mtb32A (encoded by Rv0125 ) [13] and Mtb39A (encoded by
Rv1196 ) [14]. Both AS01 and AS02 contain the
immunostimulants 3-O -desacyl-4′-monophosphoryl lipid A
(MPL) and Quillaja saponaria Molina fraction 21 (QS-21)
and are known to induce T-helper cell 1 (Th1)-type responses
[10, 11]. Mtb72F combined with AS02A had a favourable
safety and immunogenicity profile in Purified Protein
Derivative (PPD)-negative and PPD-positive adults [15–17].
The Mtb72F antigen was improved to generate the current
vaccine antigen, M72, and a subsequent clinical study showed
that 40 μg doses of M72 in either AS01B or AS02A were
equally well tolerated in PPD-negative adults [9]. Both candi-
date vaccines elicited robust M72-specific humoral and CD4+

T-cell responses persisting for up to 3 years, however M72/
AS01Bwas significantly more immunogenic thanM72/AS02A
in terms of CD4+ T-cell responses. We hypothesize that in a
PPD-positive population, a lower-dose formulation of M72/
AS01 may be sufficient to induce robust immune responses,
thus allowing for a decrease of the antigen and/or adjuvant
doses without compromising vaccine immunogenicity.

To test this hypothesis and to select the optimal candidate
vaccine formulation, we conducted a Phase II antigen and
adjuvant dose-finding study with different formulations of
M72/AS01 in healthy adults living in a region with a high
TB burden. Two variants of AS01 (AS01B and AS01E) and
one variant of AS02 (AS02D) have been tested. Per dose
injected, AS01E and AS02D both contain half the quantities
of immunostimulants that are present in AS01B, as detailed in
the “Methods” section. From the M72/AS01 candidate vac-
cines tested in this study, we aimed to select the lowest-dose
formulation that had an acceptable safety profile and immu-
nogenicity comparable to M72/AS01B (40 μg) candidate vac-
cine. We therefore evaluated lower quantities of the M72
antigen (10 and 20 μg) in AS01E, using an AS02D-adjuvanted
and a non-adjuvantedM72 vaccine as comparators. The tested
formulations thus included M72/AS01B (40 μg), M72/AS01E

(10 μg), M72/AS01E (20 μg), M72/AS02D (10 μg), M72/
Saline (40 μg) and AS01B alone (control).

Methods

Study Design and Ethics

This Phase I/II, observer blind, randomised, single center,
controlled trial was conducted between April 2008 and April
2009 at the City Health Office I, Santa Rosa City, Laguna, The
Philippines (www.clinicaltrials.gov NCT00621322). The
study protocol and informed consent forms were reviewed
and approved prior to initiation of the study by the National
Ethics Committee, Philippine Council for Health Research
and Development. Written informed consent was obtained
from each subject prior to enrollment. The study was
conducted in accordance with the Declaration of Helsinki
and Good Clinical Practice.

Eligible subjects were randomized (4:4:4:4:1:1) to receive
M72/AS01B (40 μg), M72/AS01E (10 μg), M72/AS01E
(20 μg), M72/AS02D (10 μg), M72/Saline (40 μg) or
AS01B alone. A randomization list generated with standard
statistical analysis software (SAS Institute Inc., Cary, NC,
USA) was used to number the vaccines, with a block random-
ization scheme to ensure a balanced allocation between
groups. All groups received 2 injections of study vaccine at
a one-month interval (Days 0 and 30), and were followed for
up to 6 months after the second vaccination (Day 210).

Vaccination was staggered in two sets and each set was
observer-blind (i.e., the subject and site or sponsor staff in-
volved in the evaluation of subjects were blinded, whilst staff
involved in vaccine administration were aware of the treat-
ment). Subjects of the first set were randomized to receive
study vaccine containing the lowest antigen quantities used in
this study (M72/AS01E (10 μg) and M72/AS02D (10 μg)) or
AS01B alone. The second set (M72/AS01E (20 μg), M72/
AS01B (40 μg) and M72/Saline (40 μg) groups) was vacci-
nated if no safety signals were observed post vaccination of
Set 1 subjects.

Study Participants

Healthy subjects were eligible if they were PPD-positive (PPD
induration ≥ 3 mm but ≤ 10 mm 48–72 hours after adminis-
tration of the PPD skin test; Tuberculin PPD RT23 SSI,
Statens Serum Institute), HIV-negative, aged between 18 and
45 years, had clinically normal screening laboratory values, no
history of TB disease and no sign of active TB disease on
chest X-ray. The selection of a skin test induration between 3
and 10 mm was made using the assumption that the test is
positive maybe due to an infection with a non-tuberculous
mycobacterium and/or a previous BCG vaccination, and not
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to an infection byMtb. Histories of BCG vaccination were not
collected. Subjects were excluded if they had a history of any
acute or chronic illness, or of medication with the potential to
interfere with the safety and immunogenicity evaluations.
Pregnancy and lactation were exclusion criteria.

Study Vaccines

The M72 antigen has been described previously [9]. Each
lyophilised cake of M72 antigen was reconstituted with the
appropriate liquid adjuvant or saline. AS01 and AS02 both
contain the immunostimulants QS-21 (Antigenics Inc., a
wholly owned subsidiary of Agenus Inc., Lexington, MA,
USA) and MPL, either combined with liposomes (AS01) or
in an oil-in-water emulsion (AS02) [10]. AS01B contained
50 μg MPL and 50 μg QS-21 per injection, and AS01E and
AS02D both contained 25 μg MPL and 25 μg QS-21 per
injection. Injected volumes were 0.5 mL for all study vac-
cines, except for M72/AS01E (20 μg) which was a half of the
injected volume of M72/AS01B (40 μg), i.e., 0.25 mL. The
vaccines were administered by intramuscular injection with a
23-gauge needle in the deltoid muscle.

Study Objectives

The primary objective was to evaluate the safety and
reactogenicity of the M72 candidate vaccines in the targeted
PPD-positive population. Secondary objectives were to eval-
uate cell-mediated and humoral immune responses.

Safety Assessment

Safety was assessed by daily recording of solicited local
adverse events (AEs) (pain, redness and swelling) and general
AEs (fatigue, fever [axillary temperature ≥37.5°C], gastroin-
testinal (GI) symptoms, headache, malaise and myalgia) for
7 days after each dose (Days 0–6). Unsolicited AEs occurring
within 30 days after each dose and serious AEs (SAEs) until
study end were also recorded. Biochemical and haematolog-
ical parameters (complete blood count, renal and liver func-
tion tests) were monitored on the day of each vaccination
(Days 0 and 30), on Day 7 after each dose (Days 7 and 37)
and 30 days after Dose 2 (Day 60). All solicited local AEs
were considered vaccination-related; the relationship of all
other AEs to vaccination was determined by the Investigator.
AE intensities were scored, and grade 3 (severe) AEs were
defined as those preventing normal activity, redness or swell-
ing >50 mm in diameter, or an axillary temperature >39.5°C.

Within Set 1, all safety and reactogenicity data collected for
6 days following vaccination were reviewed in a blinded
manner by the Investigator group and a sponsor Safety
Review Team to see if pre-defined holding/suspension criteria
were met, prior to vaccination of Set 2. Vaccination would be

put on hold pending unblinded safety review by an indepen-
dent sponsor Vaccine Safety Monitoring Board if more than 8
subjects were withdrawn for severe or unexpected AEs judged
to be related to vaccination 1 week after the last subject was
vaccinated, in the event of a death or life-threatening SAE
judged to be related to vaccination, or if a subject experienced
anaphylactic shock following vaccination.

Immunological Assessment Time-Points

Blood samples were collected prior to each vaccination (Days
0 and 30) and 1 and 6 month(s) after the second vaccination
(Days 60 and 210, respectively). Laboratory assessments were
conducted in a blinded manner.

Humoral Responses

M72-specific IgG antibodies were measured by enzyme-
linked immunosorbent assay (ELISA) based on a previously
described method [9] with an assay cut-off of 2.8 ELISA units
(EU)/ml (i.e., the lower limit of quantitation).

T-Cell Responses Assessed by Intracellular Cytokine Staining
(ICS) and Flow Cytometry

M72 or PPD-specific CD4+ and CD8+ T cells expressing the
immune markers IFN-γ and/or IL-2 and/or TNF-α and/or
CD40L were detected by ICS upon short-term in vitro stimu-
lation, based on a previously described methodology [18]. We
used an adaptation of the method described by Maecker et al.
[19, 20], in which PBMCs were stimulated ex vivo by incu-
bation with antigen in the presence of costimulatory antibod-
ies to CD28 and CD49d, and of Brefeldin A to inhibit cyto-
kine secretion and allow intracellular accumulation. PBMCs
were then stained using fluorochrome-conjugated antibodies
before enumeration by flow cytometry.

Tomeasure theM72-specific T-cell responses, PBMCwere
stimulated with a pool of 15-mer peptides (Eurogentech s.a.,
Seraing, Belgium; final concentration 1.25 μg/ml of each
peptide) overlapping by 11 amino acids and spanning the
entire sequence of the M72 antigen. The peptides were shown
to have >80 % purity by high-performance liquid chromatog-
raphy. Lyophilized peptides were reconstituted in phosphate
buffered saline (PBS)/dimethylsulfoxide (<0.1 % final con-
centration). For assessment of PPD-specific T-cell responses,
PBMC were stimulated with PPD (10 μg/ml; Staten Serum
Institut, Denmark).

For the M72/AS01E (10 μg) vaccine group, an additional
ICS assay was done. Th1/Th2 cytokine profiles (at Days 0 and
60 only) were characterized by measuring frequencies of
CD4+ T cells expressing IFN-γ and/or IL-2 and/or TNF-α
and/or CD40L and/or IL-13, following stimulation of PBMC
with pools of overlapping 15-mer peptides of either 10-kDa
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culture filtrate protein (CFP-10), early secreted antigenic tar-
get (ESAT-6) (both 1.25 μg/ml; Eurogentec s.a., Seraing,
Belgium), or M72 (1.25 μg/ml), or with PPD (10 μg/ml).

Cell Stimulation and Staining

Purified PBMC were thawed, washed twice in culture medi-
um (RPMI 1640, Cambrex, East Rutherford, NJ, USA), sup-
plemented with 10 % heat-inactivated fetal calf serum (FCS;
PAA Laboratories GMbH, Austria), 100 IU/ml penicillin,
100 μg/ml streptomycin sulfate, 2 mM L-glutamine, MEM
nonessential amino acids, 100 mM sodium pyruvate, 50 mM
2-mercapto-ethanol (all Life Technologies, Belgium), exam-
ined for viability and counted (Trucount, BDBiosciences, San
Jose, CA USA), washed again, and resuspended to 2×107

cells/ml in culture medium. PBMC (1×106 cells per well)
were incubated in 96-well microtiter plates with unconjugated
and azide-free costimulatory anti-human CD28 and CD49d
antibodies (1/250 dilution each) and stimulated for 20 h at
37 °C with the appropriate antigen. Brefeldin A (BD
Pharmingen, San Diego, CA, USA; final concentration
1 μg/ml) was added for the last 18 h of culture. Positive
(Staphylococcal enterotoxin B (SEB), 1 μg/ml; Sigma-
Aldrich, St. Louis, MO, USA) and negative controls
(unstimulated; no antigen) were included in each assay.
PMA/ionomycin-stimulated CD4+ T cells were used as a
positive control for IL-13 staining.

Following incubation, the cells were washed (in PBS con-
taining 1 % FCS) and stained with anti-CD4-PerCP and anti-
CD8-APC-Hi7 (all BD Pharmingen). The cells were then
washed again, fixed, and permeabilized with the Cytofix/
Cytoperm kit (BD Pharmingen) according to instructions
and stained with anti CD3-AF700, anti-IFN-γ-FITC, anti-
IL-2-APC, anti-TNF-α-PE Cy7 and anti-CD40L-PE (all BD
Pharmingen). Following washing (Perm/Wash buffer, BD
Pharmingen), the cells were analyzed by flow cytometry.

The same protocol and antibodies were used for the char-
acterization of Th1/Th2-expressing T cells, with the exception
that the intracellular staining was done with anti-CD3 PO
(Caltag-Medsystems Ltd, UK), anti-IFN-γ-AF 700 and anti-
IL-2-FITC (both BD Pharmingen) instead of anti CD3-
AF700, anti-IFN-γ-FITC and anti-IL-2-APC, respectively,
and that anti-IL-13-APC (Biolegend, San Diego, CA, USA)
was used.

Flow Cytometry

Cells were acquired on a FACSCanto II flow cytometer or a
LSR II flow cytometer (Becton Dickinson) using seven-color
panels. Data were analyzed using FlowJo software (TreeStar,
San Carlos, CA). Background (unstimulated control) was
subtracted from all values. The remaining positive events were

regarded as significant. Samples were only included for anal-
ysis if viability was ≥80 %.

Statistical Methods

Safety Evaluation

The evaluation of safety was performed on the Total
Vaccinated Cohort, which included all subjects with at least
one vaccine administration documented.

Descriptive statistics were performed for the percentage of
doses followed by at least one solicited AE (local or general)
with exact 95 % confidence interval (CI), and for the propor-
tion of subjects reporting an unsolicited AE, classified by the
MedDRA-preferred term level, with exact 95 % CI. Similar
analyses were conducted for grade 3 AEs and for the AEs
considered to be related to vaccination. Any reported SAEs
were described. Any biochemistry and/or haematology values
outside of the predefined reference ranges were assessed for
clinical significance.

Immunogenicity Evaluation

Immunogenicity analysis was performed on the According to
Protocol (ATP) cohort, i.e., all subjects meeting all eligibility
criteria, complying with protocol defined procedures, with no
elimination criteria and for whom data concerning immuno-
genicity endpoint measures were available.

Subjects were considered to be seropositive if their anti-
M72 IgG antibody concentrations were ≥2.8 EU/mL.
Seronegative subjects were given an arbitrary value of half
the cut-off. Anti-M72 seropositivity rates and geometric mean
concentrations (GMCs) were calculated with a 95 % CI as
described previously [9].

Descriptive statistics of the CD4+ and CD8+ T-cell frequen-
cies and serum levels of IgG antibodies were performed at
each time-point using SAS version 8.2.

In the ICS assays, results were evaluated as the
background-subtracted percentages of antigen-specific CD4+

and CD8+ T cells, identified as expressing any or a combina-
tion of IFN-γ and/or IL-2 and/or TNF-α and/or CD40L, or
expressing any or a combination of these 4 markers and/or IL-
13, upon short term in vitro stimulation. Total immune
markers-expressing CD4+ and CD8+ T-cell responses were
calculated by summation of the frequencies of the phenotypes
expressing one, two, three, four, or five of the above immune
markers upon in vitro stimulation over the background level.

A comparison of the magnitudes of vaccine-induced M72-
specific responses between groups was made by evaluating
for each group the proportions of subjects that responded to
vaccination. This was performed descriptively by calculating
at each post-vaccination time-point and for each subject the
fold increases (at least 2-fold, at least 4-fold, at least 6-fold and
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at least 8-fold) in the frequency of M72-specific CD4+ T cells
expressing at least 2 immune markers (among CD40L, IL-2,
IFN-γ and TNF-α) over the frequency of these cells at pre-
vaccination.

The selection of the candidate vaccine for further evalua-
tion was based on statistical comparisons of M72-specific
CD4+ T-cell responses expressing at least two immune
markers (among IL-2, TNF-α, IFN-γ and CD40L) between
all groups at Day 60. The expression by CD4+ T cells of at
least 2 markers (instead of one) has been used as selection
criterion to increase the sensitivity of the assay, allowing for a
lower cut-off [21–23].

The frequencies of M72-specific CD4+ T cells were com-
pared pair-wise between vaccine groups using a nonparamet-
ric ANOVA on the ranks (Kruskal-Wallis test) without cor-
rection for multiplicity. A sample size of 40 subjects per group
for the adjuvanted vaccines provided a power of 82 % to
detect at least one formulation similar to M72/AS01B
(40 μg). The Wilcoxon signed rank test was used to compare
ICS results at different time-points within a given vaccine
group. Each two treatment groups or time-points compared
were considered significantly different if p ≤0.05.

Results

Demographic Characteristics

A total of 180 subjects were enrolled and randomly assigned
to a study group, of which 169 completed the 6 months follow
up (Fig. 1). Of the 11 subjects who withdrew from the study,
none withdrew due to an adverse event (AE).

At Month 0, the demographic profile of subjects across
groups was balanced in terms of age and gender. The mean
age of subjects was 31.8 years (standard deviation 8.8 years)
and the majority of subjects were female (142/180; 78.9 %).

Reactogenicity and Safety

Pain at the injection site was the most frequently reported
solicited local AE in all groups (Fig. 2a), occurring with a
similar frequency across all adjuvanted M72 vaccine groups
and the AS01B alone group. No grade 3 solicited local AEs
were reported in the M72/AS01E (10 μg), M72/Saline (40 μg)
and AS01B groups; the incidence in all other groups was low
(after ≤2.5% of doses, Fig. 2a). All grade 3 solicited local AEs
resolved or reduced in intensity after 2 days. The frequency of
solicited local AEs did not increase from the first to the second
injection of any of the study vaccines (data not shown).

Headache, malaise and myalgia were the most frequently
reported solicited general AEs in all groups (Fig. 2b).
Symptoms of grade 3 intensity were infrequent across groups,
occurring after ≤6.3 % of vaccine administrations. All grade 3

general AEs resolved or reduced in intensity after 1 day. There
was a trend towards a higher incidence of solicited general
AEs in the M72/AS01B (40 μg) group.

The percentages of subjects reporting at least one
unsolicited AE were comparable across groups (Table 1).
Nasopharyngitis, cough and headache were the most com-
monly reported unsolicited AEs in all groups. The incidence
of subjects reporting unsolicited AEs with causal relationship
to vaccination was infrequent (≤17.5 %) with no individual
vaccine-related unsolicited AE being reported by more than
one subject per group. Two unsolicited AEs were graded 3 in
intensity: chills (related) in the M72/AS01E (10 μg) group and
oropharyngeal pain (not related) in the M72/AS02D (10 μg)
group.

Four subjects reported one SAE each during the study and
none of these SAEs were considered to be related to vaccina-
tion. In the M72/AS01E (10 μg) group, one subject (with a
family history of diabetes mellitus) developed type-2 diabetes
mellitus, enteric fever and dengue fever 4 months after the
second vaccination and was hospitalized, and a second subject
developed bronchial asthma 78 days after the second vacci-
nation. In the M72/AS01E (20 μg) group, one subject devel-
oped acute pyelonephritis 56 days after the second vaccination
and was hospitalized, and a second subject developed food
poisoning 68 days after the second vaccination. None of these
SAEs were fatal and all resolved except for the diabetes
mellitus, for which the subject is under treatment.

No vaccine-related clinically relevant changes in biochem-
istry or haematology parameters were observed.

Sixty-nine days after the second vaccination, one partici-
pant reported having become pregnant between the first and
the second vaccination. She delivered a healthy infant after
35 weeks of pregnancy.

Immunogenicity Evaluations

Humoral Immune Responses Elicited by the Candidate
Vaccines

All subjects in the four adjuvanted M72 vaccine groups were
seronegative prior to vaccination, and after one vaccination
(Day 30), seroconversion rates in the M72/AS01B (40 μg),
M72/AS01E (10 μg), M72/AS01E (20 μg) and M72/AS02D
(10 μg) groups were 100 %, 69.2 %, 90.0 % and 78.9 % of
subjects, respectively. All of these subjects were seropositive
1 month after the second vaccination (Day 60). At study end
(Day 210), all except one subject (in the M72/AS01E (10 μg)
group) remained seropositive. Anti-M72 IgG antibody re-
sponses in these four groups were highest at Day 60, with
comparable geometric mean concentrations (GMCs) between
groups (Fig. 3). The responses persisted until study end at
values that remained higher than at 30 days after the first
vaccination. In the M72/Saline (40 μg) group, 80.0 % of
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subjects had seroconverted by Day 60, with a low GMC (31.0
EU/ml). No responses were observed in the AS01B alone
group.

CD4+ T-Cell Responses Elicited by the Candidate Vaccines

T-cell responses induced by the candidate vaccines were eval-
uated by ICS and flow cytometry. PBMC were stimulated
with either overlapping peptides covering the M72 sequence
or PPD, and responding T cells were detected by the expres-
sion of CD40L, IFN-γ, TNF-α and/or IL-2. The gating strat-
egy and representative scatterplots for the stimulation with
M72 are presented in Fig. 4.

The vaccine-induced M72-specific CD4+ T-cell responses
were evaluated for cells expressing at least two immune
markers (Fig. 5). Prior to vaccination (Day 0), M72-specific
CD4+ T-cell responses were detected in a minority of subjects.
NoM72-specific responses were observed in the AS01B alone
group throughout the study. M72-specific CD4+ T-cell re-
sponses were observed after one administration of each

adjuvanted M72 vaccine or M72/Saline (40 μg), although
the responses to the latter vaccine were of a lower magnitude.
For the M72/AS01E (10 or 20 μg) and M72/AS02D (10 μg)
vaccines, these responses were significantly boosted by a
second vaccination (p <0.001; Day 60 compared to Day 30;
Wilcoxon signed rank test), which appeared not to be the case
for the M72/AS01B (40 μg) and M72/Saline (40 μg) vaccines
(p =0.18 and p =0.91, respectively).

The M72-specific CD4+ T-cell responses after vaccination
were also evaluated for each subject by calculating the fold
increases over the frequency of these cells at pre-vaccination
(Table 2). In the adjuvanted vaccine groups, there was a
tendency for higher proportions of responders after the second
vaccination (Day 60) as compared with after the first vacci-
nation. In addition, the proportions of responders with 6-fold
and 8-fold increases were comparable between the M72/
AS01E (10 μg) and M72/AS01B (40 μg) groups, both at
Day 60 and at Day 210, and the proportions in these two
groups tended to be higher relative to those for the other
groups.

SUBJECTS ENROLLED N=180
(Total Vaccinated Cohort)

Day 30
(1M post dose 1)
Dose 2 & blood
sampling

N=40 N=40 N=39 N=10 N=10

Day 60
(1M post dose 2)
Blood sampling

N=39 N=39 N=40 N=39 N=10 N=10

Day 210
(6M post dose 2)
Blood sampling

N=37 N=38 N=39 N=36 N=10 N=9

1 migrated1 lost to
follow up

1 consent withdrawal
1 migrated

1 lost to
follow up

1 consent withdrawal
2 migrated

SUBJECTS SCREENED N=1403 7 consent withdrawal
142 lost to follow up
1074 eligibility criteria not fulfilled

Day 0
(Prevacc)
Dose 1 & blood
sampling

1 migrated 1 consent
withdrawal 

1 lost to
follow up

M72/AS02D (10 µg)
N=40

M72/AS01E (10 µg)
N=40

M72/AS01E (20 µg)
N=40

M72/AS01B (40 µg)
N=40

M72/Saline (40 µg)
N=10

AS01B
N=10

2 excluded from ATP
immunogenicity
analysis due to:

1 non-compliance with
protocol defined
intervals
1 essential serological
data missing

1 excluded from ATP
immunogenicity
analysis due to

essential serological
data missing

1 excluded from ATP
immunogenicity
analysis due to

essential serological
data missing

N=39

Fig. 1 Participant flow. CONSORT diagram of study flow. ATP According to Protocol Cohort, N number of subjects who received the vaccine and for
whom data are available. Boxes with dotted-lines represent subjects excluded from the ATP immunogenicity cohort
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Six months after the second vaccination, the responses elic-
ited by the adjuvanted M72 vaccines, as well as by M72/Saline
(40 μg), persisted at significantly higher magnitudes than at pre-
vaccination (p <0.001 and p =0.016, respectively; Wilcoxon
signed rank test; Fig. 5). A similar persistence in the responses
was seen for the adjuvanted M72 vaccine groups when the
M72-specific CD4+ T-cell responses were evaluated using the
frequencies of cells expressing either at least one cytokine
among IFN-γ, TNF-α and IL-2, or any of the four immune
markers (p<0.001 all time-points compared toDay 0;Wilcoxon
signed rank test; Fig. 6). In the M72/Saline (40 μg) group such
persistence was not consistently detected at Day 210.

The CD4+ T-cell responses elicited by the adjuvanted M72
vaccines comprised predominantly CD40L+ IL-2+ IFN-γ+

TNF-α+, CD40L+ IL-2+ TNF-α+ and CD40L+ IL-2+ expres-
sion profiles, with lower frequencies of single-positive

CD40L+ and of CD40L+ IL-2+ IFN-γ+ profiles (Fig. 7a). At
Day 60, the majority (83–88 %) of responding CD4+ T cells
expressed at least two immune markers simultaneously, and
these responses persisted up to Day 210 (Fig. 7b).

Pre-existing PPD-specific CD4+ T cells were observed in
all groups, but no vaccine-induced increase in the frequencies
of these cells was observed (Table 3).

No vaccine-induced M72-specific CD8+ T-cell responses
were detected for any of the formulations at the time-points
measured (data not shown).

Selection of the Candidate Vaccine for Further Clinical
Evaluation

Vaccine selection was based on the comparison of the fre-
quencies of M72-specific CD4+ T cells expressing at least 2
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immune markers at Day 60, with the aim to select the lowest-
dose formulation of M72/AS01 with responses comparable to
that induced by M72/AS01B (40 μg). There were no significant
differences between the responses in the three M72/AS01 vac-
cine groups (Table 4), and in each of these groups the responses

were significantly higher than in theM72/AS02D (10μg) group.
The responses in the M72/Saline (40 μg) and AS01B alone
groups were significantly lower relative to all other groups.
Based on its acceptable safety profile and on the CD4+ T-cell
data described above, M72/AS01E (10 μg) was selected.

Table 1 Unsolicited adverse events occurring in more than 5 % of subjects in any group within 30 days after each dose (Total vaccinated cohort)

Preferred term AS01B M72/Saline (40μg) M72/AS01E (10μg) M72/AS02D (10 μg) M72/AS01E (20μg) M72/AS01B (40μg)

N=10 N=10 N=40 N=40 N=40 N=40

n % [95 % CI] n % [95 % CI] n % [95 % CI] n % [95 % CI] n % [95 % CI] n % [95 % CI]

≥one symptom 7 70.0 [34.8–93.3] 9 90.0 [55.5–99.7] 29 72.5 [56.1–85.4] 33 82.5 [67.2–92.7] 33 82.5 [67.2–92.7] 27 67.5 [50.9–81.4]

Chills 0 0 [0–30.8] 0 0 [0–30.8] 3 7.5 [1.6–20.4] 1 2.5 [0.1–13.2] 1 2.5 [0.1–13.2] 1 2.5 [0.1–13.2]

Contusion 0 0 [0–30.8] 1 10.0 [0.3–44.5] 1 2.5 [0.1–13.2] 2 5.0 [0.6–16.9] 0 0 [0–8.8] 0 0 [0–8.8]

Cough 0 0 [0–30.8] 4 40.0 [12.2–73.8] 3 7.5 [1.6–20.4] 6 15.0 [5.7–29.8] 13 32.5 [18.6–49.1] 11 27.5 [14.6–43.9]

Diarrhoea 1 10.0 [0.3–44.5] 0 0 [0–30.8] 0 0 [0–8.8] 1 2.5 [0.1–13.2] 3 7.5 [1.6–20.4] 1 2.5 [0.1–13.2]

Dizziness 2 20.0 [2.5–55.6] 1 10.0 [0.3–44.5] 1 2.5 [0.1–13.2] 5 12.5 [4.2–26.8] 4 10.0 [2.8–23.7] 2 5.0 [0.6–16.9]

Dyspnoea 0 0 [0–30.8] 2 20.0 [2.5–55.6] 1 2.5 [0.1–13.2] 0 0 [0–8.8] 1 2.5 [0.1–13.2] 2 5.0 [0.6–16.9]

Feeling hot 0 0 [0–30.8] 0 0 [0–30.8] 0 0 [0–8.8] 1 2.5 [0.1–13.2] 4 10.0 [2.8–23.7] 1 2.5 [0.1–13.2]

Headache 2 20.0 [2.5–55.6] 3 30.0 [6.7–65.2] 5 12.5 [4.2–26.8] 7 17.5 [7.3–32.8] 11 27.5 [14.6–43.9] 7 17.5 [7.3–32.8]

Malaise 0 0 [0–30.8] 3 30.0 [6.7–65.2] 0 0 [0–8.8] 0 0 [0–8.8] 2 5.0 [0.6–16.9] 2 5.0 [0.6–16.9]

Myalgia 2 20.0 [2.5–55.6] 2 20.0 [2.5–55.6] 1 2.5 [0.1–13.2] 0 0 [0–8.8] 0 0 [0–8.8] 0 0 [0–8.8]

Nasopharyngitis 4 40.0 [12.2–73.8] 5 50.0 [18.7–81.3] 15 37.5 [22.7–54.2] 10 25.0 [12.7–41.2] 18 45.0 [29.3–61.5] 16 40.0 [24.9–56.7]

Oropharyngeal
pain

0 0 [0–30.8] 0 0 [0–30.8] 1 2.5 [0.1–13.2] 4 10.0 [2.8–23.7] 1 2.5 [0.1–13.2] 3 7.5 [1.6–20.4]

Productive cough 0 0 [0–30.8] 0 0 [0–30.8] 3 7.5 [1.6–20.4] 2 5.0 [0.6–16.9] 2 5.0 [0.6–16.9] 3 7.5 [1.6–20.4]

Pyrexia 1 10.0 [0.3–44.5] 3 30.0 [6.7–65.2] 4 10.0 [2.8–23.7] 4 10.0 [2.8–23.7] 5 12.5 [4.2–26.8] 3 7.5 [1.6–20.4]

Throat irritation 0 0 [0–30.8] 1 10.0 [0.3–44.5] 2 5.0 [0.6–16.9] 3 7.5 [1.6–20.4] 3 7.5 [1.6–20.4] 2 5.0 [0.6–16.9]

Toothache 1 10.0 [0.3–44.5] 0 0 [0–30.8] 1 2.5 [0.1–13.2] 0 0 [0–8.8] 3 7.5 [1.6–20.4] 1 2.5 [0.1–13.2]

N number of subjects with at least one administered dose; n/%, number/percentage of subjects reporting at least once the symptom; 95 % CI, 95 %
confidence interval
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Further Characterization of the M72/AS01E (10 μg)
Candidate Vaccine

In order to assess the Th1/Th2 bias of the M72-specific
responses induced by the M72/AS01E (10 μg) vaccine,
CD4+ T cells expressing either any immune marker (amongst
CD40L, IFN-γ, TNF-α, IL-2 and IL-13) or at least one
cytokine, were evaluated at Day 60. No M72-specific IL-13+

CD4+ T-cell responses were detected (Fig. 8).

No vaccine-induced PPD, ESAT-6 or CFP-10-specific
CD4+ T-cell responses were observed (Table 5).

Discussion

This dose-finding study in PPD-positive adults (induration 3–
10mm) was aimed at evaluating and selecting the lowest-dose
formulation of the candidate vaccines tested, that was well

Fig. 4 PBMC intracellular cytokine detection by flow cytometry. PBMC
intracellular cytokine detection by flow cytometry was performed follow-
ing overnight stimulation with Staphylococcal enterotoxin B (SEB; pos-
itive control), the M72 peptide pool or medium. a Cytokine production
by M72-specific CD4+ T cells was determined by discriminating the
CD4+ and CD8+ T cells from the “morphological” gating window. b
CD4+ Tcells were analyzed with respect to the production of CD40L, IL-
2, TNF-α and IFN-γ. The unstimulated (medium) samples show back-
ground levels of cytokine production. When restimulated with the M72

peptide pool, the production of CD40L, IL-2 and TNF-α by CD4+ Tcells
and lower production of IFN-γ was detected. The numbers in the quad-
rant gates of the plots denominate each distinct population based on their
cytokine production. Samples from the same subject are shown, with
responses at 1 month post second vaccination. Results shown are repre-
sentative of the range of responses seen with all subjects studied. The
lowest, highest and median numbers of acquired viable CD4+ T cells
examined were 16975, 75000 and 75000 cells respectively
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considered significantly different if p ≤0.05, as indicated by * for p ≤0.05,
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Table 2 Percentages of subjects responding to the vaccines

Increase in M72-specific CD4+ T-cell frequencies over pre-vaccinationa

Time-point Group N 2-fold 4-fold 6-fold 8-fold

% [95 % CI] % [95 % CI] % [95 % CI] % [95 % CI]

Day 30 M72/AS02D (10 μg) 34 91.2 [76.3–98.1] 70.6 [52.5–84.9] 52.9 [35.1–70.2] 47.1 [29.8–64.9]

M72/AS01E (10 μg) 38 97.4 [86.2–99.9] 81.6 [65.7–92.3] 71.1 [54.1–84.6] 57.9 [40.8–73.7]

M72/AS01E (20 μg) 39 97.4 [86.5–99.9] 82.0 [66.5–92.5] 74.4 [57.9–87.0] 66.7 [49.8–80.9]

M72/AS01B (40 μg) 37 100.0 [90.5–100.0] 91.9 [78.1–98.3] 81.1 [64.8–92.0] 67.6 [50.2–82.0]

M72/Saline (40 μg) 9 66.7 [29.9–92.5] 33.3 [7.5–70.1] 11.1 [0.3–48.2] 11.1 [0.3–48.2]

AS01B 9 33.3 [7.5–70.1] 22.2 [2.8–60.0] 22.2 [2.8–60.0] 22.2 [2.8–60.0]

Day 60 M72/AS02D (10 μg) 34 94.1 [80.3–99.3] 88.2 [72.5–96.7] 76.5 [58.8–89.3] 64.7 [46.5–80.3]

M72/AS01E (10 μg) 38 100.0 [90.7–100.0] 94.7 [82.2–99.4] 89.5 [75.2–97.1] 86.8 [71.9–95.6]

M72/AS01E (20 μg) 38 100.0 [90.7–100.0] 94.7 [82.2–99.4] 78.9 [62.7–90.4] 65.8 [48.6–80.4]

M72/AS01B (40 μg) 37 97.3 [85.8–99.9] 91.9 [78.1–98.3] 86.5 [71.2–95.5] 81.1 [64.8–92.0]

M72/Saline (40 μg) 9 88.9 [51.7–99.7] 22.2 [2.8–60.0] 11.1 [0.3–48.2] 11.1 [0.3–48.2]

AS01B 9 11.1 [0.3–48.2] 0.0 [0.0–33.6] 0.0 [0.0–33.6] 0.0 [0.0–33.6]

Day 210 M72/AS02D (10 μg) 30 93.3 [77.9–99.2] 70.0 [50.6–85.3] 60.0 [40.6–77.3] 56.7 [37.4–74.5]

M72/AS01E (10 μg) 37 94.6 [81.8–99.3] 94.6 [81.8–99.3] 89.2 [74.6–97.0] 75.7 [58.8–88.2]

M72/AS01E (20 μg) 35 100.0 [90.0–100.0] 82.9 [66.4–93.4] 65.7 [47.8–80.9] 57.1 [39.4–73.7]

M72/AS01B (40 μg) 34 97.1 [84.7–99.9] 94.1 [80.3–99.3] 79.4 [62.1–91.3] 70.6 [52.5–84.9]

M72/Saline (40 μg) 7 71.4 [29.0–96.3] 28.6 [3.7–71.0] 0.0 [0.0–41.0] 0.0 [0.0–41.0]

AS01B 8 25.0 [3.2–65.1] 25.0 [3.2–65.1] 25.0 [3.2–65.1] 25.0 [3.2–65.1]

a A subject was considered a responder to the vaccine if the frequency of CD4+ Tcells expressing at least twomarkers (among CD40L, IL-2, TNF-α and
IFN-γ) after vaccination was at least 2-fold, at least 4-fold, at least 6-fold or at least 8-fold higher than the frequency of these cells at pre-vaccination (as
measured in the same subject). N number of subjects with available results, CI 95 % confidence interval
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tolerated and with immunogenicity comparable to that of the
M72/AS01B (40 μg) candidate vaccine. The selection of the
study population was driven by the expectation that a major
portion of the targeted population for this candidate vaccine
would have a PPD-positive status.

All three AS01-adjuvanted vaccines investigated (M72/
AS01B (40 μg), M72/AS01E (10 μg) and M72/AS01E
(20 μg)) had comparable safety and reactogenicity profiles,
which were similar to that seen previously in PPD-negative
adults with M72/AS02A and M72/AS01B vaccines (both with
40 μg doses) [9]. For the induced M72-specific CD4+ T-cell
responses, we did not observe a dose–response relationship
over the three M72 doses and two AS01 formulations tested,
and the responses were of similar magnitudes and durable.
The lowest-dose vaccine, M72/AS01E (10 μg), was thus
selected for further development. It is noted that this Phase
I/II study was not designed as a formal equivalence trial for the
vaccine formulations tested, as this would have required a
larger sample size and an upfront specification of criteria that
were unknown at the time of the study design. The selection of
M72/AS01E (10 μg) was supported by other evaluations,

showing that polyfunctional and persistent CD4+ T-cell re-
sponses and strong humoral responses were induced by each
of the M72/AS01 vaccines. An additional evaluation of M72/
AS01 (10 μg) demonstrated the absence of IL-13+ M72-
specific CD4+ T-cell responses. No antigen-specific CD8+

T-cell responses were detected, in line with previous ob-
servations with an M72/AS01 vaccine formulation [9].

The data confirmed several outcomes of a previous M72
vaccine study [9]. First, the adjuvant effect of AS01 appeared
to be stronger relative to that of AS02 in improving the cell-
mediated immunogenicity. This is demonstrated by the com-
parison of the responses to the two 10 μg-dose vaccines,
whereby the AS01E-adjuvanted vaccine induced significantly
higher CD4+ T-cell responses than the AS02D-adjuvanted
vaccine. This supports previous observations with M72/
AS01 and M72/AS02 vaccines [9], as well as other compar-
ative vaccine studies with different antigens (reviewed in [10,
11]). Secondly, the need for vaccine adjuvantation was dem-
onstrated by the significantly higher antigen-specific CD4+

T-cell responses elicited by each of the AS01-adjuvanted M72
vaccines relative to the non-adjuvanted M72 vaccine. Lastly,

Total IL-2

D0
D30 D60

D21
0 D0

D30 D60
D21

0 D0
D30 D60

D21
0 D0

D30 D60
D21

0 D0
D30 D60

D21
0 D0

D30 D60
D21

0

M
72

-s
pe

ci
fic

 C
D

4+
 T

 c
el

ls
 (

%
)

ex
pr

es
si

ng
 IL

-2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
1.5
2.0
2.5
3.0

AS01B

**

*

**

**

***

***

*** ***

***

***

***
***

***

******

***

M72/Saline
(40 µg)

M72/AS01E
(10 µg)

M72/AS02D
(10 µg)

M72/AS01E
(20 µg)

M72/AS01B
(40 µg)

Total TNF-α

D0
D30 D60

D21
0 D0

D30 D60
D21

0 D0
D30 D60

D21
0 D0

D30 D60
D21

0 D0
D30 D60

D21
0 D0

D30 D60
D21

0

M
72

-s
pe

ci
fic

 C
D

4+
 T

 c
el

ls
 (

%
)

ex
pr

es
si

ng
 T

N
F

-α

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
1.5
2.0
2.5
3.0

Max

Min

Q1

Q3

Median

AS01B

**

**
**

********* ***

***

***
*** ***

***

***
******

M72/Saline
(40 µg)

M72/AS01E
(10 µg)

M72/AS02D
(10 µg)

M72/AS01E
(20 µg)

M72/AS01B
(40 µg)

Total IFN-γ

D0
D30 D60

D21
0 D0

D30 D60
D21

0 D0
D30 D60

D21
0 D0

D30 D60
D21

0 D0
D30 D60 D0

D30 D60
D21

0

M
72

-s
pe

ci
fic

 C
D

4+
 T

 c
el

ls
 (

%
)

ex
pr

es
si

ng
 IF

N
-γ

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
1.5
2.0
2.5
3.0

AS01B

***

******

***

******

***

******

***

******
**

*

M72/Saline
(40 µg)

M72/AS01E
(10 µg)

M72/AS02D
(10 µg)

D21
0

M72/AS01E
(20 µg)

M72/AS01B
(40 µg)

M72/AS01B
(40 µg)

M72/AS01E
(20 µg)(10 µg)

M72/AS01E
(10 µg)

M72/Saline
(40 µg)

AS01B

Any marker

D0
D30 D60

D21
0 D0

D30 D60
D21

0 D0
D30 D60

D21
0 D0

D30 D60

M72/AS02D

D21
0 D0

D30 D60
D21

0 D0
D30 D60

D21
0

M
72

-s
pe

ci
fic

 C
D

4+
 T

 c
el

ls
 (

%
)

ex
pr

es
si

ng
 a

t l
ea

st
 1

 m
ar

ke
r

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

2.0

3.0

**

*

*

******
***

***

******

***

********* ***

***

Fig. 6 Frequencies of total immune-marker expressing M72-specific
CD4+ T cells. Blood samples were obtained prior to each vaccination
(D0 and D30), and at 1 and 6 months post the second vaccination (D60
and D210). Data are reported as the percentages of M72-specific CD4+ T
cells expressing any immune marker among IFN-γ, IL-2, TNF-α and
CD40L (‘any marker’) or at least IL-2, TNF-α or IFN-γ among all CD4+

T cells, with first and third quartiles, and the minimum/maximum values
measured. Magnitudes of the immune responses post vaccination (D30,
D60 and D210) versus D0 were compared using the Wilcoxon signed
rank test. Values were considered significantly different if p ≤0.05, as
indicated by * for p ≤0.05, ** for p <0.01 or *** for p <0.001
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as also observed in PPD-negative adults, the induced M72-
specific CD4+ T-cell and humoral responses were increased
by the second vaccination. This is in line with the observed
proportions of subjects responding to the adjuvanted vaccines
(with regard to CD4+ T-cell and humoral responses) at Days
30 and 60. Taken together, these results suggest that two

vaccinations could also be needed in a PPD-positive
population.

All study vaccines were clinically well tolerated. Local
reactogenicity was reported with a high and similar frequency
in recipients of adjuvanted vaccine or adjuvant alone, though
symptoms were mainly mild to moderate in intensity.
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Fig. 7 Polyfunctional profiles of M72-specific CD4+ T cells expressing
any combination of immune markers elicited by the adjuvanted M72
vaccine groups. Blood samples were obtained prior to each vaccination
(D0 and D30), and at 1 and 6 months post the second vaccination (D60
and D210). a Phenotypes of M72-specific CD4+ T cells expressing (after
in vitro stimulation) single markers and any combination of IFN-γ, IL-2,
TNF-α and CD40L. Box-and-whiskers plots represent the percentages of

M72-specific CD4+ T cells, with first and third quartiles, and the mini-
mum/maximum values measured. b Pie charts represent the mean pro-
portions of cells expressing (after in vitro stimulation) single markers and
any combination of IFN-γ, IL-2, TNF-α and CD40L marker-positive
CD4+ T cells out of the total immune-marker expressing CD4+ T-cell
response, at Days 60 and 210
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Solicited systemic AEs were reported more frequently after
the second dose of an adjuvanted vaccine although the trend
was not observed with Grade 3 AEs which were infrequently
reported. A similar unsolicited AE profile was observed across
vaccine groups. No safety signal was observed for any of the
vaccines tested.

Adaptive cellular immunity is considered to be essential for
protection against TB and, based on preclinical studies, it has
been postulated that protection is mediated by sustained pro-
duction of Th1 cytokines by polyfunctional CD4+ T cells
[24–27]. Indeed, vaccine-induced antigen-specific
polyfunctional CD4+ T cells co-expressing IL-2, IFN-γ and

Table 3 Frequencies of PPD-specific CD4+ T cells expressing at least two immune markers

Group Timing N Percentages of antigen-specific CD4+ T cells expressing ≥2 markers (CD40L/IL-2/TNF-α/IFN-γ) of all CD4+ T cells

Min Q1 Median Q3 Max

M72/AS02D (10 μg) Day 0 34 0.0001 0.1653 0.2802 0.5026 0.9159

Day 30 36 0.0747 0.1565 0.2560 0.3274 0.9279

Day 60 36 0.0527 0.1124 0.1727 0.2840 0.8357

Day 210 32 0.1040 0.1971 0.2625 0.3618 0.8800

M72/AS01E (10 μg) Day 0 38 0.0027 0.1334 0.2629 0.3992 1.4107

Day 30 38 0.0612 0.1562 0.2868 0.4322 1.6000

Day 60 38 0.0176 0.1133 0.2200 0.3293 1.1280

Day 210 37 0.0532 0.2573 0.3414 0.5626 1.6814

M72/AS01E (20 μg) Day 0 40 0.0386 0.1703 0.2777 0.3491 1.4600

Day 30 39 0.1067 0.2093 0.3446 0.4301 1.4120

Day 60 38 0.0546 0.1480 0.2143 0.3280 1.2600

Day 210 35 0.1053 0.1960 0.2520 0.3920 1.2827

M72/AS01B (40 μg) Day 0 39 0.0427 0.1493 0.2553 0.4154 0.9307

Day 30 37 0.0947 0.1867 0.2773 0.5044 1.2587

Day 60 37 0.0640 0.1240 0.2360 0.3726 0.9480

Day 210 34 0.0132 0.1880 0.2854 0.3894 0.9139

M72/Saline (40 μg) Day 0 9 0.1519 0.1693 0.1886 0.4507 1.4813

Day 30 10 0.1584 0.2426 0.3240 0.4893 1.3907

Day 60 9 0.1080 0.1547 0.2520 0.3532 0.3813

Day 210 7 0.1293 0.2773 0.3453 0.3614 1.6131

AS01B Day 0 9 0.0160 0.4013 0.4893 0.7040 1.2733

Day 30 10 0.2082 0.2862 0.4041 0.5773 1.5053

Day 60 10 0.1333 0.2587 0.3858 0.4453 0.7546

Day 210 9 0.0587 0.3880 0.4066 0.5600 3.0360

N number of subjects with available results, Q1/ Q3 first and third quartiles, Min/Max minimum/maximum

Table 4 Differences between the vaccine-induced frequencies of M72-specific CD4+ T cells expressing at least 2 immune markers at Day 60

Group p-values of the difference across vaccine groups (Day 60)

M72/AS02D (10 μg) M72/AS01E (10 μg) M72/AS01E (20 μg) M72/Saline (40 μg) AS01B

M72/AS02D (10 μg) − 0.005 0.044 0.015 <0.001

M72/AS01E (10 μg) 0.005 − 0.18 <0.001 <0.001

M72/AS01E (20 μg) 0.044 0.18 − <0.001 <0.001

M72/AS01B (40 μg) 0.033 0.31 0.68 0.002 <0.001

M72/Saline (40 μg) 0.015 <0.001 <0.001 − <0.001

Differences between CD4+ T-cell responses elicited by the candidate vaccines were evaluated using the Kruskal-Wallis test without correction for
multiplicity. The shown p-values correspond to the pair-wise comparisons of CD4+ T-cell responses expressing at least 2 immune markers (among
CD40L, IL-2, TNF-α and IFN-γ) at Day 60
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TNF-αwere associated with protection againstMtb in several
preclinical challenge models with other antigens [28–32].
Polyfunctionality (i.e., the expression of at least 2 immune
markers) of vaccine-induced CD4+ T cells has also been
demonstrated in Mtb72F or M72 vaccine studies in PPD-
negative and PPD-positive adults [9, 15–17], and in studies
with other TB candidate vaccines in mycobacteria-exposed,
BCG-vaccinated and/or Mtb-infected individuals [33–39].
However, reliable biomarkers of protection in humans have
been incompletely defined [40], and, adding to the complex-
ity, new clinical data have emerged that may question the
potential link between a polyfunctional CD4+ T-cell profile
and BCG-induced or natural immunity to TB [41–43].
Nevertheless, the immunogenicity profiles elicited by
adjuvanted M72 vaccines in humans [9, 15–17] are
encouraging.

In TB-endemic settings, a pre-existing mixed Th1/Th2
response to mycobacterial antigens may exist due to exposure
to non-tuberculous Mycobacteria [44–47]. In addition, neo-
natal BCG vaccination has been shown to be able to initially
induce both Th1 and Th2-type responses to mycobacterial
antigens [48–51], however the BCG-induced Th2 responses

were shown to wane to pre-vaccination levels within 2 years
post vaccination [50]. There are preclinical data suggesting
that Th2-type responses (IL-4, IL-5 and IL-13) are able to
suppress the development of Th1-mediated immunity by
down-regulation of IFN-γ and TNF-α [52, 53]. In recent
preclinical challenge studies [54, 55], it has been suggested
that a stronger Th1 versus Th2 immunity was needed to limit
the mycobacterium growth, and in humans Th2-type re-
sponses are known to correlate with TB immunopathology
[47]. In our study, the vaccine-induced CD4+ T-cell responses
were strongly Th1-biased.

The trends observed in the IgG antibody responses did not
follow the same pattern as the CMI responses. CD4+ T-cell
responses were higher with M72/AS01 as compared with
M72/AS02, but all adjuvanted vaccines induced similar hu-
moral responses. Some preclinical studies suggest that anti-
body responses to Mtb antigens have a protective role, e.g., by
impairing the extra-pulmonary dissemination ofMtb [56] or by
antibody-mediated enhancement of the uptake ofmycobacteria
by macrophages (reviewed in Abebe andBjune (2009) [57]). It
is not known if, and to which extent, humoral immunity
contributes to protection against TB in humans.
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Fig. 8 Th1/Th2 cytokine
expression by M72-specific CD4+

T cells induced by the M72/AS01E
(10 μg) vaccine. Blood samples
were obtained prior to vaccination
(D0) and at 1 month post the
second vaccination (D60). Data are
presented as frequencies of M72-
specific CD4+ T cells expressing
any immune marker among
CD40L, IFN-γ, IL-2, TNF-α and
IL-13 (‘total’) or at least IFN-γ,
TNF-α, IL-2 or IL-13 among all
CD4+ T cells, with first and third
quartiles, and the minimum/
maximum values measured

Table 5 Frequencies of PPD, ESAT-6 and CFP-10-specific CD4+ T cells expressing at least one immune marker elicited by the M72/AS01E (10 μg)
vaccine

Antigen Time-point N Percentages of antigen-specific CD4+ T cells expressing ≥1 marker (CD40L/IL-2/TNF-α/IFN-γ/IL-13) of all CD4+ T cells

Min Q1 Median Q3 Max

PPD Day 0 28 0.0768 0.2169 0.3430 0.5782 1.4428

Day 60 30 0.0602 0.2195 0.3354 0.5150 1.0725

CFP-10 (pept. pool) Day 0 32 0.0125 0.0352 0.0648 0.1393 0.7350

Day 60 30 0.0043 0.0296 0.0616 0.1049 1.0765

ESAT-6 (pept. pool) Day 0 33 0.0069 0.0318 0.0549 0.1770 0.5927

Day 60 30 0.0098 0.0386 0.0761 0.1672 0.3287

N number of subjects with available results, Q1/ Q3 first and third quartiles, Min/Max minimum/maximum
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Conclusions

The safety and immunogenicity profiles described for the
three formulations of the M72/AS01 candidate vaccine sup-
port the selection of M72/AS01E (10 μg) for further clinical
development.
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