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At a Glance Commentary: 

Scientific Knowledge on the subject 

Effective tuberculosis vaccines are urgently needed to boost BCG-induced immunity, 

especially in TB endemic countries. This is the first clinical report of an Ad35 

vectored vaccine given to humans in a heterologous prime-boost strategy. The 

AERAS-402 vaccine comprises a recombinant, replication deficient Ad35, which 

expresses the mycobacterial antigens Ag85A, Ag85B, and TB10.4. The findings in 

this study strongly support further clinical trials assessing the efficacy of AERAS-402 

as a boosting vaccine.  

What this study adds to the field 

AERAS-402 vaccination was safe and immunogenic in healthy Mycobacterium 

tuberculosis uninfected BCG vaccinated adults, and induced a robust polyfunctional 

CD4 T cell response. It also induced a robust and durable CD8 T cell response. 

 

This article has an online data supplement, which is accessible from this issue's 

table of content online at www.atsjournals.org 
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Abstract 

Rationale: AERAS-402 is a novel TB vaccine designed to boost immunity primed by 

BCG, the only licensed vaccine.  

Objectives: We investigated the safety and immunogenicity of AERAS-402 in healthy 

Mycobacterium tuberculosis uninfected BCG vaccinated adults from a TB endemic 

region of South Africa.  

Methods: Escalating doses of AERAS-402 vaccine were administered 

intramuscularly to each of 3 groups of healthy South African BCG vaccinated adults, 

while a 4th group received 2 injections of the maximum dose. Participants were 

followed up for 6 months with all adverse effects documented. Vaccine-induced CD4 

and CD8 T cell immunity was characterized by an intracellular cytokine staining 

assay of whole blood and peripheral blood mononuclear cells (PBMCs). 

Measurements and Main Results: AERAS-402 was well tolerated, and no vaccine-

related serious adverse events were recorded. The vaccine induced a robust CD4 T 

cell response dominated by cells co-expressing IFN-γ, TNF-α, and IL-2 

(“polyfunctional” cells). AERAS-402 also induced a potent CD8 T cell response, 

characterized by cells expressing IFN-γ and/or TNF-α, which persisted for the 

duration of the study. 

Conclusions: Vaccination with AERAS-402 is safe and immunogenic in healthy 

adults. The immunity induced by the vaccine appears promising: polyfunctional T 

cells are thought to be important for protection against intracellular pathogens like M. 

tuberculosis, while evidence is accumulating that CD8 T cells are also important. 

AERAS-402 induced a robust and durable CD8 T cell response, which appears 

extremely promising. 

Word count: 230 
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Introduction 

A third of the world’s population is infected with Mycobacterium tuberculosis (Mtb), 

and every year 1.8 million people die from tuberculosis (TB) disease(1). Effective 

vaccination strategies may constitute the most sustainable interventions. The only 

current TB vaccine, bacille Calmette Guerin (BCG) reliably protects infants against 

miliary disease and meningitis(2, 3). However, the vaccine’s efficacy in protecting 

against lung TB is highly variable(4). A concerted effort has been made toward 

strategies where a heterologous vaccine would boost immunity primed by BCG or a 

recombinant BCG, in an effort to ultimately better protect against pulmonary 

disease(5-14). Here, we investigated one such candidate boost vaccine, AERAS-

402. 

 

The AERAS-402 vaccine comprises a recombinant, replication deficient Adenovirus, 

serotype 35 (Ad35), which expresses a fusion protein created from the sequences of 

the mycobacterial antigens Ag85A, Ag85B, and TB10.4. The antigens are fused 

contiguously as a one-piece fusion polyprotein that should be expressed upon 

immunization with the Ad35 vaccine (AERAS-402) (15). In animal models, 

recombinant adenoviral vectors have been used to deliver vaccine antigens in 

combination with BCG, poxvirus-vectored vaccines and DNA-based vaccines(8, 16-

20). In these studies, heterologous prime-boost strategies have demonstrated 

enhanced immunogenicity and protective immunity against malaria(18, 21), and 

Mtb(22). Recombinant human Adenovirus serotype 5 (Ad5) vaccines have been well 

tolerated, and have shown good safety profiles, in Phase I trials. However, 

prevalence of neutralizing antibody titers against Ad5 of up to 90% in sub-Saharan 

Africa(23), with associated limitations of the usefulness of this vector(16, 20, 24), has 
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prompted exploration of alternate adenovirus vectors such as Ad35. The 

seroprevalence, and levels of neutralizing antibody titers, to Ad35 are lower than 

those of Ad5 worldwide including sub-Saharan Africa (20% vs. 90%, respectively), 

with significant levels of neutralizing titers (>200) in <5% of persons in sub-Saharan 

Africa(23). 

Protective immunity against TB disease has yet to be fully elucidated. T cell 

immunity, comprising CD4 and CD8 cells, are thought to be important for effective 

prevention of disease following Mtb infection(25). Induction of a durable Mtb-specific 

T cell response is therefore an objective of novel vaccine strategies. Several T cell 

effector molecules may play critical roles in Mtb control, including T-helper type 1 

(Th1) cytokines interferon-γ (IFN-γ)(26-28), tumour necrosis factor-α (TNF-α)(29-31) 

and interleukin-2 (IL-2)(32). IL-2 promotes secondary expansion of memory T cells, 

and maintenance of a stable pool of these cells(33). Moreover, vaccination-induced 

“polyfunctional” T cells, which co-express IFN-γ, TNF-α and IL-2, have been 

associated with efficient control of murine Leishmania major(34) and Mtb 

infection(35) upon virulent challenge. 

 

In this Phase I study we evaluated the safety and immunogenicity of AERAS-402 in 

healthy Mtb uninfected, BCG-vaccinated South African adults. Escalating doses of 

AERAS-402 were administered intramuscularly to each of 3 groups, while a 4th group 

received 2 injections of the maximum dose. The vaccine was safe and immunogenic. 

This is the first clinical report of an Ad35 vectored vaccine given to humans in a 

heterologous prime-boost strategy.  
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Materials and Methods 

 

Study design 

This study was a Phase I double-blind, randomized, placebo-controlled dose 

escalation study in 4 groups of healthy, Mtb uninfected adults, previously vaccinated 

with BCG. The Medicines Control Council of South Africa and the Research Ethics 

Committees of the University of Cape Town approved the protocol and subsequent 

amendments. Written, informed consent was obtained from all participants. The trial 

was conducted according to International Conference on Harmonization/Good 

Clinical Practice (ICH-GCP) guidelines and Guidelines for Good Clinical Practice in 

the Conduct of Clinical Trials in Human Participants in South Africa.  

 

Enrollment and vaccination 

The aim was to enroll 40 participants, who would be assigned to 1 of 4 study groups. 

Healthy adult volunteers aged 21-45 years, were recruited from Worcester region of 

the Western Cape province of South Africa. Inclusion and exclusion are defined in an 

online data supplement. In each of Groups 1-3, 7 participants would be assigned to 

receive a single dose of 1mL of the vaccine, AERAS-402. The 1mL contained 3 X 

108 viral particles (vp) for study Group 1, 3 X 109 vp for Group 2 and 3 X 1010 vp for 

Group 3. In each of these groups, 3 participants would receive 1mL of placebo, 

which was the AERAS-402 vaccine diluents, consisting of sterile buffer containing 

Tris, MgCl2, NaCl, sucrose polysorbate 80, and water. Vaccine or placebo would be 

administered in a double blind fashion (shown in Table 1). Participants in Group 4 

would receive two doses of vaccine or placebo, at study days 0 and 56. In this group, 

8 participants would be assigned to receive study vaccine (3 X 1010 vp), and 2 to 
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receive placebo (shown in Table 1). In every case, vaccine or placebo was 

administered into the deltoid muscle on the contralateral side to the BCG vaccine, 

and the 2nd dose (Group 4) was administered in the opposite arm, i.e., ipsilateral to 

the BCG vaccine. 

 

Follow-up and safety evaluation 

Participants in Groups 1-3 were evaluated on days 0, 2, 7, 14, 28, 42, 84 and 182, 

whereas participants from Group 4 were evaluated on days 0, 7, 14, 28, 56, 58, 63, 

70, 84 and 182, after vaccination. Blood for safety evaluation, which included 

biochemistry and hematology tests, was collected pre-vaccination and on days 0, 7, 

and 28. In Group 4, these tests were also done on days 56, 63, and 84. Adverse 

events were recorded during the first 28 days after vaccination in all groups, and 

additionally from days 56–84 in Group 4. Participants received a daily diary card to 

record adverse events themselves for the first 7 days after vaccination. Assessment 

and classification of adverse events are provided in an online data supplement. 

 

PBMC-based intracellular cytokine staining assay 

The frequency of antigen-specific cytokine responses in PBMC-derived T cells was 

determined as previously described (8), and the antibody panel is described in the 

online data supplement.  

 

Whole blood intracellular cytokine staining assay 

The frequency and pattern of antigen-specific cytokine producing T cells in the whole 

blood were determined as previously described (36), and the antibody panel is 

described in the online data supplement.  
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Neutralizing antibody titers against Ad35 viruses 

Serum was isolated from blood obtained from the 20 study subjects in Groups 3 and 

4 prior to initial injection of AERAS-402 or placebo on Study Day 0, and again 6 

months after initial injection on day 182. These serum specimens were analyzed for 

the presence of neutralizing activity against Ad35, using a validated assay at 

Crucell(37).  

 

Data analysis  

Basic descriptive analysis was performed to examine adverse events. Comparisons 

of immunogenicity results between different time points were performed with Mann 

Whitney U tests, using Prism 4.03 (GraphPad). Analysis of data is described in an 

online data supplement. 
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Results 

 

Participants, vaccination and follow-up 

Three-hundred-and-ninety-six adults were screened between April and October 2007 

in order to enroll 40 healthy adults into this trial – a screening to enrollment ratio of 

approximately 10:1. The main reason for the high screening failure rate was latent 

infection with Mtb, as demonstrated by a positive QuantiFERON®-TB Gold In-Tube 

(QFT™) test and/or TST ≥ 15mm  (Table 2, which also lists other reasons for 

screening failures).  

The groups enrolled and vaccinated are described in Table 1. In Group 4, 2 of 8 

participants did not meet eligibility criteria for revaccination with the study vaccine, 1 

due to abnormal urine analysis, and 1 due to an elevated white cell count. Since 

these 2 participants only received a single dose, for purposes of analyzing immune 

responses, they were therefore moved into Group 3 for analysis purposes only. All 

vaccine recipients, including the latter 2 participants, completed all study procedures 

and attended all visits. 

 

AERAS-402 displayed an acceptable safety profile in healthy Mtb uninfected 

adults 

A total of 158 adverse events were recorded across the study groups; 129 in vaccine 

recipients and 29 in placebo recipients. Eighty (50.6%) adverse events were related 

to vaccination, of which, sixty-nine (43.7%) were considered related to the study 

vaccine (Table 3a). The adverse events related to placebo administration include the 

following: injection site pain (n=2), malaise (n=3), myalgia (n=1), sore throat (n=1), 

upper respiratory tract infection (n=1), headache (n=2), nausea (n=1). 
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The majority of events were considered mild (74%) or moderate (19%) in severity 

(Table 3a). Three serious adverse events were recorded during the study. A vaccine 

recipient reported pain in the ipsilateral arm 51 days after vaccination, which required 

hospitalization and extensive investigations, but no specific diagnosis was made. 

The other two SAEs were an attempted suicide and HIV seroconversion, none of 

which were considered to be vaccine related events.  

 

Of the adverse events recorded, 11 were graded severe according to the parameters 

of the FDA Toxicity Tables or the investigator’s evaluation of their impact on normal 

daily activities. Three of these were solicited adverse events as recorded on the 

diary cards, namely fever and malaise (presumed to be related to the study vaccine), 

and sore throat (thought not to be related). Two cases of fever were reported during 

the study; one participant had a maximum temperature of 39.2oC on the day of 

vaccination, which returned to 37oC on Day 2 post-vaccination, while the second 

case of fever was classified as mild (38oC to 38.4oC). 

 

Among the 8 unsolicited severe adverse events, 2 were recorded in the placebo 

group and 6 were recorded in the AERAS-402 groups. Of these eight, three were 

serious adverse events (SAEs) considered not related to the study vaccine and 

detailed elsewhere, and the remaining five were laboratory test abnormalities where 

the deviation from normal met the criteria for a grade 3 or 4 event according to the 

Toxicity Table. Two of the abnormal blood tests were considered possibly related to 

study vaccine, namely an increased creatinine phosphokinase (CPK) and a 

decrease in hemoglobin. The remaining six in this group of severe, unsolicited 

adverse events was considered unlikely or not related to the vaccine.  
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There appeared to be a relationship between the incidence of injection site pain and 

dosage level (Table 3b), albeit not statistically significantly. There did not appear to 

be an increase in incidence of solicited or unsolicited AEs after the second dose of 

vaccine, compared with administration of a single dose only (Tables 3a and b).   

When vaccine and placebo recipients were compared, the overall incidence of 

adverse events was similar regardless of dose of AERAS-402 (Table 3a).  

 

Proportion and kinetics of vaccine responses, measured by PBMC-based and 

whole blood-based flow cytometric assays 

PBMC, cryopreserved from each time point, were later thawed and incubated with 

peptide pools, to measure T cell-specific expression of IFN-γ, TNF-α and IL-2 by flow 

cytometry. In the PBMC assay, all 3 cytokines were measured in a single flow 

cytometric channel. Whole blood from vaccine recipients was also incubated with the 

peptide pools of the vaccine antigens, to detect expression of 4 cytokines and 3 

surface markers individually, with multiparameter flow cytometry. The gating strategy 

for the latter analysis is shown in Supplementary Figure 1. The whole blood analysis 

was completed in Groups 3 and 4, for participants who received the highest dose of 

the vaccine. The whole blood assay was more sensitive than the PBMC-based 

assay when comparing Groups 3 and 4: for example, 56% and 33% of vaccine 

recipients in groups 3 and 4 showed responses to Ag85A/b detectable with the 

PBMC assay, whereas 100% and 83% showed responses detectable with the whole 

blood assay (defined here as any cytokine response), respectively (Supplementary 

Table 1). Of note, PBMC were stimulated for 6 hours, whereas whole blood was 

stimulated for 12 hours. It is possible that the extended period of stimulation of the 

WBA could account for the increased sensitivity observed. 
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Both the PBMC-based assay (Figure 1 and Supplementary Figure 3) and the whole 

blood assay (Figure 2A and 3A) showed that the Ag85-specific CD4 and CD8 T cell 

response peaked at 28 days post-vaccination. The TB10.4-specific CD4 T cell 

response often peaked earlier (Supplementary Figure 2 and 4, and Figure 2B), 

whereas the CD8 T cell response to this antigen peaked at day 28 (Supplementary 

Figure 2 and 4, and Figure 3B). The Ag85-specific CD8 T cell response persisted 

significantly over baseline for the duration of the study (Figure 3A). Overall, placebo 

recipients did not show an increase in specific CD4 and CD8 T cells above baseline 

(Figures 1-3 and Supplementary Figure 2-4).  

Double vaccination (Group 4) did not result in significant boosting of T cell responses 

(Figures 1-3 and Supplementary Figure 2-4). 

 

AERAS-402 induced polyfunctional CD4 T cells that co-expressed Th1 

cytokines, but did not induce IL-17-expressing CD4 T cells 

To assess the potential functional characteristics of CD4 T cells induced by AERAS-

402 more comprehensively, we analysed co-expression patterns of cytokines, as 

detected with the whole blood assay. We were particularly interested in co-

expression of cytokines in so-called multifunctional or polyfunctional cells, which may 

be associated with more optimal protection (see Introduction). 

Seven subsets of vaccine-induced CD4 T cells could be delineated, based on 

expression of IFN-γ, TNF-α and IL-2, alone or in combination (Figure 4A and B). The 

peak Ag85-specific and TB10.4-specific CD4 T cell response was dominated by a 

polyfunctional IFN-γ+IL-2+TNF-α+ subset (Figure 4A and B). The only Ag85-specific 

Page 13 of 53



CD4 T cell subset frequency that was significantly higher at day 182, compared with 

baseline, expressed IFN-γ and IL-2 together (Figure 4A).  

At day 7 post-vaccination, about 40-50% of specific CD4 T cells expressed 2 or 3 

cytokines, while at day 28 post-vaccination, >50% of specific CD4 T cells expressed 

2 or 3 cytokines simultaneously (Figure 4C). At 84 days, single-cytokine expressing 

cells predominated (Figure 4C). 

AERAS-402 did not induce specific expression of the pro-inflammatory cytokine IL-

17 (Figures 4D). In contrast, mycobacteria-specific IL-17+ CD4 T cell subsets were 

detectable upon BCG stimulation, as we have shown previously(38) (Figure 4D and 

E).  

 

The vaccine-specific CD8 response to AERAS-402 was dominated by IFN-γγγγ-

expressing cells 

The Ag85-specific CD8 T cell response was dominated by a subset expressing only 

IFN-γ. This response was long-lived (Figure 4F). Smaller subsets, co-expressing 

IFN-γ and IL-2 or IFN-γ and TNF-α, were also induced, and the former population 

persisted for the duration of the study (Figure 4F). The TB10.4-specific CD8 T cell 

response was also dominated by IFN-γ expression; however, significant increases 

over baseline could not be detected (Figure 4G). This may be due to the small 

number of participants, and high pre-vaccination responses to TB10.4 (Figure 4G). A 

very small number of polyfunctional (IFN-γ+TNF-α+IL-2+) TB10.4-specific CD8 T cells 

was induced by the vaccine, as detected 28 days after vaccination (Figure 4G); 

however, this population did not persist.  
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High neutralizing antibody levels against the Ad35 vector in participants who 

received 2 doses of vaccine 

Although it is known that antibody levels against Ad35 are relatively low in African 

populations(23), neutralizing activity by pre-existing and by vaccination-induced 

antibodies was anticipated to impact the T cell response to vaccine antigens. Ad35-

specific neutralizing activity was therefore determined in serum obtained at days 0, 

28, 84, and 182 for both groups, as well as prior to the 2nd boost (day 56) for Group 4 

participants. Among 20 subjects analyzed from Groups 3 and 4, only 1 (5%) had 

quantifiable levels of Ad35 neutralizing activity at day 0 (Figure 5A-C). Of 9 subjects 

who were vaccinated with AERAS-402 in Group 3, 3 subjects (33.3%) had an 

increase in Ad35 titer from day 0 to 28 (Figure 5A), whereas 5 out of 6 subjects in 

Group 4 had an increase (83.3%; Figure 5B, C). In group 4 participants prior to 

revaccination (day 56), 4 out of 6 subjects had measureable titers (66.7%), which 

further increased in 3 of these participants (50%) post-boosting (Figure 5B). At the 

end of the study (day 182), only 1/9 participant in Group 3 (11.1%; Figure 5A, C) had 

a significant titer, compared with 5/6 participants (83.3%) in Group 4 (Figure 5B, C). 

No increase in antibody levels was shown in placebo recipients (Figure 5D).  
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Discussion 

In this study we demonstrated that AERAS-402 displayed an acceptable safety 

profile and was immunogenic in healthy Mycobacterium tuberculosis-uninfected 

adults, previously vaccinated with BCG. This is the first reported clinical trial in 

humans in which adenovirus serotype 35 has been used as a vaccine vector in a 

heterologous prime-boost strategy. There were no serious adverse events that were 

related to the vaccine, and increasing vaccine dose did not result in an increase in 

adverse events.  

 

We regard the vaccine candidate assessed in this study as safe since the AEs were 

mostly mild to moderate, of short duration and resolved without sequelae. As a 

comparison, almost 100% of recipients of BCG demonstrate local AEs, some even 

ulceration at the site of the vaccine administration; however, BCG is regarded as one 

of the safest vaccines ever used. 

 

Since there was a protracted period between priming with BCG and boosting with 

AERAS-402, it cannot be excluded that further priming of the immune response 

could have occurred via exposure to environmental mycobacteria. Regardless of the 

priming mechanism, immunity induced by the vaccine was impressive. Interestingly, 

analysis of baseline responses revealed that the majority of individuals had pre-

existing responses to the vaccine antigens, which may be a consequence either of 

memory responses to BCG vaccination at birth, or from exposure to environmental 

(non-tuberculous) mycobacteria later in life. 
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The most striking immunogenicity results were that the vaccine induced a robust 

CD8 T cell response, against both Ag85A/b and TB10.4. This response was 

persistent up to the last measurement of the induced immune response. IFN-γ 

producing T cells predominated, although other smaller subsets, expressing 

combinations of cytokines, were also detected. It may be important to note that our 

assays did not specifically assess cytotoxic activity, which is a major functional 

characteristic of CD8 T cells. Regardless, to date, most new TB vaccines have been 

reported to induce reasonable CD4 T cell responses, but relatively negligible CD8 T 

cell responses. CD8 T cell responses were induced and measureable directly ex vivo 

following administration of MVA85A only at high antigen dose, but not following any 

other vaccines(39). Whelan, et al. reported that vaccination of individuals with a 

lower dose of MVA85 lead to an Ag85-specific CD8 T cell response, which was 

detectable when dendritic cells were used as antigen-presenting cells in assays to 

expand specific CD8 T cells (40). Strong evidence is emerging that CD8 T cells 

mediate important roles in protective immunity against TB(41-45); we therefore 

hypothesize that the induction of robust vaccine-specific CD4 and CD8 T cell 

responses after AERAS-402 would correlate with a more efficacious outcome. 

 

AERAS-402 induced a robust and highly complex vaccine-specific CD4 T cell 

response, which was dominated in both the Ag85A/b and TB10.4 responses by a 

polyfunctional IFN-γ+TNF-α+IL-2+ subset, which did not persist beyond 28 days post-

vaccination, and a prominent population expressing TNF-α and IL-2 together. The 

Ag85A/b response was further characterized by an IFN-γ+IL-2+ subset that persisted 

for the duration of the study. The induction of polyfunctional CD4 T cells may be 

important, as recent data suggests that stable long-lived populations of 

Page 17 of 53



polyfunctional T cells correlates well with protection against subsequent challenge 

with intracellular pathogens(34, 35). In animal models of vaccination against 

Leishmania major(34) and against Mtb (35), vaccination strategies that induce the 

highest frequency of polyfunctional antigen-specific CD4 T cells are associated with 

the best outcome, especially when detected in the primary site of the infection. 

Specifically, it was demonstrated that the magnitude and quality of the immune 

response measured in the lung, but not in the spleen or blood, correlated well with 

host protection after aerosol challenge with Mtb in the mouse (35). 

 

In a study by Aagaard et al. it was revealed that vaccination of mice and guinea pigs 

with Ag85B and TB10.4 in IC31H adjuvant resulted in the induction of polyfunctional 

CD4 T cells that were associated with protection against subsequent challenge with 

Mtb (46). Interestingly, it was demonstrated that the magnitude and quality of the 

vaccine induced T cell response, as well as the protective efficacy, was highly 

dependent on the antigen dose (46). 

 
Importantly, elite controllers of HIV infection have been shown to have high 

frequencies of polyfunctional HIV-specific T cells, whereas a rapid onset of disease 

has been associated with diminishing levels of polyfunctional T cells(47-49). 

 

In contrast to MVA85A, Aeras-402 did not induce any IL-17-expressing CD4 T cells. 

Mycobacteria-specific IL-17-expressing T cells have been detected both in the 

mouse and the human(6, 38, 50). At this stage, we cannot say whether induction of 

Th17 cells, following novel vaccination, would result in more or lesser optimal 

immunity. On the one hand, IL-17 may be needed for an optimal Th1 response, 

although the persistence of the Th1 response shown in this study would argue to the 
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contrary. Also, too much inflammation, induced by IL-17, may not necessarily be 

optimal. 

 

Preexisting neutralizing antibodies against Ad5 has been shown to inhibit the 

immunogenicity of rAd5 vaccines in both preclinical studies(16, 20, 24), and in 

clinical trials(51). This is a major concern, since up to 90% of individuals in sub-

Saharan Africa have detectable anti-Ad5 antibodies(23). AERAS-402 incorporates 

Ad35, which has been shown to be prevalent in only 20% of individuals in sub-

Saharan Africa(23) with neutralizing titers >200 in <5% of individuals; this vector is 

therefore much more attractive for antigen delivery. Anti-Ad35 neutralizing antibodies 

were present in only 5% of participants of this trial, before vaccination, which is lower 

than reported for this region. As shown in the results, AERAS-402 did indeed induce 

anti-Ad35 antibodies: 22% of participants who received a single dose, and 83.3% of 

participants who received two doses, had detectable anti-Ad35 titers at the end of 

the trial. Assessment of anti-Ad35 neutralizing titers immediately before the second 

dose of the vaccine in Group 4, revealed that two-thirds of individuals had significant 

titers, which likely lead to suppression of immunogenicity, and subsequently sub-

optimal boosting of the T cell response induced by second immunization with 

AERAS-402. This is in agreement with a preclinical study by Thorner et al, which 

demonstrated reduced immunogenicity to Ad35 vaccination if high anti-Ad35 titers 

were already present(20). All Ad35 titers at day 182 were within the range of titers 

seen in a previous study of naturally occurring neutralizing activity to adenovirus(23).  

 

Other known mechanisms of immune regulation such as the induction of regulatory T 

cells and immune-suppressive factors such as IL-10 and TGF-β, might further 
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explain the negligible boost observed in Group 4, however these were not assessed 

in the current study. The aim of this study was to measure vaccine take and not 

immune mechanisms; therefore, these possibilities were not assessed. 

 

This is the first study showing safety and immunogenicity of AERAS-402 in a 

heterologous prime-boost strategy in human vaccinees. AERAS-402 administration 

was found to be safe and immunogenic in healthy Mycobacterium tuberculosis 

uninfected adults previously vaccinated with BCG. AERAS-402 induces a robust 

CD8 T cell response as well as a polyfunctional CD4 T cell response, and supports 

further clinical trials assessing the efficacy of AERAS-402 as a boosting vaccine. 
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Supplementary Information 

 

Assessment and classification of adverse events  

Serious adverse events were recorded throughout the period of the trial, and all 

participants were enrolled into a registry protocol with long-term follow up for delayed 

adverse events. Further local and systemic solicited and unsolicited events were 

recorded by study staff at routine trial visits. Adverse events were assessed for 

causality (not related, unlikely to be related, possibly, probably and definitely related) 

and for severity (mild or grade 1, moderate or grade 2, and severe or grade 3), 

according to the FDA Guidance Toxicity Grading Scale for Healthy Adult and 

Adolescent Volunteers Enrolled in Preventive Vaccine Clinical Trials (April 2005;  

http://www.fda.gov/cber/gdlns/toxvac.htm).  

 

Inclusion and exclusion criteria 

 Inclusion criteria included receipt of BCG >5 years prior to enrollment, as 

documented through medical history or presence of a BCG scar, no history of past 

TB disease, a normal chest radiograph, no household exposure to an individual with 

TB during the year prior to enrollment, a body mass index between 18 and 30 kg/m2, 

and no use of immunosuppressive medication within 45 days before entry into the 

study. Following baseline assessment, inclusion further required a negative 

QuantiFERON®-TB Gold In-Tube (QFT™) and a Mantoux skin test result of <15 mm 

(0.1mL of 2 Tuberculin Units PPD, RT 23, Statens Serum Institut), a serology that 

showed no active or chronic infection with HIV or Hepatitis B or C, and normal 

routine hematological and biochemical test results within 36 hours of randomization. 

Urine was tested for evidence of recreational drug use, and if positive, the participant 
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was excluded. Female participants were required to withhold from sexual 

intercourse, be infertile, or be routinely using a reliable form of contraception for the 

duration of the trial. 

 

Flow cytometry antibodies  

Antibodies for detecting cytokine responses by PBMC-derived CD4 and CD8 T cells 

were as follows: CD3-APC (clone SK7, BD Biosciences), CD4-PE (clone RPA-T4, 

BD Biosciences), CD8-PerCP (clone SK1, BD Biosciences), IFN-γ-Alexa Fluor 488 

(clone B27, Caltag), IL-2- Alexa Fluor  (clone MQ1-17H12, Caltag) and TNF-α-FITC 

(clone MP9-20A4, Caltag). 

Antibodies for detecting cytokine responses by whole blood-derived CD4 and CD8 T 

cells were as follows: CD3-Pacific Blue (UCTH1), CD4-PerCPCy5.5 (SK3), CD8-

APC (SK1), IFN-γ-AlexaFluor700 (K3), IL-2-FITC (5344.111) and TNF-α-PECy7 

(MAb11); all from BD Biosciences, and IL-17-PE (eBio64CAP17, eBiosciences). 

Single stained mouse κ beads were used to calculate compensations for every run. 

Data analysis was performed with FlowJo software version 8.5.3 (TreeStar). 

 

Data analysis  

The sample size for this Phase I study was selected as adequate for an initial review 

of the safety profile of AERAS-402, rather than for statistical reasons, and to permit 

initial estimates of reactogenicity. If no serious adverse effects were observed 

among 29 subjects receiving AERAS-402, an approximation to the upper 95% 

confidence bound on the rate of serious adverse effect occurrence would be 10.3%. 

The sample size did not provide adequate power to detect other than large 
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differences between the dose levels in the incidence of local and general side 

effects. 

In intracellular cytokine assays, background values (unstimulated) were subtracted 

for vaccine antigen-specific results. For both PBMC and whole blood assays, a 

positive response to a vaccine antigen was defined as an increase over the pre-

vaccination level, and above the threshold of the assay after subtraction of 

background. This flow cytometer threshold of detection was determined to be 0.03% 

for the PBMC assay (Aeras flow cytometer), and 0.01% for the whole blood assay 

(SATVI flow cytometer). Furthermore, for the whole blood assay, statistical 

thresholds of detection were calculated using 3 median absolute deviations + 1 

median from the unstimulated values, and are tabulated below. 

Parameter 
Statistical 
threshold 

CD4 IFN-γ+ 0.014% 

CD4 TNF-α+ 0.034% 
CD4 IL-2+ 0.070% 

CD8 IFN-γ+ 0.024% 

CD8 TNF-α+ 0.028% 
CD8 IL-2+ 0.016% 

The threshold of detection for the neutralizing antibody titers against Ad35 is 16, 

therefore any titers below this are considered undetectable.  

Basic descriptive analysis was performed to examine adverse events. Comparisons 

of immunogenicity results between different time points were performed with Mann 

Whitney U tests, using Prism 4.03 (GraphPad).  

 

The boolean gate platform was used with individual cytokine gates to create all 

possible response pattern combinations. The data analysis programs PESTLE 

(version 1.5.4) and SPICE (Simplified Presentation of Incredibly Complex 

Evaluations; version 4.1.6) were used to analyze flow cytometry data and generate 
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graphical representations of T cell responses using background-deducted flow 

cytometric data (both kindly provided by Mario Roederer, Vaccine Research Center, 

NIAID, NIH). 
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Figure Legends 

 

Figure 1. Frequency of Ag85A/b-specific T cells induced by AERAS-402, as 

measured by flow cytometry following incubation of PBMC with a peptide pool of the 

antigens. CD4 T cell (left panels) and CD8 T cell (right panels) responses, in 

AERAS-402 vaccinated (blue boxes) and placebo vaccinated (red boxes) 

participants are shown. Participants from groups 1 (A and B), 2 (C and D) and 3 (E 

and F) received a single, escalating dose of AERAS-402 on day 0 (indicated by the 

black arrow under the x-axis). Group 4 participants (G and H) received two doses of 

AERAS-402 on days 0 and 56 (indicated by black arrow under the axis), and were 

bled additionally on days 56, 63, and 70. Total cytokine-positive frequencies denote 

any T cell that expresses IFN-γ, TNF-α, or IL-2 alone or in combination. Background 

values (unstimulated) were subtracted for each condition from each individual. For 

each plot, the median is represented by the horizontal line, the interquartile range by 

the box and the range by the whiskers. The open circles and accompanying 

numbers represent high responders that exceed the maximum value on the scale. 

The p values indicated were derived from comparing responses with those at 

baseline, using the Mann Whitney U test.  

 

Figure 2. Frequency of Ag85A/b-specific (A, C, E) and TB10.4-specific (B, D, F) 

CD4 T cells induced by AERAS-402, as measured by flow cytometry following 

incubation of whole blood with a peptide pool of the antigens. Vaccinations for Group 

3 and Group 4 are indicated with blue and red arrows, respectively, under the x-axis. 

Both total (any) cytokine-expressing (A-D) and polyfunctional IFN-γ+IL-2+TNF-α+ (E 

and F) CD4 T cell responses, are shown, for Group 3 (single high dose, 
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administered on day 0, blue arrow) and Group 4 (2 doses of the vaccine, 

administered on days 0 and 56, red arrows). Each line displayed represents a 

vaccine participant. Background values (unstimulated) were subtracted for each 

condition from each individual. The p values indicated were derived from comparing 

responses with those at baseline, using the Mann Whitney U test.  

 

Figure 3. Frequency of Ag85A/b-specific (A and C) and TB10.4-specific (B and D) 

CD8 T cells induced by AERAS-402, as measured by flow cytometry following 

incubation of whole blood with a peptide pool of the antigens. Vaccinations for Group 

3 and Group 4 are indicated with blue and red arrows, respectively, under the x-axis. 

Total (any) cytokine-expressing CD8 T cell responses are shown, for Group 3 (single 

high dose, administered on day 0, blue arrow) and Group 4 (2 doses of the vaccine, 

administered on days 0 and 56, red arrows). Each line displayed represents a 

vaccine participant. Background values (unstimulated) were subtracted for each 

condition from each individual. The p values indicated were derived from comparing 

responses with those at baseline, using the Mann Whitney U test.  

 

Figure 4. Detailed analysis of cytokine expression patterns of specific CD4 and CD8 

T cells induced by AERAS-402, as measured by flow cytometry following incubation 

of whole blood with a peptide pool of the antigens. Patterns of single or combined 

expression of the Th1 cytokines in Ag85A/b-specific (A) and TB10.4-specific (B) 

CD4 T cells of participants vaccinated with a single high dose of AERAS-402 (Group 

3) are shown, as frequencies of specific CD4 T cells. (C) Among these participants, 

pie charts representing the mean proportions of cells producing 3 cytokines (red), 2 

cytokines (blue), and 1 cytokine only (green), out of the total cytokine CD4 T cell 
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response, on days 7, 28, and 84 post-vaccination. (D-E) Again among these 

participants, frequency of specific IL-17-expressing CD4 T cells, following AERAS-

402 vaccination, among AERAS-402 vaccinated (D) and placebo-vaccinated 

participants (E). BCG was used a positive control. (F-G) Patterns of single or 

combined expression of the cytokines in Ag85A/b-specific (F) and TB10.4-specific 

(G) CD8 T cells of participants vaccinated with a single high dose of AERAS-402 

(Group 3) are shown, as frequencies of specific CD8 T cells. Background values 

(unstimulated) were subtracted for each condition from each individual. The open 

circles and accompanying numbers represent high responders that exceed the 

maximum value on the scale. For each plot, the median is represented by the 

horizontal line, the interquartile range by the box and the range by the whiskers. 

Differences between pre-vaccination and post-vaccination responses were evaluated 

with the Mann Whitney U test: p values <0.05 are shown. 

 

Figure 5. Ad35 neutralizing antibody titers induced by AERAS-402 vaccination of 

Group 3 and 4 participants. Longitudinal analysis of Ad35 neutralizing antibody titers 

at days 0, 28, 84, and 182 post-vaccination in serum from Group 3 participants (A) 

(single high dose) and at days 0, 28, 56, 84, and 182 post-vaccination in serum from 

Group 4 participants (B) (2 high doses). Comparison of Ad35 neutralizing antibody 

titers at days 0, 28, and 182 post-vaccination in serum from Group 3 and 4 

participants (C) and placebo recipients (D). 
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Table 1. Treatment allocation by study group and demographic characteristics 
of participants enrolled 

 Group 1 Group 2 Group 3 Group 4 Total (%) 

AERAS-402 Treatment 
(n) 

7 7 7 8* 29 (72.5%) 

Vaccine Doses 1 1 1 2  

Vaccine Dose  
(viral particles) 

3 X 108 3 X 109 3 X 1010 3 X 1010  

Placebo Treatment (n) 3 3 3 2 11 (27.5%) 

Total Treatment (n) 10 10 10 10* 40 (100%) 

Male (n) 4 (40%) 6 (60%) 4 (40%) 3 (30%) 17 (42.5%) 

Age, median  
(min-max, years) 

24.0 
(22.0-38.0) 

26.0 
(22.0-38.0) 

27.5 
(22.0-39.0) 

27.0 
(21.0-38.0) 

26.5 
(21.0-39.0) 

Ethnic Group (n) 
   Black 
   Coloured 
   White 

 
0 
7 
3 

 
1 
9 
0 

 
2 
7 
1 

 
4 
3 
3 

 
7  (17.5%) 
26 (65%) 
7  (16.5%) 

BMI, mean  
(SD), kg/m2 24.8±±±±2.9 23.4±±±±3.4 24.1±±±±3.5 24.4±±±±2.9 24.2±±±±3.1 

*2 of 8 participants did not meet eligibility criteria for revaccination. 
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Table 2. Reasons for exclusion of individuals who underwent screening.  

Some subjects were excluded for multiple reasons 

Total individuals screened 396 (100%) 
Screening failures 356 (89.9%) 
Breastfeeding 3 (0.8%) 
Quantiferon positive 247 (62.4%) 
TST ≥ 15mm 143 (36.1%) 
Abnormal ECG 10 (2.5%) 
Abnormal biochemistry 20 (5.1%) 
Abnormal hematology 22 (5.6%) 
Abnormal urine dipstix 2 (0.5%) 
Abnormal chest radiograph 2 (0.5%) 
Chronic illness: hypertensive (n=2); 
Chronic corneal herpes infection (n=1) 

3 (0.8%) 

Loss to follow up during screening 
process 

3 (0.8%) 

Pregnant 4 (1.0%) 
Withdrew consent during screening 
process 

9 (2.3%) 

Age outside range 3 (0.8%) 
BMI outside range of 18 – 30 5 (1.3%) 
Smoker (> 3 days / week) 4 (1.0%) 
Hepatitis B surface antigen positive 19 (4.8%) 
Hepatitis C surface antigen positive 2 (0.5%) 
HIV positive 22 (5.5%) 
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Table 3a. Summary of adverse events (AE) 

Group Placebo Group 1 Group 2 Group 3 Group 4 Total 
Severity       
Mild 23 29 16 26 23 117 (74.0%) 
Moderate 4 4 10 11 1  30  (19.0%) 
Severe 2 3 2 0 4 11 (7.0%) 
Total AE 29 36 28 37 28 158 (100%) 
AE related to 
the vaccine 

11 (37.9%) 20 (55.6%) 17 (60.7%)  14 (37.8%) 18 (64.3%) 80 (50.6%) 
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Table 3b. Table of solicited and unsolicited events 

Placebo 
(n=11) 

Group 1 
(n=7) 

Group 2 
(n=7)  

 Group 3              
(n=9) 

 Group 4      
(n=6) 

Total 
(n=40) 

 
n (%)   n (%)   n (%)   n (%)   n (%)   n (%) 

Subjects with at least one Adverse Event 9 (81.8) 7 (100%) 6 (85.7%) 8 (88.9%) 5 (83.3%) 35 (100%) 

SOLICITED EVENTS       
    Arthralgia - 2 (28.6) - 1 (11.1) - 3 (8.6) 
    Conjunctivitis - - - 1 (11.1) - 1 (2.9) 
    Diarrhoea - 3 (42.9) - - - 3 (8.6) 
    Dysuria 1 (9.1) - - 2 (22.2) - 3 (8.6) 
    Injection site erythema - - 1 (14.3) 1 (11.1) - 2 (5.7) 
    Injection site pain 2 (18.2) 1 (14.3) 1 (14.3) 5 (55.5) 4 (66.7) 13 (37.1) 
    Injection site swelling - - 2 (28.6) - - 2 (5.7) 
    Malaise 3 (27.3) 2 (28.6) 2 (28.6) 4 (44.4) 1 (16.7) 12 (34.3) 
    Myalgia 1 (9.1) 2 (28.6) 1 (14.3) 3 (33.3) 2 (33.4) 9 (25.7) 
    Fever - - 1 (14.3) 1 (11.1) - 2 (5.7) 
    Rash 1 (9.1) - - - - 1 (2.9) 
    Sore throat 1 (9.1) 2 (28.6) 2 (28.6) - 3 (50) 8 (22.9) 
    Upper respiratory tract infection 2 (18.2) 3 (42.9) 1 (14.3) 1 (11.1) 1 (16.7) 8 (22.9) 
UNSOLICITED EVENTS       
    Abdominal pain - - 1 (14.3) - - 1 (2.9) 
    Activated partial thromboplastin time - - 1 (14.3) - 1 (16.7) 2 (5.7) 
    Acute HIV infection - - 1 (14.3) - - 1 (2.9) 
    Alanine aminotransferase increased - 1 (14.3) - - - 1 (2.9) 
    Aspartate aminotransferase increased - 1 (14.3) - - - 1 (2.9) 
    Blood creatine phosphokinase increased 4 (36.4) 2 (28.6) 3 (42.9) 2 (22.2) 2 (33.4) 13 (37.1) 

    Blood pressure systolic increased 1 (9.1) - - 1 (11.1) 1 (16.7) 3 (8.6) 

    Bradycardia - 1 (14.3) 1 (14.3) - - 2 (5.7) 

    Cystitis 1 (9.1) - - - - 1 (2.9) 
    Dysmenorrhoea 1 (9.1) 1 (14.3) - - - 2 (5.7) 
    Dyspepsia - - - 1 (11.1) - 1 (2.9) 
    Escherichia urinary tract infection - - - 1 (11.1) 1 (16.7) 2 (5.7) 
    Gamma-glutamyltransferase increased 1 (9.1) - - - 1 (16.7) 2 (5.7) 
    Haematuria - - - 2 (22.2) 2 (33.4) 4 (11.4) 
    Haemoglobin decreased 3 (27.3) 4 (57.1) 2 (28.6) 3 (33.3) 4 (66.7) 16 (45.7) 
    Headache 2 (18.2) 4 (57.1) 1 (14.3) 2 (22.2) 1 (16.7) 10 (28.6) 
    Hypertension 1 (9.1) - - - - 1 (2.9) 
    Lymphocyte count decreased 1 (9.1) 1 (14.3) - - - 2 (5.7) 
    Nausea 1 (9.1) - 2 (28.6) - - 3 (8.6) 
    Neutrophil count decreased - - - 2 (22.2) - 2 (5.7) 
    Ocular hyperaemia - 1 (14.3) - - - 1 (2.9) 
    Pain in extremity 1 (9.1) 1 (14.3) - - - 2 (5.7) 
    Proteinuria - - 1 (14.3) 3 (33.3) 1 (16.7) 5 (14.3) 
    Prothrombin time prolonged - 1 (14.3) 1 (14.3) - - 2 (5.7) 
    Schistosomiasis - - - 1 (11.1) - 1 (2.9) 
    Sinusitis - 1 (14.3) - - - 1 (2.9) 
    Suicide attempt - - 1 (14.3) - - 1 (2.9) 
    Tachycardia - - 2 (28.6) - - 2 (5.7) 
    Tonsillitis - - - 1 (11.1) - 1 (2.9) 
    Toothache - 1 (14.3) - - - 1 (2.9) 
    Vaginal infection 1 (9.1) - - - - 1 (2.9) 

    White blood cell count increased - 1 (14.3) 1 (14.3) - 1 (16.7) 3 (8.6) 
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Figure 3 
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Supplementary Figure 1. Flow cytometric analysis of AERAS-402-induced T cell 

cytokine production. Representative dotplots from a single participant are shown. (A) 

Gating strategy used to identify CD4 and CD8 T cells. From left to right, leukocytes 

from whole blood were acquired and cell doublets excluded using forward scatter-

area versus -height parameters. Small lymphocytes were then selected from singlets 

and, following that, T cells by gating on CD3+ cells.  Finally, CD4 and CD8 T cells 

were selected (extreme right plot). (B) Representative gating of cytokine-positive 

CD4 T cells in unstimulated (UNS) whole blood, or blood stimulated with Ag85A/b 

peptide pool, TB10.4 peptide pool, or with BCG. 

 

Supplementary Table 1. Proportion of Responders to AERAS-402 

 

Supplementary Figure 2. Frequency of TB10.4-specific T cells induced by AERAS-

402, as measured by flow cytometry following incubation of PBMC with a peptide 

pool of the antigens. CD4 T cell (left panels) and CD8 T cell (right panels) 

responses, in AERAS-402 vaccinated (blue boxes) and placebo vaccinated (red 

boxes) participants are shown. Participants from groups 1 (A and B), 2 (C and D) 

and 3 (E and F) received a single, escalating dose of AERAS-402 on day 0 

(indicated by the black arrow under the x-axis). Group 4 participants (G and H) 

received two doses of AERAS-402 on days 0 and 56 (indicated by black arrow under 

the axis). Background values (unstimulated) were subtracted for each condition from 

each individual. For each plot, the median is represented by the horizontal line, the 

interquartile range by the box and the range by the whiskers. The p values indicated 

were derived from comparing responses with those at baseline, using the Mann 

Whitney U test.  
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Supplementary Figure 3. Longitudinal analysis of Ag85-specific T cells induced by 

AERAS-402, as measured by flow cytometry following incubation of PBMC with a 

peptide pool of the antigens. CD4 T cell (left panels) and CD8 T cell (right panels) 

responses, in AERAS-402 vaccinated (A-H) and placebo vaccinated (I-J) participants 

are shown. Participants from groups 1 (A and B), 2 (C and D) and 3 (E and F) 

received a single, escalating dose of AERAS-402 on day 0 (indicated by the red 

arrow under the x-axis). Group 4 participants (G and H) received two doses of 

AERAS-402 on days 0 and 56 (indicated by red arrows under the axis). Background 

values (unstimulated) were subtracted for each condition from each individual. Each 

line represents a single participant followed up longitudinally in the study. 

 

Supplementary Figure 4. Longitudinal analysis of TB10.4-specific T cells induced 

by AERAS-402, as measured by flow cytometry following incubation of PBMC with a 

peptide pool of the antigens. CD4 T cell (left panels) and CD8 T cell (right panels) 

responses, in AERAS-402 vaccinated (A-H) and placebo vaccinated (I-J) participants 

are shown. Participants from groups 1 (A and B), 2 (C and D) and 3 (E and F) 

received a single, escalating dose of AERAS-402 on day 0 (indicated by the red 

arrow under the x-axis). Group 4 participants (G and H) received two doses of 

AERAS-402 on days 0 and 56 (indicated by red arrows under the axis). Background 

values (unstimulated) were subtracted for each condition from each individual. Each 

line represents a single participant followed up longitudinally in the study. 
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Supplementary Figure 1. Gating strategy 
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Supplementary Table 1. Proportion of responders to AERAS-402 vaccination 

 

ND = not done 

   Proportion of responders to AERAS-402 (%) 

Assay T cell Antigen Group 1 Group 2 Group 3 Group 4 

PBMC CD4 Ag85A/b 3/7 (43%) 6/7 (86%) 5/9 (56%) 2/6 (33%) 

WBA CD4 Ag85A/b ND ND 9/9 (100%) 5/6 (83%) 

PBMC CD8 Ag85A/b 4/7 (57%) 3/7 (43%) 6/9 (67%) 4/6 (67%) 

WBA CD8 Ag85A/b ND ND 8/9 (89%) 4/6 (67%) 

PBMC CD4 TB10.4 3/7 (43%) 6/7 (86%) 6/9 (67%) 2/6 (33%) 

WBA CD4 TB10.4 ND ND 8/9 (89%) 4/6 (67%) 

PBMC CD8 TB10.4 2/7 (29%) 1/7 (14%) 3/9 (33%) 2/6 (33%) 

WBA CD8 TB10.4 ND ND 8/9 (89%) 2/6 (33%) 
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Supplementary Figure 2.  
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Supplementary Figure 3. 
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Supplementary Figure 4. 
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