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Abstract 25 

Background: Vaccination with Bacillus Calmette Guerin (BCG) protects infants against 26 

childhood tuberculosis however the immune mechanisms involved are not well understood.  27 

Further elucidation of the infant immune response to BCG will aid with the identification of 28 

immune correlates of protection against tuberculosis and with the design of new improved 29 

vaccines. The purpose of this study was to investigate BCG-induced CD4+ T-cell responses 30 

in blood samples from infants for cytokine secretion profiles thought to be important for 31 

protection against tuberculosis and compare these to PBMC-mediated in vitro mycobacterial 32 

growth inhibition. Methods: Blood from BCG-vaccinated or unvaccinated infants was 33 

stimulated overnight with Mycobacterium tuberculosis (M. tb) purified protein derivative 34 

(PPD) or controls and intracellular cytokine staining and flow cytometry used to measure 35 

CD4+ T-cell responses. PBMC cryopreserved at the time of sample collection were thawed 36 

and incubated with live BCG for four days following which inhibition of BCG growth was 37 

determined.  Results: PPD-specific IFN+TNF+IL-2+ CD4+ T-cells represented the 38 

dominant T-cell response at 4 months and 1 year after infant BCG. These responses were 39 

undetectable in age-matched unvaccinated infants. IL-17+ CD4+ T-cells were significantly 40 

more frequent in vaccinated infants at 4 months but not at 1-year post-BCG. PBMC-mediated 41 

inhibition of mycobacterial growth was significantly enhanced at 4 months post-BCG as 42 

compared to unvaccinated controls. In an analysis of all samples with both datasets available, 43 

mycobacterial growth inhibition correlated significantly with the frequency of polyfunctional 44 

(IFN+TNF+IL-2+) CD4+ T-cells. Conclusions: These data suggest that BCG vaccination 45 

of infants induces specific polyfunctional T-helper-1 and T-helper-17 responses and the 46 

ability, in the PBMC compartment, to inhibit the growth of mycobacteria in vitro. We also 47 

demonstrate that polyfunctional T-helper-1 cells may play a role in growth inhibition as 48 

evidenced by a significant correlation between the two. 49 
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Introduction 53 

A major challenge in the field of tuberculosis (TB) vaccinology is the need for a better 54 

understanding of how Bacillus Calmette-Guerin (BCG), the only licensed vaccine in use 55 

against TB, confers protection in some populations and settings but not others [1-3]. 56 

Knowledge of the mechanisms underlying this difference is vital for the ongoing search for a 57 

better vaccine. One TB vaccine candidate that had proved efficacious in pre-clinical animal 58 

models [4,5] did not give infants significant protection from TB disease [6]. In that clinical 59 

trial, the vaccine, MVA85A, was administered to infants already vaccinated at birth with 60 

BCG with the aim of enhancing any BCG-mediated protection. That this did not occur has 61 

prompted the suggestion that the protection afforded by BCG alone may be difficult to 62 

improve upon and as such, its mechanisms of action deserve greater attention if this is to 63 

happen [7].  64 

Our group has previously provided an immunological description of the different responses 65 

to BCG in United Kingdom (UK) and African populations in which the efficacy of BCG 66 

differs. Malawian adolescents displayed high baseline immune responses to mycobacterial 67 

antigen and BCG did not enhance these. In the UK, adolescents displayed low baseline 68 

responses which were increased significantly following BCG [8]. These observations were 69 

consistent with the hypothesis that exposure to non-tuberculous mycobacteria (NTM) was 70 

masking the response to BCG [9]. In subsequent reports we expanded this description to 71 

infants where, although pre-exposure to NTM was unlikely given the very young age of the 72 

study group, differences in immune response were still observed between the two settings. 73 

UK infants made stronger T helper (Th)-1-type responses including IFN whereas Malawian 74 

infants made stronger Th-2 and regulatory-type responses [10]. Although Th-1 responses, 75 

including cytokines such as IFN and antigen-specific CD4+ T-cells, have been reported not 76 

to correlate with protection against, or risk of, TB disease [11-15], they remain a focus of 77 
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interest for TB vaccinologists due to contrasting evidence where these cells do seem to 78 

correlate with protection against TB [16] as well as the strong evidence in favour of their 79 

importance based on studies of patients with IFN signaling deficiencies [17,18] or with HIV 80 

infection and low CD4 counts [19] who are both susceptible to TB. 81 

A recent development in the field of TB biomarker discovery has been the establishment of 82 

techniques that allow the measurement of mycobacterial growth inhibition in vitro. This 83 

assessment of the capacity of a compartment such as whole blood or peripheral blood 84 

mononuclear cells (PBMC) to inhibit the growth of mycobacteria represents an unbiased 85 

surrogate marker of protection against TB and allows for investigations into the potential 86 

roles of immune mechanisms of interest in mediating this “protective” effect [20-23].   87 

In light of the recent evidence [24] that BCG vaccination in high latitude, low NTM settings 88 

such as the UK might provide important information regarding BCG-induced protective 89 

immunity, we hypothesized that the cytokine immune responses we previously described in 90 

UK infants would originate from antigen-specific helper T-cells. We report here our findings 91 

that BCG vaccination does indeed induce long lasting, polyfunctional Th-1 cellular responses 92 

as well as a more transient Th-17 response in UK infants. We also show that BCG 93 

vaccination induces PBMC-mediated mycobacterial growth inhibition and that 94 

polyfunctional Th-1 responses may play a role in this.  95 
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Materials and Methods 96 

Study participants and sample collection 97 

Healthy infants, born in the UK to mothers with no history of chronic illness including HIV 98 

infection, were recruited after written informed consent was obtained from parents. 99 

Depending upon local health service policy, infants either received a single dose of 100 

intradermal BCG (BCG Vaccine Danish Strain 1331, Staten Serum Institute, Copenhagen, 101 

Denmark) at community clinics (median vaccination age: 5.6 weeks, interquartile range 102 

(IQR): 4.3-8.0 weeks) or did not receive BCG. Heparinised venous blood samples were 103 

obtained from infants at two time points selected to provide data at distinct intervals (4 104 

months and 1 year) following vaccination or at age-matched time points in unvaccinated 105 

infants. Due to variations in availabilities of infant participants and parents, actual median 106 

sampling time points were 15.3 weeks (IQR: 14.4-18.0) and 56.3 weeks (IQR: 54.9-58.0). 107 

Ethical approval for the study was granted by the National Research Ethics Service 108 

Committee London-East (11/LO/0363) and by the Ethics Committee of the London School of 109 

Hygiene and Tropical Medicine. 110 

 111 

Diluted whole blood intracellular cytokine staining (ICS) assay 112 

Venous blood (0.5 mL) was diluted 1:1 with warm Iscove’s Modified Dulbecco’s Medium 113 

(Lonza, Belgium) in 15 mL centrifuge tubes (Corning Inc. NY). Diluted blood was incubated 114 

alone (medium only negative control), with 10 g/ml M. tb PPD batch RT50 for in vitro use; 115 

Statens Serum Institute, Copenhagen, Denmark) or with 5 g/ml staphylococcus enterotoxin 116 

B (SEB; Sigma, UK) as a positive control. Co-stimulatory antibodies (2 g/ml each of anti-117 

CD28 and anti-CD49d (BD Biosciences, Oxford, UK)[25]) were added to all antigen and 118 

control tubes. Assay tubes were incubated with loose lids for 2 hours at 37°C after which 3 119 

g/ml of brefeldin A (Sigma, UK) was added to all tubes which were then incubated for a 120 
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further 18 hours at 37°C. The average time between venipuncture and the initiation of ICS 121 

assay stimulations was 3 hours 16 minutes (SD: 56 minutes). Following incubations diluted 122 

blood was incubated with 10 volumes of 1x PharmLyse solution (BD Biosciences, Oxford, 123 

UK) at room temperature for 10 minutes to lyse red blood cells, centrifuged and washed with 124 

3 mL PBS. Prior to permeabilisation, pelleted cells were surface stained with Vivid live/dead 125 

reagent (Molecular Probes), anti-CD4-APC-H7 (BD Biosciences), anti-CD19-efluor450 and 126 

anti-CD14-efluor450 (eBiosciences) for 30 minutes at 4°C. After washing in PBS + 0.1% 127 

BSA + 0.01% sodium azide, cells were permeabilised with Cytofix/Cytoperm reagent (BD 128 

Biosciences) at 4°C for 20 minutes, washed in Perm Wash buffer (BD Biosciences) and 129 

stained with anti-CD3-Horizon-V500, anti-IL-2-FITC, anti-TNF-PE-Cy7 (BD Biosciences), 130 

anti-IL-17-efluor660, anti-IL-10-PE (eBiosciences) and anti-IFN-PerCP-Cy5.5 (Biolegend) 131 

for 30 minutes at room temperature. Cells were finally resuspended in 250 L 1% 132 

paraformaldehyde (Sigma, UK) and filtered prior to acquisition. Data was acquired using an 133 

LSRII flow cytometer (BD Biosciences) configured with 3 lasers and 10 detectors and 134 

FACSDiva acquisition software (BD Biosciences). Compensation was performed using tubes 135 

of CompBeads (BD Biosciences) individually stained with each fluorophor and 136 

compensation matrices were calculated with FACSDiva.  137 

 138 

PBMC cryopreservation and in vitro mycobacterial growth inhibition assay 139 

For infant blood samples where enough material was available following whole blood ICS 140 

assays, PBMC were prepared by density centrifugation and cryopreserved. Briefly, blood 141 

diluted 1/3 in HBSS (Invitrogen) was layered over Histopaque 1077 (Sigma) and centrifuged 142 

at 800g for 20 minutes. The PBMC layer was transferred to a fresh tube, washed 3 times with 143 

HBSS, frozen in RPMI 1640 (Invitrogen) with 20% foetal bovine serum (FBS; Invitrogen) 144 

and 10% dimethylsulfoxide (Sigma) and stored at -80°C for 24 hours before transfer to liquid 145 
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nitrogen. On thawing, cells were rested for two hours at 37°C in RPMI 1640 with 10% FBS 146 

and 10 units/ml of benzonase (Novagen), then washed and re-suspended in RPMI 1640 with 147 

25 mM HEPES (Sigma) supplemented with 2 mM L-glutamine and 10% filtered, heat-148 

inactivated, pooled human AB serum (Sigma). PBMC (1x106) were added to 2ml screw-cap 149 

microtubes (Sarstedt, Germany) with a pre-determined, optimal quantity of BCG Danish that 150 

equated to 862 cfu and made up to a final volume of 600 μl. Tubes were incubated at 37°C 151 

with 360° rotation for 96 hours. Following incubations, cells and remaining BCG were 152 

pelleted and cells lysed by incubation in sterile water with vortexing. BCG from a single tube 153 

were then transferred into a corresponding MGIT tube and time to positivity determined 154 

using a MGIT 960 (Becton Dickinson). As all assays were carried out simultaneously in a 155 

single batch, direct-to-MGIT controls were not used, as the calculation of relative growth was 156 

not required. 157 

 158 

Data analysis, management and statistical analysis 159 

ICS flow cytometric data was analysed using FlowJo software version 9 (TreeStar Inc.) and 160 

Spice version 5 [26]. Samples were gated sequentially on singlet, live, CD14-CD19-, 161 

lymphoid, CD3+CD4+ cells and negative control stimulation tubes were used to set cytokine 162 

gates (Supplementary Fig. 1). Median cytokine responses in negative control tubes, as a 163 

percentage of the gated CD4+ T-cell population, were as follows: IFN – 0.003%; TNF – 164 

0.002%; IL-2 – 0.002%; IL-17 – 0.002%; IL-10 – 0.003%. Median cytokine responses in 165 

positive control tubes (SEB-stimulated) were as follows: IFN – 0.16%; TNF – 2.05%; IL-2 166 

– 1.77%; IL-17 – 0.11%; IL-10 – 0.06% (Supplementary Fig. 2). Cytokine responses reported 167 

for all stimuli are after subtraction of background values measured in un-stimulated tubes. 168 

The median number of CD4+ T-cell events acquired for all tubes was 298,895 (IQR: 239875-169 

312526).  170 
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All mycobacteria growth inhibition assays were carried out in duplicate. For each tube, time 171 

to positivity in hours was converted to log CFU of bacteria using a previously determined 172 

growth curve for the stock of BCG used. 173 

All statistical comparisons between the magnitudes of ICS and growth inhibition responses 174 

between vaccinated and unvaccinated groups were made using the Mann-Whitney U test. 175 

Associations between growth inhibition and ICS responses were measured using Spearman’s 176 

rank correlation coefficient.  177 
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Results 178 

BCG-vaccination of infants at 6 weeks of age induces antigen-specific, polyfunctional Th-1 179 

cells that persist up to at least 1 year post-vaccination 180 

In order to assess the ability of infant BCG vaccination to activate cytokine-secreting helper 181 

T-cells we used a diluted whole blood ICS assay and PPD stimulation to measure the 182 

frequency of mycobacteria antigen-specific CD4+ T-cell responders at an early and a later 183 

time point following vaccination. CD4+ T-cells expressing IFN, TNF and IL-2 were 184 

detectable at 4 months and 1 year after vaccination but not in age-matched samples from 185 

unvaccinated infants (Fig. 1A-C). The application of Boolean gating to determine the pattern 186 

of cytokine co-expression revealed that at both 4 months and 1 year, IFN+TNF+IL-2+ 187 

polyfunctional T-cells formed the dominant responder population in BCG-vaccinated infants. 188 

The overall responder profile, which also included TNF+IL-2+ double positive and TNF+ 189 

single positive populations, was almost identical at both time points after vaccination (Fig. 190 

1D). These data support the conclusion that BCG vaccination of UK infants activates an 191 

antigen-specific, polyfunctional Th-1 response that is still detectable one year after 192 

vaccination. 193 

 194 

Antigen-specific Th-17 cells are increased in vaccinated infants at 4 months post-vaccination 195 

compared to unvaccinated controls 196 

In addition to IFN, TNF and IL-2, we also examined CD4+ T-cells for antigen-specific, 197 

IL-17 and IL-10 responses. Although we could not detect any IL-10 response with this 198 

protocol at either time point (data not shown), we did observe a significantly greater 199 

frequency of IL-17+ CD4+ T-cells in vaccinated compared to unvaccinated infants at 4 200 

months (median responses of 0.011% IL-17+ and 0.002% IL-17+ CD4 T-cell respectively; 201 

p=0.0045) but not at 1 year (median responses of 0.007% IL-17+ and 0.006% IL-17+ CD4 T-202 
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cell respectively; p=0.894; Fig. 2A-C). In order to determine whether IL-17+ CD4+ T-cells 203 

were secreting other cytokines, we restricted analysis to all possible IL-17+ signatures (Fig. 204 

2D), which revealed that the dominant secretion profile was IL-17+ single positive events. 205 

Although the response profile was similar at both time points, there was a significant 206 

reduction in the frequency of two less prominent populations at 1 year, namely IL-207 

17+TNFα+IL-2+ triple positive and IL-17+IL-2+ double positive cells (p=0.03 and p=0.009 208 

respectively; Fig. 2D). These data support the conclusion that BCG vaccination of UK infants 209 

activates an antigen-specific Th-17 response that, although prominent at 4 months post-BCG, 210 

at 1-year post-BCG has reduced to a magnitude that is indistinguishable from that seen in 211 

unvaccinated infants. 212 

 213 

PBMC compartment of vaccinated infants displays an increased capacity to inhibit the in 214 

vitro growth of BCG mycobacteria at 4 months post-vaccination 215 

In parallel to diluted whole blood ICS assays, where sample volume permitted, PBMC were 216 

also prepared from infant blood samples and cryopreserved. These PBMC were later thawed 217 

and tested for the capacity to inhibit mycobacterial growth in vitro with an assay used as a 218 

surrogate marker for protective immune responses against Mycobacterium tuberculosis in 219 

vivo. Growth of BCG mycobacteria was significantly inhibited by PBMC from BCG-220 

vaccinated infants at 4 months. The median log CFU measured after 4-day culture was 3.2 as 221 

compared to 5.1 in unvaccinated infants (p<0.001; Fig. 3A). The difference in median log 222 

CFU at 12 months post-vaccination between vaccinated and age-matched unvaccinated 223 

infants however was not significant (4.2 and 5.1 respectively; p=0.294; Fig. 3B). As samples 224 

from vaccinated and unvaccinated infants at both time points exhibited a range of log CFU 225 

values that represented the varying degrees of mycobacterial inhibition, we compared these 226 

data with matching frequencies of polyfunctional (IFNγ+TNFα+IL-2+) and Th-17 (IL-17+) 227 
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CD4 T-cells for those samples where both MGIA and ICS data were available. In order to 228 

avoid including dependent variables in the correlation analysis, where data was available for 229 

one infant at both time points, only the 4-month data was included. There was a significant 230 

degree of inverse correlation between polyfunctional CD4+ T-cell frequency and log CFU 231 

(Spearman r value = -0.709; p=0.013; Fig. 3C) but not between Th-17 CD4 T-cell frequency 232 

and log CFU (Spearman r value = -0.399; p=0.198; Fig. 3D) as measured after growth 233 

inhibition assays.  234 

In summary, BCG vaccination of UK infants induces polyfunctional and Th-17 CD4 T-cells 235 

and bestows upon the PBMC compartment the capacity to inhibit mycobacterial growth. 236 

Further to these observations, there is an association between the magnitude of the 237 

polyfunctional T-cell response and the level of mycobacterial inhibition detected in vitro.  238 
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Discussion 239 

We have measured a population of PPD-specific, CD4+ T-cells that demonstrates 240 

polyfunctional (IFN+TNF+IL-2+) capabilities in infants who have received BCG 241 

vaccination at 6 weeks of age. This population was detectable at 4 months and 1 year post-242 

vaccination, comprised the most abundant population as compared to other possible secretion 243 

profiles at both time points and was absent in unvaccinated infants.  This result complements 244 

previous immune analyses we have carried out on similar infant cohorts where secreted 245 

cytokine responses, including IFN, TNF and IL-2, were observed in vaccinated but not 246 

unvaccinated infants following PPD stimulation of diluted whole blood [27,28], and partly 247 

answers the question as to which cells were secreting cytokines in those studies. A number of 248 

papers have consistently described a more heterogeneous T-helper response in terms of the 249 

cytokine secretion profiles detected following BCG in infants [15,29-31]. Although 250 

IFN+TNF+IL-2+ triple positive cells are usually detectable in those studies, it is often 251 

single cytokine producers, most notably IFN+ Th-1 cells, which are most frequent. In 252 

contrast, we did not detect any single IFN producers and in fact, the only population that 253 

displayed any IFN positivity was expressing all three cytokines. The studies referred to 254 

above were carried out in Africa, therefore it is possible that these differences in response 255 

could be due to the fact that our study was carried out in a northern European setting and so 256 

infant participants comprised a different ethnic population who were exposed to a contrasting 257 

set of environmental factors. Another possible explanation for the difference between these 258 

results and those from the African settings could be differences in stimulation protocols, most 259 

notably the use of live BCG mycobacteria as a stimulant in the African studies and our use of 260 

PPD. In addition to this study, others who have used PPD as a stimulant to investigate T-cell 261 

responses following BCG vaccination have also reported prominent polyfunctional responses 262 

in mice and humans [32,33].  263 
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Clearly, the implication of observing a persistent, polyfunctional population of Th-1 cells that 264 

is very specific to having received the BCG vaccine, is that these cells are in some way 265 

involved in the protection that BCG affords these infants against childhood TB [2]. One of 266 

the first flow cytometric descriptions of polyfunctional, cytokine-producing T-cells was in 267 

the context of the protection they conferred to mice following efficacious vaccination against 268 

Leishmania major [34]. The field of TB has produced mixed data regarding the role of 269 

polyfunctional cells in immune protection. Retrospective analysis of samples taken 10 weeks 270 

after BCG vaccination at birth showed no difference in polyfunctional Th-1 cell frequency 271 

when infants who eventually contracted TB disease were compared to those who were 272 

exposed but remained disease-free during a 2 year follow-up period [15]. Another recent 273 

example of polyfunctional Th-1 cells failing to bestow protection against TB was when no 274 

significant protective effect was demonstrated following administration of novel TB vaccine 275 

MVA85A to infants despite this vaccine’s ability to boost antigen-specific, IFN+TNF+IL-276 

2+ CD4 T-cells [6]. Evidently, polyfunctional Th-1 cells do not correlate with risk of TB 277 

disease or protection, respectively, in these studies carried out in African settings, however, 278 

there are other circumstances where polyfunctional T-cell responses are associated with 279 

groups who have proved resistant to the development of TB disease; namely HIV-positive 280 

patients after anti-retroviral therapy with higher CD4 counts or those with lower viral loads 281 

[35,36]. The relatively low TB incidence in the UK combined with the design of our study 282 

means it is not possible to determine whether the Th-1 population we describe here correlates 283 

inversely or directly with risk or protection respectively, although it seems that the field 284 

would benefit greatly from an assessment of the protective capacity of polyfunctional T-cells 285 

in a low NTM, high latitude setting.  286 

In mice, IL-17 responses in the lung were shown to precede an influx of protective Th-1 cells 287 

following vaccination and subsequent infection with M. tb [37] and furthermore, the IL-288 
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23/IL-17 pathway was necessary following BCG vaccination for the effective generation of a 289 

Th-1 response specifically to overcome an otherwise inhibitory IL-10 response [38]. In 290 

addition to polyfunctional Th-1 cells, we also report here a population of PPD-specific, IL-291 

17+CD4+CD3+ cells that are present at a significantly greater frequency in BCG-vaccinated 292 

infants at 4 months post-BCG, as compared to age-matched, unvaccinated infants. Again, this 293 

is consistent with our previous reports of PPD-specific, IL-17 responses detectable in BCG-294 

vaccinated infants [27,28]. The current data provide evidence that the source of at least some 295 

of this IL-17 is antigen-specific Th-17 cells. Unlike Th-1 cellular profiles, Th-17 cells have 296 

been less frequently reported in infant BCG studies, partly due to the more recent emergence 297 

of IL-17 as a cytokine of interest. Where a Th-17 response was sought, in one report it was 298 

not detectable above background levels in control stimulations [39], however in others it was 299 

detectable but did not correlate with risk of TB disease in South African infants [15], nor did 300 

it differ in Ugandan infants who received BCG at birth as compared to those who received it 301 

at 6 weeks of age [31]. We have previously described the complete absence of a PPD-302 

specific, secreted IFN response in unvaccinated UK infants up to 15 months of age [40] and 303 

describe here a concomitant absence of IFN+ Th-1 cells in a similar cohort. This very low 304 

background immune responsiveness to PPD extends to IL-17 and has allowed us to 305 

distinguish an otherwise low frequency Th-17 response at 4 months in vaccinated infants. 306 

However, this differential response at 4 months post-BCG did not extend to samples taken at 307 

1-year post-BCG. It is interesting to note that whilst the frequency of the Th-17 response in 308 

BCG-vaccinated infants is lower at 12 months than at 4 months, the inverse is true of 309 

unvaccinated infants. It has been shown that there is a strong bias towards the development of 310 

Th-17 in neonates [41]. In our study, it may be that this propensity is being illustrated in two 311 

ways. Firstly, in the large increase in PPD-specific Th-17 responses due to BCG vaccination 312 

that gradually wanes by 12 months. Secondly, in the less pronounced increase in Th-17 313 
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responses in BCG unvaccinated infants. That the latter responses were stimulated by PPD 314 

suggests that either these infants have been exposed to environmental mycobacteria or that 315 

there is some cross-reactivity in these Th-17 responses. 316 

We did not detect any IL-10 responses in this study. Although we previously detected PPD-317 

induced IL-10 in BCG vaccinated infants it was in diluted whole blood culture supernatants 318 

after 7 days using multiplex bead array. [27,28]. In this study we used a much shorter 319 

stimulation period (18 hours) and ICS as a detection method and these may be a less sensitive 320 

than is required for IL-10. Another possible explanation is that we restricted our analysis to 321 

CD4+ T-cells in this study and may be missing IL-10 responses from cells such as 322 

monocytes. 323 

In the absence of a TB disease or infection outcome in our cohort we employed instead an in 324 

vitro mycobacteria growth inhibition assay (MGIA) as a surrogate marker of immune 325 

resistance. There is much interest in developing functional assays such as the MGIA as a 326 

surrogate marker of protection in order to facilitate the testing of novel TB vaccines. The aim 327 

is that the MGIA will eventually circumvent the need for long, expensive follow up periods 328 

with TB disease or infection as an endpoint. An additional advantage is that the unbiased 329 

nature of the MGIA means that prior knowledge as to which component of the immune 330 

system is responsible for any protective effect is not necessary. In this study, we found that 331 

the PBMC compartment of vaccinated infants contained the ability to inhibit the growth of 332 

BCG mycobacteria in vitro to a greater extent than that of unvaccinated infants in samples 333 

taken at 4 months. However by 12-month post-BCG there was no difference between the 334 

vaccinated and unvaccinated groups.  A previous study has shown that PBMC from adults 335 

with a history of BCG vaccination inhibit the growth of BCG mycobacteria in vitro to a 336 

greater extent than PBMC from adults without a history of BCG vaccination and that the 337 

capacity to inhibit mycobacterial growth can be induced in the BCG ‘naïve’ adults with 338 
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subsequent, primary vaccination [42]. In another study using a different version of the growth 339 

inhibition assay involving luminescent BCG and whole blood samples, neonatal BCG 340 

vaccination induced a significant degree of mycobacterial growth inhibition that persisted for 341 

up to 6 months when compared to growth inhibition in pre-vaccination samples [43]. Based 342 

on the data available, it is difficult to speculate as to why adults who have had BCG many 343 

years previously may display significantly more growth inhibition than adults with no history 344 

of BCG where as in this study, the difference between vaccinated and unvaccinated infants 345 

lost statistical significance by 12 months post vaccination. The interquartile range of the 12-346 

month post-BCG growth inhibition data was much greater in the vaccinated group. This may 347 

be due to the relatively small sample size and a bigger study with more infants might allow 348 

smaller differences between groups to be detectable that are not here. It should be noted 349 

however that in the Fletcher at al study [42], adults receiving primary BCG vaccination that 350 

displayed significant PBMC-mediated growth inhibition at 4 weeks post-vaccination had 351 

returned to baseline levels by 6 months post-vaccination which is more consistent with the 352 

findings we present here. 353 

The data presented here support the hypothesis that PPD-specific polyfunctional CD4 T-cells 354 

secreting IFNγ, TNFα and IL-2 play a role in mycobacterial growth inhibition in vitro. It is 355 

interesting that three previous studies [21,42,43] did not show any correlation between PPD-356 

specific IFNγ responses measured by ELISA or ELISpot and growth inhibition. To our 357 

knowledge, this is the first time growth inhibition and polyfunctional CD4 T-cells have been 358 

compared in infants and that a correlation is detected might indicate that measuring these 359 

cells is revealing a mechanism that looking at IFNγ alone might be missing.  360 

Our data involves a correlation between ICS responses measured in diluted whole blood and 361 

MGIA responses measured in PBMC, two different cellular compartments. We cannot rule 362 

out possible implications (and limitations) of this, for example, the presence of 363 
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polymorphonuclear cells in ICS assays and their absence in MGIA or the use of non-364 

autologous pooled human serum in MGIA. It would be worth, in future, repeating this 365 

experiment using a whole blood version of the growth inhibition assay to complement the 366 

whole blood ICS in order to investigate the possible impact of this. 367 

In conclusion, the present study expands our previous description of cytokine and chemokine 368 

immune responses in BCG vaccinated UK infants to reveal a prominent, long-lived and 369 

mainly polyfunctional Th-1 response together with the induction of antigen-specific Th-17 370 

cells and that the magnitude of polyfunctional Th-1 cells correlates with in vitro 371 

mycobacterial growth inhibition and may play a role in this effect.372 



 19 

Conflicts of interest: none 373 

 374 

Acknowledgments 375 

We wish to thank all the infants and parents who participated in this study; the staff at NHS 376 

Redbridge and NHS West Essex particularly Dr. Catherine Webb and Dr. Paul Roberts and 377 

the project phlebotomist Mrs Shakuntala Patel.  378 

 379 

Funding sources 380 

This work was supported by the European Commission within the 7th framework program 381 

(FP7) NEWTBVAC (grant number HEALTH-F3-2009-241745), by the European 382 

Tuberculosis Vaccine Initiative (grant number TBVI-12 NORAD) and by the European 383 

Commission within Horizon2020 TBVAC2020 (grant number H2020 PHC-643381) 384 

 385 

  386 



 20 

References 387 

[1] Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, Fineberg HV, et al. 388 

Efficacy of BCG vaccine in the prevention of tuberculosis. Meta-analysis of the 389 

published literature. Jama 1994;271:698–702. 390 

[2] Colditz GA, Berkey CS, Mosteller F, Brewer TF, Wilson ME, Burdick E, et al. The 391 

efficacy of bacillus Calmette-Guérin vaccination of newborns and infants in the 392 

prevention of tuberculosis: meta-analyses of the published literature. Pediatrics 393 

1995;96:29–35. 394 

[3] Wilson ME, Fineberg HV, Colditz GA. Geographic latitude and the efficacy of 395 

bacillus Calmette-Guérin vaccine. Clin Infect Dis 1995;20:982–91. 396 

[4] Verreck FAW, Vervenne RAW, Kondova I, van Kralingen KW, Remarque EJ, 397 

Braskamp G, et al. MVA.85A boosting of BCG and an attenuated, phoP deficient M. 398 

tuberculosis vaccine both show protective efficacy against tuberculosis in rhesus 399 

macaques. PLoS ONE 2009;4:e5264. doi:10.1371/journal.pone.0005264. 400 

[5] Williams A, Goonetilleke NP, McShane H, Clark SO, Hatch G, Gilbert SC, et al. 401 

Boosting with poxviruses enhances Mycobacterium bovis BCG efficacy against 402 

tuberculosis in guinea pigs. Infect Immun 2005;73:3814–6. 403 

doi:10.1128/IAI.73.6.3814-3816.2005. 404 

[6] Tameris MD, Hatherill M, Landry BS, Scriba TJ, Snowden MA, Lockhart S, et al. 405 

Safety and efficacy of MVA85A, a new tuberculosis vaccine, in infants previously 406 

vaccinated with BCG: a randomised, placebo-controlled phase 2b trial. Lancet 407 

2013;381:1021–8. doi:10.1016/S0140-6736(13)60177-4. 408 

[7] McShane H. Understanding BCG is the key to improving it. Clin Infect Dis 409 

2014;58:481–2. doi:10.1093/cid/cit793. 410 

[8] Black GF, Weir RE, Floyd S, Bliss L, Warndorff DK, Crampin AC, et al. BCG-411 



 21 

induced increase in interferon-gamma response to mycobacterial antigens and 412 

efficacy of BCG vaccination in Malawi and the UK: two randomised controlled 413 

studies. Lancet 2002;359:1393–401. doi:10.1016/S0140-6736(02)08353-8. 414 

[9] Palmer CE, Long MW. Effects of infection with atypical mycobacteria on BCG 415 

vaccination and tuberculosis. Am Rev Respir Dis 1966;94:553–68. 416 

[10] Lalor MK, Floyd S, Gorak-Stolinska P, Ben-Smith A, Weir RE, Smith SG, et al. 417 

BCG vaccination induces different cytokine profiles following infant BCG 418 

vaccination in the UK and Malawi. J Infect Dis 2011;204:1075–85. 419 

doi:10.1093/infdis/jir515. 420 

[11] Wedlock DN, Denis M, Vordermeier HM, Hewinson RG, Buddle BM. Vaccination 421 

of cattle with Danish and Pasteur strains of Mycobacterium bovis BCG induce 422 

different levels of IFNgamma post-vaccination, but induce similar levels of 423 

protection against bovine tuberculosis. Vet Immunol Immunopathol 2007;118:50–8. 424 

doi:10.1016/j.vetimm.2007.04.005. 425 

[12] Elias D, Akuffo H, Britton S. PPD induced in vitro interferon gamma production is 426 

not a reliable correlate of protection against Mycobacterium tuberculosis. Trans R 427 

Soc Trop Med Hyg 2005;99:363–8. doi:10.1016/j.trstmh.2004.08.006. 428 

[13] Majlessi L, Simsova M, Jarvis Z, Brodin P, Rojas M-J, Bauche C, et al. An increase 429 

in antimycobacterial Th1-cell responses by prime-boost protocols of immunization 430 

does not enhance protection against tuberculosis. Infect Immun 2006;74:2128–37. 431 

doi:10.1128/IAI.74.4.2128-2137.2006. 432 

[14] Mittrücker H-W, Steinhoff U, Köhler A, Krause M, Lazar D, Mex P, et al. Poor 433 

correlation between BCG vaccination-induced T cell responses and protection 434 

against tuberculosis. Proceedings of the National Academy of Sciences 435 

2007;104:12434–9. doi:10.1073/pnas.0703510104. 436 



 22 

[15] Kagina BMN, Abel B, Scriba TJ, Hughes EJ, Keyser A, Soares A, et al. Specific T 437 

cell frequency and cytokine expression profile do not correlate with protection 438 

against tuberculosis after bacillus Calmette-Guérin vaccination of newborns. Am J 439 

Respir Crit Care Med 2010;182:1073–9. doi:10.1164/rccm.201003-0334OC. 440 

[16] Fletcher HA, Snowden MA, Landry B, Rida W, Satti I, Harris SA, et al. T-cell 441 

activation is an immune correlate of risk in BCG vaccinated infants. Nat Commun 442 

2016;7:11290. doi:10.1038/ncomms11290. 443 

[17] Ottenhoff TH, De Boer T, Verhagen CE, Verreck FA, van Dissel JT. Human 444 

deficiencies in type 1 cytokine receptors reveal the essential role of type 1 cytokines 445 

in immunity to intracellular bacteria. Microbes Infect 2000;2:1559–66. 446 

[18] Newport MJ, Huxley CM, Huston S, Hawrylowicz CM, Oostra BA, Williamson R, 447 

et al. A mutation in the interferon-gamma-receptor gene and susceptibility to 448 

mycobacterial infection. N Engl J Med 1996;335:1941–9. 449 

doi:10.1056/NEJM199612263352602. 450 

[19] Lawn SD, Myer L, Edwards D, Bekker L-G, Wood R. Short-term and long-term risk 451 

of tuberculosis associated with CD4 cell recovery during antiretroviral therapy in 452 

South Africa. Aids 2009;23:1717–25. doi:10.1097/QAD.0b013e32832d3b6d. 453 

[20] Worku S, Hoft DF. In vitro measurement of protective mycobacterial immunity: 454 

antigen-specific expansion of T cells capable of inhibiting intracellular growth of 455 

bacille Calmette-Guérin. Clin Infect Dis 2000;30 Suppl 3:S257–61. 456 

doi:10.1086/313887. 457 

[21] Hoft DF, Worku S, Kampmann B, Whalen CC, Ellner JJ, Hirsch CS, et al. 458 

Investigation of the relationships between immune-mediated inhibition of 459 

mycobacterial growth and other potential surrogate markers of protective 460 

Mycobacterium tuberculosis immunity. J Infect Dis 2002;186:1448–57. 461 



 23 

[22] Kampmann B, Gaora PO, Snewin VA, Gares MP, Young DB, Levin M. Evaluation 462 

of human antimycobacterial immunity using recombinant reporter mycobacteria. J 463 

Infect Dis 2000;182:895–901. 464 

[23] Silver RF, Li Q, Boom WH, Ellner JJ. Lymphocyte-dependent inhibition of growth 465 

of virulent Mycobacterium tuberculosis H37Rv within human monocytes: 466 

requirement for CD4+ T cells in purified protein derivative-positive, but not in 467 

purified protein derivative-negative subjects. J Immunol 1998;160:2408–17. 468 

[24] Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PEM, et al. Protection 469 

by BCG Vaccine Against Tuberculosis: A Systematic Review of Randomized 470 

Controlled Trials. Clin Infect Dis 2014;58:470–80. doi:10.1093/cid/cit790. 471 

[25] Hanekom WA, Hughes J, Mavinkurve M, Mendillo M, Watkins M, Gamieldien H, et 472 

al. Novel application of a whole blood intracellular cytokine detection assay to 473 

quantitate specific T-cell frequency in field studies. Journal of Immunological 474 

Methods 2004;291:185–95. doi:10.1016/j.jim.2004.06.010. 475 

[26] Roederer M, Nozzi JL, Nason MC. SPICE: Exploration and analysis of post-476 

cytometric complex multivariate datasets. Cytometry 2011;79A:167–74. 477 

doi:10.1002/cyto.a.21015. 478 

[27] Lalor MK, Smith SG, Floyd S, Gorak-Stolinska P, Weir RE, Blitz R, et al. Complex 479 

cytokine profiles induced by BCG vaccination in UK infants. Vaccine 480 

2010;28:1635–41. doi:10.1016/j.vaccine.2009.11.004. 481 

[28] Smith SG, Blitz R, Locht C, Dockrell HM. Broad heparin-binding haemagglutinin-482 

specific cytokine and chemokine response in infants following Mycobacterium bovis 483 

BCG vaccination. Eur J Immunol 2012;42:2511–22. doi:10.1002/eji.201142297. 484 

[29] Soares AP, Scriba TJ, Joseph S, Harbacheuski R, Murray RA, Gelderbloem SJ, et al. 485 

Bacillus Calmette-Guérin vaccination of human newborns induces T cells with 486 



 24 

complex cytokine and phenotypic profiles. J Immunol 2008;180:3569–77. 487 

[30] Kagina BMN, Abel B, Bowmaker M, Scriba TJ, Gelderbloem S, Smit E, et al. 488 

Delaying BCG vaccination from birth to 10 weeks of age may result in an enhanced 489 

memory CD4 T cell response. Vaccine 2009;27:5488–95. 490 

doi:10.1016/j.vaccine.2009.06.103. 491 

[31] Lutwama F, Kagina BM, Wajja A, Waiswa F, Mansoor N, Kirimunda S, et al. 492 

Distinct T-cell responses when BCG vaccination is delayed from birth to 6 weeks of 493 

age in Ugandan infants. J Infect Dis 2014;209:887–97. doi:10.1093/infdis/jit570. 494 

[32] Kaveh DA, Bachy VS, Hewinson RG, Hogarth PJ. Systemic BCG immunization 495 

induces persistent lung mucosal multifunctional CD4 T(EM) cells which expand 496 

following virulent mycobacterial challenge. PLoS ONE 2011;6:e21566. 497 

doi:10.1371/journal.pone.0021566. 498 

[33] Ritz N, Strach M, Yau C, Dutta B, Tebruegge M, Connell TG, et al. A Comparative 499 

Analysis of Polyfunctional T Cells and Secreted Cytokines Induced by Bacille 500 

Calmette-Guérin Immunisation in Children and Adults. PLoS ONE 2012;7:e37535. 501 

doi:10.1371/journal.pone.0037535. 502 

[34] Darrah PA, Patel DT, De Luca PM, Lindsay RWB, Davey DF, Flynn BJ, et al. 503 

Multifunctional TH1 cells define a correlate of vaccine-mediated protection against 504 

Leishmania major. Nat Med 2007;13:843–50. doi:10.1038/nm1592. 505 

[35] Sutherland JS, Young JM, Peterson KL, Sanneh B, Whittle HC, Rowland-Jones SL, 506 

et al. Polyfunctional CD4(+) and CD8(+) T cell responses to tuberculosis antigens in 507 

HIV-1-infected patients before and after anti-retroviral treatment. The Journal of 508 

Immunology 2010;184:6537–44. doi:10.4049/jimmunol.1000399. 509 

[36] Day CL, Mkhwanazi N, Reddy S, Mncube Z, van der Stok M, Klenerman P, et al. 510 

Detection of polyfunctional Mycobacterium tuberculosis-specific T cells and 511 



 25 

association with viral load in HIV-1-infected persons. J Infect Dis 2008;197:990–9. 512 

doi:10.1086/529048. 513 

[37] Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, et al. IL-23 514 

and IL-17 in the establishment of protective pulmonary CD4+ T cell responses after 515 

vaccination and during Mycobacterium tuberculosis challenge. Nature Immunology 516 

2007;8:369–77. doi:10.1038/ni1449. 517 

[38] Gopal R, Lin Y, Obermajer N, Slight S, Nuthalapati N, Ahmed M, et al. IL-23-518 

dependent IL-17 drives Th1-cell responses following Mycobacterium bovis BCG 519 

vaccination. Eur J Immunol 2011;42:364–73. doi:10.1002/eji.201141569. 520 

[39] Soares AP, Kwong Chung CKC, Choice T, Hughes EJ, Jacobs G, van Rensburg EJ, 521 

et al. Longitudinal changes in CD4(+) T-cell memory responses induced by BCG 522 

vaccination of newborns. J Infect Dis 2013;207:1084–94. doi:10.1093/infdis/jis941. 523 

[40] Lalor MK, Ben-Smith A, Gorak-Stolinska P, Weir RE, Floyd S, Blitz R, et al. 524 

Population differences in immune responses to Bacille Calmette-Guérin vaccination 525 

in infancy. J Infect Dis 2009;199:795–800. 526 

[41] Black A, Bhaumik S, Kirkman RL, Weaver CT, Randolph DA. Developmental 527 

regulation of Th17-cell capacity in human neonates. Eur J Immunol 2012;42:311–9. 528 

doi:10.1002/eji.201141847. 529 

[42] Fletcher HA, Tanner R, Wallis RS, Meyer J, Manjaly Z-R, Harris S, et al. Inhibition 530 

of mycobacterial growth in vitro following primary but not secondary vaccination 531 

with Mycobacterium bovis BCG. Clinical and Vaccine Immunology : CVI 532 

2013;20:1683–9. doi:10.1128/CVI.00427-13. 533 

[43] Kampmann B, Tena GN, Mzazi S, Eley B, Young DB, Levin M. Novel human in 534 

vitro system for evaluating antimycobacterial vaccines. Infect Immun 2004;72:6401–535 

7. 536 



 26 

 537 

 538 

 539 

  540 



 27 

Figure legends 541 

FIGURE 1. Persistent, polyfunctional T helper-1 cells are the dominant, PPD-specific 542 

CD4+ T-cell population in BCG-vaccinated infants.  543 

Venous blood samples obtained 4 months and 1-year post-BCG from vaccinated infants or 544 

from age-matched, unvaccinated infants were stimulated with PPD overnight and CD4+ T-545 

cells assessed for cytokine secretion by intracellular staining. An example of IFN, TNF 546 

and IL-2 co-staining is shown for 4 month (A) and 1 year (B) samples from a BCG 547 

vaccinated (+) and an unvaccinated (−) infant and cumulative composite, single cytokine 548 

expression data (C) for vaccinated and unvaccinated infants at 4 months (dark grey circles) 549 

and 1 year (light grey circles). (D) The polyfunctionality of CD4+ T-cell cytokine responses 550 

in BCG-vaccinated infants at 4 months (dark grey bars) and 1 year (light grey bars). All 551 

composite data plots display boxes showing medians and interquartile ranges. Whiskers, 552 

where included, show the data range. The Mann-Whitney U test was used to determine 553 

significance. Sample numbers are n=24 (BCG-vaccinated infants at 4 months post-BCG); 554 

n=18 (BCG-vaccinated infants at 1 year post-BCG); n=12 (BCG-unvaccinated infants at 4 555 

month time point) and n=15 (BCG-unvaccinated infants at 1 year time point). 556 

 557 

FIGURE 2. PPD-specific T helper-17 response in BCG-vaccinated infants.  558 

An example of IL-17, IFN, TNF and IL-2 co-staining is shown for 4 month (A) and 1 year 559 

(B) samples from a vaccinated (+) and an unvaccinated (−) infant. (C) Cumulative, 560 

composite IL-17 expression data for vaccinated and unvaccinated infants at 4 months (dark 561 

grey circles) and 1 year (light grey circles). (D) The polyfunctionality of all IL-17-expressing 562 

CD4+ T-cell phenotypes in BCG vaccinated infants at 4 months (dark grey bars) and 1 year 563 

(light grey bars). Sample numbers are n=24 (BCG-vaccinated infants at 4 months post-BCG); 564 

n=18 (BCG-vaccinated infants at 1 year post-BCG); n=12 (BCG-unvaccinated infants at 4 565 
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month time point) and n=15 (BCG-unvaccinated infants at 1 year time point). Statistics for 566 

comparisons between vaccinated and unvaccinated infants are Mann-Whitney U tests. * 567 

indicates p<0.05. 568 

 569 

FIGURE 3. Increased capacity to inhibit the in vitro growth of mycobacteria in PBMC 570 

from BCG-vaccinated infants that correlates with polyfunctional T-cell response. 571 

Cryopreserved PBMC prepared from venous blood samples obtained 4 months and 1 year 572 

post-BCG from vaccinated infants or from age-matched, unvaccinated infants were recovered 573 

and incubated with BCG for 4 days after which remaining mycobacteria were quantified by 574 

BACTEC MGIT tubes. Inhibition of BCG growth is indicated by the log CFU of remaining 575 

mycobacteria after incubation with PBMC obtained at the 4 month (A) or 12 month (B) time 576 

point from BCG-vaccinated (+) or BCG-unvaccinated (-) infants. Sample numbers are n=8 577 

(BCG-vaccinated infants at 4 months post-BCG); n=8 (BCG-vaccinated infants at 1 year 578 

post-BCG); n=7 (BCG-unvaccinated infants at 4 month time point) and n=7 (BCG-579 

unvaccinated infants at 1 year time point). For all infant samples where growth inhibition and 580 

ICS data was available (n=12), scatter plots of log CFU versus frequency of polyfunctional 581 

CD4+ T-cells (C) or versus IL-17+CD4+ T-cells (D) were drawn. Solid symbols indicate 4-582 

month samples; open symbols indicate 12-month samples; circles indicate samples from 583 

vaccinated infants; triangles indicate samples from unvaccinated infants. The Mann-Whitney 584 

U test was used to compare growth inhibition between vaccinated and un-vaccinated groups. 585 

Spearman’s rank correlation coefficient was calculated between growth inhibition and ICS 586 

frequencies and significant correlations (p<0.05) are indicated (*). 587 
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