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Abstract

IFNy plays an important part in immunity to tuberculosis (TB), but although it is necessary, it is not
on its own sufficient for protection against TB. To identify other cytokines that play a role in the
protection against TB induced by BCG vaccination, immune responses were compared between
vaccinated and unvaccinated infants from the UK where BCG is known to provide protection.
Twenty-one cytokines and chemokines were tested in supernatants from diluted whole blood cultures
that had been stimulated for 6 days with Mycobacterium tuberculosis PPD. For 15 out of 21 of the
cytokines tested responses were much higher in BCG vaccinated infants than in unvaccinated infants.
These included: pro-inflammatory cytokines; IFNy (median 1705 pg/ml vs. 1.6 pg/ml in vaccinated
and unvaccinated infants, respectively), TNFa (median 226 pg/ml vs. 18 pg/ml), as well as IL-2,
IL-1la.and IL-6; TH2 cytokines: IL-4, IL-5and IL-13 (median 104 pg/ml vs. 1.6 pg/ml); the regulatory
cytokine IL-10 (median response 96 pg/ml vs. 8 pg/ml); the TH17 cytokine IL-17, chemokines
(IP-10, MIP-1a and IL-8) and growth factors (GM-CSF and G-CSF). The greatest increase in
cytokine production in BCG vaccinees compared to unvaccinated infants was seen with IFNy. While
responses for many cytokines were correlated with the IFNy response, others including IL-17 and
IL-10 were not. The pattern of cytokine induction following BCG vaccination is complex and
measurement of one of two cytokines does not reveal the whole picture of vaccine-induced protection.
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1 Introduction

Bacille Calmette-Guerin (BCG), the vaccine for protection against tuberculosis (TB), is
currently given to most of the world's infants as part of the WHO's Expanded Program on
Immunisation (EPI) [1]. Clinical trials of BCG show variable efficacy (0-80%) against
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pulmonary tuberculosis in adults [2], but high efficacy in infants against the severe forms of
childhood tuberculosis [3].

Several new TB vaccines are being tested or are soon to be tested in clinical trials [4]. Some
of these would be given as booster vaccines following BCG vaccination, and others are
genetically modified BCG vaccines. Biomarkers of protection are urgently required to help
assess these new TB vaccines, as without them clinical trials will be lengthy and require very
large numbers of study subjects [5]. Studying immune responses to BCG vaccination in the
UK, where BCG vaccination has been shown to provide 75% protection, gives us an
opportunity to identify biomarkers of protection following successful vaccination against TB.

BCG vaccinated infants in the UK have been found to make an IFNy response to M.tb PPD in
stimulated 6-day whole blood cultures, while unvaccinated infants do not make a detectable
IFNy response [6]. Though the TH1 cytokine IFNy plays an important part in immunity to TB
[7-9], it is not sufficient on its own to protect against TB, and other cytokines, such as
TNFa, also play a role in immunity to TB [5].

This study was designed to identify which cytokines other than IFNy are induced following
BCG vaccination in UK infants, and the associations between the various cytokines produced.
The Multiplex assay has the advantage of being more sensitive than ELISA, and to be able to
measure multiple cytokines in a small blood sample, and so is appropriate for studies of infants.
The study aims to characterise cytokine patterns induced following vaccination against
tuberculosis, which could, in turn, suggest promising candidates for biomarkers of protection
for clinical trials of new TB vaccines.

2 Methods

2.1 Recruitment and study design

Twenty-eight Caucasian infants who were born in the UK, and who were part of our BCG
vaccination study in which we had measured IFNy in supernatants 3 months post-BCG
vaccination by ELISA [6] were selected for additional cytokine analysis. Of these infants, 19
had been BCG vaccinated between 5 and 10 weeks of age (mean 7 weeks), and 9 had not
received BCG. Approval for the study was given by the Redbridge and Waltham Forest Health
Authority Local Research Ethics Committee, and the Ethics Committee of the London School
of Hygiene & Tropical Medicine.

2.2 Whole blood assay, IFNy ELISA

Whole blood assays and ELISAs for IFNy were carried out as previously described [10,11].
Heparinised whole blood was diluted 1 in 10 and cultured on the day of collection with the
M.tb PPD (Statens Serum Institut, Copenhagen (SSI), RT49, lot 204) at a concentration of

5 ng/ml or medium alone (unstimulated) as the negative control. PHA-P was used as a positive
control; IFNy from PHA-P cultures was measured by ELISA [6] but were not included in the
Multiplex assay. Cultures were incubated at 37 °C with 5% CO,; supernatants were harvested
on day 6 and stored at —70 °C until assayed for IFNy in single 100 ul samples by quantitative
ELISA or for 21 cytokines and chemokines in single 25 ul samples by Multiplex assay.

2.3 21-plex Multiplex

The following 21 cytokines and chemokines were measured simultaneously in supernatants
using a human cytokine Lincoplex premixed kit according to the manufacturer's instructions
(cat #HCYTO-60K-PMX, Linco Research Inc., St. Charles Missouri, USA): IL-1p, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p70, IL-13, IL-15, IL-17, IL-1a, IFNy, G-CSF, GM-CSF,
TNFa, Eotaxin, MCP-1, MIP-1a and IP-10. Unstimulated, M.tb PPD stimulated and 1 in 10
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diluted M.tb PPD stimulated samples were read on the Biorad Luminex reader using Bioplex
manager 4.1 software. For each cytokine the standard curve ran from 3.2 to 10,000 pg/ml. The
reproducibility of the assay for individual cytokines and chemokines was determined using the
quality controls provided with the kit. For all 21 cytokines and chemokines, the coefficients
of variation for the low control were 7.5% or less. There was greater variation in the high
control: 15 cytokines had coefficients of variation below 25%, but for 6 cytokines the variation
was greater (26—-44%). However, as only 8/588 data values presented were within the high
range of these cytokines we believe this variation will have had only a small effect on the data
presented.

2.4 Statistical analysis

Data were analysed using Stata 10. Unstimulated cytokine responses were subtracted from
antigen stimulated results. For Multiplex, data values below 3.2 pg/ml were assigned as 1.6 pg/
ml and for values over the detection limit the 1/10 diluted sample result was multiplied by 10
and used. For MCP-1, IL-8 and IP-10, some values were above the detection limit and were
assigned 30,000 pg/ml for MCP-1 and IP-10, and 100,000 pg/ml for IL-8, assessed by looking
at the highest values that were measured for those chemokines. One TNFa measurement was
excluded as the unstimulated sample had higher levels of TNFa than the M.tb PPD stimulated
sample.

Non-parametric Mann-Whitney tests were used to compare cytokine responses between
vaccinated and unvaccinated infants. Median fold differences were calculated, and correlations
between IFNy measured by ELISA or Multiplex, and between different cytokines measured
by Multiplex, were assessed by calculating a Spearman's rank correlation.

Principal components analysis was conducted on the log cytokine data from vaccinated infants
(n = 18), restricted to fifteen cytokines (IL-1a, IL-2, IL-6, TNFa, IFNy, IL-17, IL-4, IL-5,
IL-13, IL-10, IL-8, IP-10, MIP-1a, G-CSF and GM-CSF) for which there was evidence of a
difference between unvaccinated and vaccinated infants (P < 0.01). (One infant was excluded
as their TNFa value was not included in the analysis.) The principal components analysis was
done on “standardised” log cytokine measurements (with the mean response subtracted from
the observed value, and this value divided by the standard deviation), by using the correlation
matrix for the identification of principal components. Principal components analysis was then
conducted restricted to particular groups of cytokines; pro-inflammatory cytokines (IL-1a,
IL-2, IL-6, TNFa and IFNy), and TH2 cytokines (IL-4, IL-5, IL-13).

3 Results

Of the vaccinated infants, 4/19 made relatively low (<500 pg/ml) IFNy responses, 8/19 made
high (>500 pg/ml, <2000 pg/ml) IFNy responses, and 7/19 made very high IFNy responses
(>2000 pg/ml) in cultures stimulated with M.tb PPD, as measured by ELISA. IFNy to M.th
PPD measured by Multiplex correlated very strongly with the IFNy measured in the ELISA
(r=0.9). For 15 of the 21 cytokines tested there was strong evidence that responses in the
vaccinated infants were higher than in the unvaccinated infants (Table 1, Fig. 1). There was
no or weak associations between cytokine responses and lymphocyte numbers (data not
shown).

For the purposes of presenting the results from so many cytokines, cytokines have been grouped
into pro-inflammatory cytokines (IFNy, IL-2, TNFa, IL-10 and IL-6), TH2 cytokines (IL-4,
IL-5, IL-13), regulatory cytokine (IL-10), TH17 cytokine (IL-17), chemokines (IL-8, IP-10,
MIP-1a) and growth factors (G-CSF and GM-CSF), although we recognise that these
groupings may be over-simplistic.
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Five pro-inflammatory cytokines were strongly induced by BCG vaccination: IFNy

(P < 0.0001) which had a median value of 1705 pg/ml in the vaccinated group compared with
1.6 pg/ml in the unvaccinated group, TNFa (226 pg/ml vaccinated vs. 18 pg/ml unvaccinated,
P <0.0001), IL-2 (17 pg/ml vaccinated vs. 1.6 pg/ml unvaccinated, P <0.0001), IL-1a (145 pg/
ml vaccinated vs. 4 pg/ml unvaccinated, P <0.0001) and IL-6 (855 pg/ml vaccinated vs. 227 pg/
ml unvaccinated, P = 0.0003). There was also strong evidence that the pro-inflammatory
cytokine IL-17 was induced by BCG vaccination (17 pg/ml vaccinated vs. 1.6 pg/ml
unvaccinated, P < 0.0001).

There was strong evidence that three TH2 cytokines were also induced by BCG vaccination:
IL-4 (10 pg/ml vaccinated vs. 1.6 pg/ml unvaccinated, P = 0.013), IL-5 (7 pg/ml vaccinated
vs. 1.6 pg/ml unvaccinated, P = 0.0005) and 1L-13 (104 pg/ml vaccinated vs. 1.6 pg/ml
unvaccinated, P < 0.0001).

There was also strong evidence that the regulatory cytokine IL-10 was induced by BCG
vaccination (96 pg/ml vaccinated vs. 8 pg/ml unvaccinated, P < 0.0001). Three chemokines:
IL-8 (20,562 pg/ml vaccinated vs. 1621 pg/ml unvaccinated, P = 0.0073), IP-10 (2122 pg/ml
vaccinated vs. 99 pg/ml unvaccinated, P < 0.0001) and MIP-1a (454 pg/ml vaccinated vs.
1.6 pg/ml unvaccinated, P < 0.0001) were induced by BCG vaccination. The growth factors
G-CSF (21 pg/ml vaccinated vs. 1.6 pg/ml unvaccinated, P = 0.012) and GM-CSF (420 pg/ml
vaccinated vs. 14 pg/ml unvaccinated, P <0.0001) were also induced. There were six cytokines
(IL-1B, IL-7, 1L-12p70, IL-15, Eotaxin and MCP-1) for which there was no statistical evidence
of a median difference between responses in vaccinated and unvaccinated infants, and (with
the exception of Eotaxin) the median responses were either very similar in the two groups or
higher in the unvaccinated group (Table 1).

Correlations between cytokines where there was evidence of a difference between vaccinated
and unvaccinated infants were examined by Spearman'’s rank correlation, among the vaccinated
group (Table 2). Eight out of 14 cytokines correlated moderately strongly or strongly with
IFNy, and ten correlated with TNFa. IFNy and TNFa correlated strongly with each other

(r =0.8). IFNy and TNFa correlated with pro-inflammatory cytokines such as IL-2 with
IFNy (r = 0.6) and IL-2 with TNFa (r = 0.6) and IL-6 with IFNy (r = 0.8), but also with TH2
cytokines such as IL-13 with IFNy (r = 0.7) and IL-5 with IFNy (r = 0.6). IFNy and TNFa also
correlated with chemokines and growth factors, for example IFNy with IL-8 (r = 0.8) and
IFNy with GM-CSF (r = 0.8) (Fig. 2).

Cytokines for which there was no statistical evidence of correlation with IFNy or TNFa
included IL-17 and IL-10. IL-17 and IL-10 were correlated with each other (r = 0.7, Fig. 2),
however the correlations between IL-10 or IL-17 and other cytokines, were weak and negative
(Fig. 2). Adding the “standardised” TH1 responses together (IFNy, TNFa, IL-1a, IL-6 and
IL-2), and calculating the correlation with the “standardised” IL-10 response, gave a correlation
coefficient of —0.4, which was considerably larger in magnitude than any of the individual
correlations between a TH1 cytokine and IL-10.

From the principal components analysis, 90% of the total variation in the responses of the 15
cytokines could be summarised by 5 components. The first component alone accounted for

49% of the total variation and corresponded approximately to the average of the “standardised”
log responses to IFNy, IL-1a, IL-2, IL-6, TNFa, IL-5, IL-13, IL-8, MIP-1a, G-CSF and GM-
CSF. The second component is independent of the first one, and describes a further 20% of the
remaining variation and corresponded approximately to the average of the “standardised” log
response to IL-4, IL-5, IL-10, IL-17 and IP-10 (Table 3). Using the two components to explain
the variation within the 15 cytokines included, the vaccinated and unvaccinated infants were
clearly separated into two groups and also the variation among individuals who were vaccinated
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was much more simply summarised (Fig. 3). Principal component analysis of the five pro-
inflammatory cytokines measured showed that 73% of the total variation could be explained
by the first component, and this corresponded approximately to the average “standardised”
response to the 5 cytokines.

4 Discussion

We have previously shown that BCG vaccinated infants in the UK made IFNy to M.tb PPD in
6-day diluted whole blood cultures, while unvaccinated infants did not make a detectable
IFNYy response [6].

The Multiplex assay enabled us to test for multiple cytokines in the same supernatant sample,
and 6 out of the 21 cytokine responses tested showed no evidence of a difference in production
between the vaccinated and unvaccinated infants. These included IL-12p70, IL-1p, I1L-15,
Eotaxin, and IL-7 which were present in very low to undetectable concentrations in
supernatants of stimulated cultures for both vaccinated and unvaccinated infants. This may be
due to the cytokines not being produced in M.tb PPD stimulated cultures during the 6 days of
culture at this time point since vaccination, i.e. at 3 months post-BCG vaccination, to their
being produced but not remaining in the supernatant for the 6 days of culture, or to their being
produced at levels undetectable by the Multiplex assay despite the increased sensitivity of this
assay compared to ELISA. Responses to MCP-1 were seen in both vaccinated and unvaccinated
infants and may reflect non-mycobacterial specific responses. We showed that BCG
vaccination induced pro-inflammatory cytokines such as IFNy and TNFao which are known to
activate M.tb infected macrophages, and IL-2 which promotes stimulation of TH1 cells and
CD8 T cells. We also showed that BCG vaccination induced IL-1o and IL-6 following BCG
vaccination. There is little known about the role of IL-1a in immunity to TB; a TB case—control
study in the Gambia suggested it may play a role in TB susceptibility [12]. In TB patients from
Pakistan IL-6 was shown to be increased in Culture Filtrate Protein stimulated supernatants
compared to controls [13], and in South African TB patients IL-6 was increased in plasma
compared to healthy endemic controls [14]. IL-6 has been regarded as a pro-inflammatory
cytokine, however it has been shown to display anti-inflammatory properties which can inhibit
TNFa production in CD8 T cell supernatants stimulated with mycobacterial fractions [15].

We were interested in whether those infants with greater IFNy responses also made greater
pro-inflammatory cytokine responses and smaller TH2 cytokine responses. We found that
IFNY responses correlated positively with production of 9 cytokines including the other pro-
inflammatory cytokines measured, but also with that of the TH2 cytokines IL-5 and IL-13 and
with the chemokine IL-8 and growth factor GM-CSF. The greatest fold difference between
vaccinated and unvaccinated cytokine responses was seen for IFNy. This, along with the strong
evidence for correlations with many different types of cytokine, highlights the importance of
IFNy in immunity for TB induced by BCG vaccination.

Interestingly, IL-17 (a pro-inflammatory cytokine produced by the recently described TH17 T
cell subset [16]) was induced by BCG vaccination, but there was no evidence that it correlated
with the IFNy response. This may imply that, if there is TH17 mediated immunity induced by
BCG vaccination, it is independent of the IFNy mediated immunity and may be produced by
different cells than those which produce IFNy. IL-17 has been shown to play a role in
autoimmune disease [17-19], but has also recently been thought to play a role in M.th infection
[20], as it was shown to upregulate chemokines which led to increased recruitment of TH1
cells [21], and is also thought to recruit neutrophils to facilitate granuloma formation [22].
There is evidence that TB patients produce less IL-17 following overnight culture with ESAT6/
CFP10 than contacts [23]. IL-17 has also been shown to regulate IFNy production in cell
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cultures stimulated with M.tb in TB patients [24], and the IL-17 producing CD4+ T cells had
characteristics of long lived central memory cells but many do not produce IFNy [25].

The role of TH2 cytokines such as IL-4, IL-5 and IL-13 in the immune response to
Mycobacterium tuberculosis has been debated, and it has been suggested that TH2 responses
reflect inappropriate or suboptimal immune responses to mycobacteria [26]. Several human
studies have shown that IL-4 production is increased in tuberculosis patients compared with
controls [27-30]. Studies in mice with disrupted IL-4 genes showed there was no evidence of
achange in resistance to M.tb infection [31], although with respect to IL-4 some mouse models
do not provide a good model of human immunopathology [32]. It is possible that the TH2
cytokine responses and the 1L-10 responses do not simply reflect a regulation of the IFNy
responses, but may also reflect that there is a polyclonal response of mixed T cell populations,
and some of the 1L-10 measured may be produced by fully differentiated TH1 T cells
[33,34].

In Malawian infants, a smaller increase in TH1 cytokines has been seen following BCG
vaccination than in the UK [6], and one hypothesis for this is that there may be suppression/
immunoregulation by TH2 cytokines and/or by T regulatory cells and 1L-10. We found a
significant increase in TH2 cytokines IL-4, IL-5 and IL-13, and also in the regulatory cytokine
IL-10 following BCG vaccination in UK infants who we presume made an immune response
to BCG that was protective against the disseminated childhood forms of TB. The high levels
of TH2 cytokines seen in the UK vaccinated infants may have been produced in response to
the high levels of IFNy produced, in order to regulate the IFNy response. IL-5 and IL-13 both
correlated positively with the IFNy response in vaccinated infants, but the correlation between
the IL-10 and IFNy response was weak and negative. There was stronger evidence of a negative
association between pro-inflammatory responses and 1L-10 when all pro-inflammatory
responses were added together, possibly suggesting that IL-10 regulates the entire pro-
inflammatory cytokine profile.

Chemokines have been shown to be important in immunity to tuberculosis [35], particularly
in cellular trafficking for granuloma formation [36]. We found that the chemokines IL-8
(CXCLS8), IP-10 (CXCL10) and MIP-1a (CCL3) were all induced by BCG vaccination.

The growth factors G-CSF and GM-CSF were also increased in BCG vaccinated infants; GM-
CSF has been shown to have many roles in immunity to TB such as inducing the generation
and proliferation of cells such as macrophages, DCs and neutrophils, but also by acting to
recruit leukocytes and to enhance APC function and may be necessary for optimum T cell
immunity [37,38].

Principal components analysis was performed in order to reduce the dimensionality of the data,
to attempt to summarise the overall pattern of response among the 15 cytokines. We
summarised 68% of the total variation in the data by using just 2 components. These two
components suggest that all 15 cytokines and chemokines measured are important, rather than
just a particular subset, and that all 15 cytokines and chemokines are useful in describing the
variation in immune response among individuals.

This study identified several cytokines and chemokines (IFNy, TNFa, IL-2, IL-6, IL-1a, IL-4,
IL-5, IL-13, IL-10, IL-8, IP-10, MIP-1a, G-CSF, GM-CSF) which when measured together
could be used as biomarkers for protection in future studies and clinical trials. Further studies
examining cytokine responses in individuals from populations in which BCG does not offer
good protection have been planned, and studies to establish which cells are producing these
cytokines, and the kinetics involved, are warranted.
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Polyfunctional CD4+ T cells have recently been shown to be induced following BCG and
recombinant MVVA85A vaccination [39]. We suggest that future vaccine trials might measure
cytokines released into supernatants by Multiplex as a first step, in order to identify key
cytokines for more detailed study, followed by measurement of these key cytokines and
chemokines using multicolour FACS to determine if polyfunctional cells have been induced.
With the current focus on polyfunctional cells [25,39,40], this study reminds us of the
importance of measuring additional cytokines and chemokines to assess vaccine-induced
immunity, and not just to focus on those we know are important.

Acknowledgments

We would like to acknowledge Dr. Christine Sloczynska at Waltham Forest Primary Care Trust and Dr. Makki Hameed
at Redbridge Primary Care Trust and Shakuntala Patel for their help with the UK infant study. We would like to thank
all the mothers and babies who participated in the study. This work was supported by the Wellcome Trust (grant
number 063558/2/01/B) and the Bill and Melinda Gates Foundation Grand Challenge (award 6_74).

References

[1]. World Health Organisation. Immunization, surveillance, assessment and monitoring. Reported
estimates of BCG coverage; updated 16 December 2008, http://www.who.int/vaccines/
globalsummary/immunization/timeseries/tscoveragebcg.htm [accessed 08.05.09].

[2]. Fine P.E. Variation in protection by BCG: implications of and for heterologous immunity. Lancet
1995;346(8986):1339-1345. [PubMed: 7475776]

[3]. Rodrigues L.C. Diwan V.K. Wheeler J.G. Protective effect of BCG against tuberculous meningitis
and miliary tuberculosis: a meta-analysis. Int J Epidemiol 1993;22(6):1154-1158. [PubMed:
8144299]

[4]. Gupta U.D. Katoch V.M. McMurray D.N. Current status of TB vaccines. Vaccine 2007;25(19):3742—
3751. [PubMed: 17321015]

[5]. Kaufmann S.H. Parida S.K. Tuberculosis in Africa: learning from pathogenesis for biomarker
identification. Cell Host Microbe 2008;4(3):219-228. [PubMed: 18779048]

[6]. Lalor M.K. Ben-Smith A. Gorak-Stolinska P. Weir R.E. Floyd S. Blitz R. Population differences in
immune responses to Bacille Calmette-Guerin vaccination in infancy. J Infect Dis 2009;199(6):
795-800. [PubMed: 19434928]

[7]. FlynnJ.L. ChanJ. Triebold K.J. Dalton D.K. Stewart T.A. Bloom B.R. An essential role for interferon
gamma in resistance to Mycobacterium tuberculosis infection. J Exp Med 1993;178(6):2249-2254.
[PubMed: 7504064]

[8]. Cooper A.M. Dalton D.K. Stewart T.A. Griffin J.P. Russell D.G. Orme |.M. Disseminated
tuberculosis in interferon gamma gene-disrupted mice. J Exp Med 1993;178(6):2243-2247.
[PubMed: 8245795]

[9]. Newport M. Huxley C.M. Huston S. A mutation in the interferon gamma receptor gene and
susceptibility to mycobacterial infection. New Engl J Med 1996;335:1941-1949. [PubMed:
8960473]

[10]. Black G.F. Weir R.E. Floyd S. Bliss L. Warndorff D.K. Crampin A.C. BCG-induced increase in
interferon-gamma response to mycobacterial antigens and efficacy of BCG vaccination in Malawi
and the UK: two randomised controlled studies. Lancet 2002;359(9315):1393-1401. [PubMed:
11978337]

[11]. Weir R.E. Gorak-Stolinska P. Floyd S. Lalor M.K. Stenson S. Branson K. Persistence of the immune
response induced by BCG vaccination. BMC Infect Dis 2008;8:9. [PubMed: 18221509]

[12]. Bellamy R. Ruwende C. Corrah T. McAdam K.P. Whittle H.C. Hill A.V. Assessment of the
interleukin 1 gene cluster and other candidate gene polymorphisms in host susceptibility to
tuberculosis. Tuber Lung Dis 1998;79(2):83-89. [PubMed: 10645445]

[13]. Hussain R. Kaleem A. Shahid F. Dojki M. Jamil B. Mehmood H. Cytokine profiles using whole-
blood assays can discriminate between tuberculosis patients and healthy endemic controlsina BCG-
vaccinated population. J Immunol Methods 2002;264(1-2):95-108. [PubMed: 12191514]

Published as: Vaccine. 2010 February 10; 28(6): 1635-1641.



Lalor et al.

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].
[32].

[33].

Page 8

Djoba Siawaya J.F. Beyers N. van Helden P. Walzl G. Differential cytokine secretion and early
treatment response in patients with pulmonary tuberculosis. Clin Exp Immunol. 2009

Sussman G. Wadee A.A. Supernatants derived from CD8+ lymphocytes activated by mycobacterial
fractions inhibit cytokine production. The role of interleukin-6. Biotherapy 1992;4(2):87-95.
[PubMed: 1535780]

Harrington L.E. Mangan P.R. Weaver C.T. Expanding the effector CD4 T-cell repertoire: the Th17
lineage. Curr Opin Immunol 2006;18(3):349-356. [PubMed: 16616472]

Nakae S. Saijo S. Horai R. Sudo K. Mori S. Iwakura Y. IL-17 production from activated T cells is
required for the spontaneous development of destructive arthritis in mice deficient in IL-1 receptor
antagonist. Proc Natl Acad Sci USA 2003;100(10):5986-5990. [PubMed: 12721360]

Nakae S. Komiyama Y. Nambu A. Sudo K. lwase M. Homma I. Antigen-specific T cell sensitization
is impaired in IL-17-deficient mice, causing suppression of allergic cellular and humoral responses.
Immunity 2002;17(3):375-387. [PubMed: 12354389]

Ishigame H. Nakajima A. Saijo S. Komiyama Y. Nambu A. Matsuki T. The role of TNFalpha and
IL-17 in the development of excess IL-1 signaling-induced inflammatory diseases in IL-1 receptor
antagonist-deficient mice. Ernst Schering Res Found Workshop 2006;56:129-153. [PubMed:
16329650]

Khader S.A. Cooper A.M. IL-23 and IL-17 in tuberculosis. Cytokine 2008;41(2):79-83. [PubMed:
18218322]

Khader S.A. Bell G.K. Pearl J.E. Fountain J.J. Rangel-Moreno J. Cilley G.E. IL-23 and IL-17 in
the establishment of protective pulmonary CD4+ T cell responses after vaccination and during
Mycobacterium tuberculosis challenge. Nat Immunol 2007;8(4):369-377. [PubMed: 17351619]
Umemura M. Yahagi A. Hamada S. Begum M.D. Watanabe H. Kawakami K. IL-17-mediated
regulation of innate and acquired immune response against pulmonary Mycobacterium bovis
Bacille Calmette-Guerin infection. J Immunol 2007;178(6):3786—3796. [PubMed: 17339477]
Sutherland J.S. Adetifa I.M. Hill P.C. Adegbola R.A. Ota M.O. Pattern and diversity of cytokine
production differentiates between Mycobacterium tuberculosis infection and disease. Eur J
Immunol 2009;39(3):723-729. [PubMed: 19224636]

Pasquinelli V. Townsend J.C. Jurado J.O. Alvarez 1.B. Quiroga M.F. Barnes P.F. IFN-gamma
production during active tuberculosis is regulated by mechanisms that involve IL-17, SLAM, and
CREB. J Infect Dis 2009;199(5):661-665. [PubMed: 19199539]

Scriba T.J. Kalsdorf B. Abrahams D.A. Isaacs F. Hofmeister J. Black G. Distinct, specific IL-17-
and IL-22-producing CD4+ T cell subsets contribute to the human anti-mycobacterial immune
response. J Immunol 2008;180(3):1962-1970. [PubMed: 18209095]

Rook G.A. Dheda K. Zumla A. Immune systems in developed and developing countries;
implications for the design of vaccines that will work where BCG does not. Tuberculosis (Edinb)
2006;86(3-4):152-162. [PubMed: 16510309]

Seah G.T. Scott G.M. Rook G.A. Type 2 cytokine gene activation and its relationship to extent of
disease in patients with tuberculosis. J Infect Dis 2000;181(1):385-389. [PubMed: 10608794]
Smith S.M. Klein M.R. Malin A.S. Sillah J. McAdam K.P. Dockrell H.M. Decreased IFN- gamma
and increased IL-4 production by human CD8(+) T cells in response to Mycobacterium tuberculosis
in tuberculosis patients. Tuberculosis (Edinb) 2002;82(1):7-13. [PubMed: 11914057]

Surcel H.M. Troye-Blomberg M. Paulie S. Andersson G. Moreno C. Pasvol G. Th1/Th2 profiles in
tuberculosis, based on the proliferation and cytokine response of blood lymphocytes to
mycobacterial antigens. Immunology 1994;81(2):171-176. [PubMed: 8157267]

Ordway D.J. Costa L. Martins M. Silveira H. Amaral L. Arroz M.J. Increased Interleukin-4
production by CD8 and gammadelta T cells in health-care workers is associated with the subsequent
development of active tuberculosis. J Infect Dis 2004;190(4):756-766. [PubMed: 15272404]
North R.J. Mice incapable of making IL-4 or IL-10 display normal resistance to infection with
Mycobacterium tuberculosis. Clin Exp Immunol 1998;113(1):55-58. [PubMed: 9697983]

Rook G.A. Hernandez-Pando R. Dheda K. Teng Seah G. IL-4 in tuberculosis: implications for
vaccine design. Trends Immunol 2004;25(9):483-488. [PubMed: 15324741]

Del Prete G. De Carli M. Almerigogna F. Giudizi M.G. Biagiotti R. Romagnani S. Human IL-10
is produced by both type 1 helper (Th1) and type 2 helper (Th2) T cell clones and inhibits their

Published as: Vaccine. 2010 February 10; 28(6): 1635-1641.



uswnooq palosuods

(92)
©
o
>
(7]
o
=
D
S
)
o
(@]
c
3
@
>
—

uswnooq palosuods

Lalor et al.

Page 9

antigen-specific proliferation and cytokine production. J Immunol 1993;150(2):353-360. [PubMed:
8419468]

[34]. O’Garra A. Vieira P. T(H)1 cells control themselves by producing interleukin-10. Nat Rev Immunol

[35].

2007;7(6):425-428. [PubMed: 17525751]

Mendez-Samperio P. Trejo A. Perez A. Mycobacterium bovis bacillus Calmette-Guerin induces
CCLS5 secretion via the Toll-like receptor 2-NF-kappaB and -Jun N-terminal kinase signaling
pathways. Clin Vaccine Immunol 2008;15(2):277-283. [PubMed: 17989335]

[36]. Algood H.M. Lin P.L. Flynn J.L. Tumor necrosis factor and chemokine interactions in the formation

[37].

[38].

[39].

[40].

and maintenance of granulomas in tuberculosis. Clin Infect Dis 2005;41(Suppl. 3):S189-S193.
[PubMed: 15983898]

Szeliga J. Daniel D.S. Yang C.H. Sever-Chroneos Z. Jagannath C. Chroneos Z.C. Granulocyte-
macrophage colony stimulating factor-mediated innate responses in tuberculosis. Tuberculosis
(Edinb) 2008;88(1):7-20. [PubMed: 17928269]

Ryan A.A. Wozniak T.M. Shklovskaya E. O’Donnell M.A. Fazekas de St Groth B. Britton W.J.
Improved protection against disseminated tuberculosis by Mycobacterium bovis Bacillus Calmette-
Guerin secreting murine GM-CSF is associated with expansion and activation of APCs. J Immunol
2007;179(12):8418-8424. [PubMed: 18056388]

Beveridge N.E. Price D.A. Casazza J.P. Pathan A.A. Sander C.R. Asher T.E. Immunisation with
BCG and recombinant MVVA85A induces long-lasting, polyfunctional Mycobacterium
tuberculosis-specific CD4+ memory T lymphocyte populations. Eur J Immunol 2007;37(11):3089-
3100. [PubMed: 17948267]

Darrah P.A. Patel D.T. De Luca P.M. Lindsay R.W. Davey D.F. Flynn B.J. Multifunctional TH1
cells define a correlate of vaccine-mediated protection against Leishmania major. Nat Med 2007;13
(7):843-850. [PubMed: 17558415]

Published as: Vaccine. 2010 February 10; 28(6): 1635-1641.



Lalor et al. Page 10

Supernatants from diluted blood samples stimulated with M.tb PPD for 6 days were tested for 21 cytokines and chemokines from unvaccinated (Unvac)
and vaccinated (Vac) infants 3 months post-BCG vaccination. Median fold differences and P values for significance testing by the Mann-Whitney
test are also presented (na is not applicable).

Table 1
Median response in 21 cytokines and chemokines.
2
(@) Cytokine  Unvac median (pg/ml)  Vac median (pg/ml)  Median fold difference P value
=]
(8 Pro-inflammatory cytokine  IFNy 1.6 1705 1066 P <0.0001
@ TNFa 18 226 13 P <0.0001
o
o IL-2 1.6 17 11 P <0.0001
8 IL-1a 4 145 36 P <0.0001
= IL-6 227 855 4 P =0.0003
=
D
>
—1
TH17 cytokine IL-17 1.6 17 11 P < 0.0001
TH2 cytokine IL-4 1.6 10 6 P =0.013
IL-5 1.6 7 4 P =0.0005
1L-13 1.6 104 65 P <0.0001
(9]
o
S
7] Regulatory cytokine I1L-10 8 96 12 P <0.0001
e
(9%
o
(W) Chemokine IL-8 1621 20,562 13 P =0.0073
o
8 IP-10 99 2122 21 P < 0.0001
3 MIP-1a 1.6 454 284 P <0.0001
(¢}
=]
=L
Growth factor GCS-F 1.6 21 13 P =0.012
GM-CSF 14 420 30 P <0.0001
Noevidence of adifference  IL12p70 1.6 1.6 1 P=0.49
between vaccinated and
wn unvaccinated infants
5 IL-15 16 16 1 na
a Eotaxin 1.6 7 4 P=0.13
o
a MCP-1 6932 1560 0 P =0.54
o IL-1B 1.6 1.6 1 P =0.08
g IL-7 1.6 1.6 1 P=0.12
(@)
c
3
(¢}
>
=
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Table 2
Spearman'’s correlation coefficients (r) of cytokine responses.
Z
o IFNy TNFe IL-2 IL-le IL6 IL-17 IL4 IL5 IL-13 IL-10 IL-8 IP-10 MIP-la G-CSF GM-CSF
§ IFNy 1.0
@ TNFa 08 1.0
= IL-2 06 06 1.0
)
9 IL-la 06 07 04 10
% IL-6 08 07 06 07 1.0
@ IL-17 -01 -01 -05 01 -01 10
= IL-4 03 02 02 00 02 03 10
IL-5 06 07 02 05 04 04 04 10
IL-13 07 07 05 03 05 00 02 07 10
IL-10 -02 -03 -04 -02 -03 07 05 03 -02 10
IL-8 08 07 04 04 07 00 01 05 07 -03 10
IP-10 04 02 03 00 03 03 06 04 03 04 02 10
MIP-la 05 07 04 08 07 02 02 04 04 -05 06 -02 10
G-CSF 04 06 04 09 05 00 02 04 02 -03 03 -01 08 1.0
GM-CSF 08 08 06 07 08 -01 02 04 06 -04 07 03 08 06 1.0

Spearman's correlation coefficients (r) are presented from supernatants from diluted blood samples stimulated with M.tb PPD for 6 days from BCG
vaccinated infants 3 months post-vaccination. Shaded boxes show r values 0.6 and above.
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Table 3
Principal components analysis.
9]
e}
(@) Component Eigenvalue Difference Proportion Cumulative
=]
(3 Component 1 7.28 4.3 0.49 0.49
(_S Component 2 2.98 1.64 0.2 0.68
o
o Component 3 1.33 0.33 0.09 0.77
8 Component 4 1.01 0.18 0.07 0.84
% Component 5 0.83 035 0.06 0.9
(':D Component 6 0.48 0.15 0.03 0.93
o Component 7 0.33 0.09 0.02 0.95
Component 8 0.24 0.08 0.02 0.97
Component 9 0.16 0.05 0.01 0.98
Component 10 0.11 0.02 0.01 0.98
Component 11 0.08 0.02 0.01 0.99
Component 12 0.07 0.03 0 0.99
_g) Component 13 0.04 0.01 0 1
g Component 14 0.03 0.03 0 1
8 Component 15 0.01 0 1
=
(9%
o -
o Variable Component 1 Component 2
8 Log IFNy 0.33 0.11
5 Log IL-2 0.26 -0.1
[0)) Log IL-4 0.08 0.45
=]
o= Log IL-5 0.25 0.3
Log IL-6 0.3 —-0.09
Log IL-8 0.31 —-0.01
Log IL-10 -0.11 0.5
Log IL-13 0.25 0.13
Log IL-17 0.01 0.39
_(é) Log IL-1a 0.31 -0.15
o Log G-CSF 0.26 —-0.16
>
8 Log GM-CSF 0.34 0.03
@ Log TNFa 0.34 0.06
o
o Log MIP-1a 0.3 -0.17
8 Log IP-10 0.1 0.43
5 Principal components analysis of 15 cytokines from supernatants stimulated with M.tb PPD from infants 3 months post-BCG vaccination. Shaded
o boxes show important cytokines in the component.
>
=
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