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Background: The Bacillus Calmette-Guérin (BCG), the only vaccine against tuberculosis (TB) currently in use,
has shown beneficial effects against unrelated infections and to enhance immune responses to vaccines.
However, there is little evidence regarding the influence of BCG vaccination on pertussis.
Methods: Here, we studied the ability of BCG to improve the immune responses to diphtheria, tetanus, and
acellular (DTaP) or whole-cell pertussis (DTWP) vaccination in a mouse model. We included MTBVAC, an
experimental live-attenuated vaccine derived from Mycobacterium tuberculosis, in our studies to explore if it
presents similar heterologous immunity as BCG. Furthermore, we explored the potential effect of routine
BCG vaccination on pertussis incidence worldwide.
Findings: We found that both BCG and MTBVAC when administered before DTaP, triggered Th1 immune
responses against diphtheria, tetanus, and pertussis in mice. Immunization with DTaP alone failed to trigger
aTh1 response, as measured by the production of IFN-y. Humoral responses against DTaP antigens were also
enhanced by previous immunization with BCG or MTBVAC. Furthermore, exploration of human epidemiolog-
ical data showed that pertussis incidence was 10-fold lower in countries that use DTaP and BCG compared to
countries that use only DTaP.
Interpretation: BCG vaccination may have a beneficial impact on the protection against pertussis conferred by
DTaP. Further randomized controlled trials are needed to properly define the impact of BCG on pertussis inci-
dence in a controlled setting. This could be a major finding that would support changes in immunization
policies.
Funding: This work was supported by the Ministry of “Economia y Competitividad”; European Commission
H2020 program, “Gobierno de Aragoén”; CIBERES; “Fundacao Butantan”; Instituto de Salud Carlos Il and
“Fondo FEDER”.
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Research in context

Evidence before this study

We searched PubMed using the following terms: “vaccine
interference”, “BCG non-specific”, “BCG heterologous”, “BCG
potentiates”, “BCG DTP”, “pertussis tuberculosis”, “diphtheria
tuberculosis”, “tetanus tuberculosis” and “MTBVAC”. We
included “Similar Articles” suggested by PubMed when we
found articles that matched the scope of our study. The search
started in August 2014, before we designed the mouse experi-
ments, continued during the development of the experimental
and then epidemiological studies and, finished in July 2020.
Additional data were identified by searching published articles
and reviews, and relevant books in the field (Plotkin's Vaccines,
7th Edition, 2018). Particularly relevant was the review pub-
lished by Zimmermann and Curtis in Expert Rev Vaccines,
2018. They reported 8 studies on BCG effects on infant vaccina-
tion without finding statistical significance. Nevertheless, the
majority of the studies found enhanced antibody levels in the
BCG vaccinated group.

In the epidemiological study, we searched WHO web pages
as mentioned in Methods. Of special relevance was the article
published by Castro et al. in Clin Infect Dis. 2015, where they
reported that BCG vaccination at birth could decrease hospitali-
zation due to non-tuberculosis respiratory infections.

Added-value of this study

Some randomized controlled trials have demonstrated that BCG
can potentiate immunity to other vaccines. However, this study
provides for the first time epidemiological evidence that BCG
may aid DTaP vaccine in the control of pertussis worldwide.

Implications of all the available evidence

The association of BCG and DTaP vaccination with lower pertus-
sis incidence is an outstanding finding that, if confirmed by ran-
domized controlled trials, can be valuable for the policy of
immunization programs and an important point in the devel-
opment of new tuberculosis vaccines.

1. Introduction

Vaccines work through the induction of specific immunological
memory that promotes a lymphocyte response upon subsequent
infection by a related pathogen. Some vaccines have also been shown
to protect against unrelated pathogens and to reduce all-cause child-
hood mortality [1]. These non-specific effects of vaccines were first
described in 1931 for the live-attenuated vaccine against tuberculosis
(TB), the Bacillus Calmette-Guérin (BCG). A reduction in childhood
mortality after BCG vaccination was observed, which could not be
explained by the prevention of TB alone [2]. Despite all these pieces
of evidence, without an immunological mechanism, the concept of
non-specific effects of vaccines has often been received with scepti-
cism. The World Health Organization (WHO) reported that the avail-
able evidence is based on very heterogeneous experimental designs
[3]. Therefore, the Strategic Advisory Group of Experts on Immuniza-
tion (SAGE) recommended further research of non-specific effects on
BCG, and has proposed that the Immunization and Vaccines related
Implementation Research Advisory Committee generate appropriate
research questions and adequate studies [4,5]. Recently, in vitro ani-
mal and human studies have revealed “trained immunity/innate
immune memory” as a conceivable biological mechanism,

responsible for the non-specific effects of BCG. This special trait refers
to the ability of innate immune cells (e.g. macrophages, monocytes,
and NK cells) to be trained by vaccination with BCG through epige-
netic and metabolic reprogramming. As a consequence, these cells
become more responsive when exposed to unrelated pathogens [6].
In addition to trained innate immunity, BCG also induces long-lasting
enhancement of adaptive immune responses [7,8]. This latter mecha-
nism has been widely associated with the ability of BCG to enhance
the immune response to other vaccines in general [9]. Previous vacci-
nation with BCG has been demonstrated to enhance the pro-inflam-
matory and antibody response against the influenza virus vaccine
[10]. A recent review evaluating the influence of BCG on the response
to other vaccines found that BCG vaccination is associated with
improved vaccine responses in five of the eight studies [11]. The rea-
son for this variability remains unknown, although the authors men-
tion some plausible explanations such as the BCG strain used [12] or
the optimal timing of administration [13].

Moreover, BCG provides only limited protection against pulmonary
TB in adolescents and adults, the most common form of the disease,
and responsible for TB transmission [14]. Therefore, new improved
anti-TB vaccines are needed. MTBVAC is a promising TB-vaccine candi-
date based on a live-attenuated Mycobacterium tuberculosis strain that
contains major antigens absent in BCG, such as ESAT6 and CFP10
[15,16]. MTBVAC was attenuated by two independent unmarked dele-
tions in the phoP and fadD26 virulence genes, and protection against
TB challenge was demonstrated in mice, guinea pigs, and rhesus maca-
ques [15,17]. It has completed Phase I clinical trials for safety and
immunogenicity in healthy adults in Switzerland [18] and new-borns
in South Africa [19]. MTBVAC is now in Phase Ila dose-finding trials in
both adolescents and new-borns in South Africa (NCT02933281 and
NCT03536117). As MTBVAC targets TB prevention in new-borns [20],
it is important to demonstrate that the non-specific beneficial effects
of BCG vaccination are maintained by MTBVAC [21].

The current vaccines against Bordetella pertussis infection have
shown limitations in the protection of infants [22]. Whole-cell per-
tussis vaccines (WP) are reactogenic, limiting their acceptability and
use beyond childhood [23]. Acellular vaccines (aP) have an improved
safety profile but provide only relatively short-term protection, likely
because of skewing of the immune response towards a Th2 profile
[24], whereas wP vaccines favor Th1 immune responses, similar to
natural infection [25]. A pertussis vaccination approach that com-
bines the safety profile of aP with immunity induced by natural infec-
tion would thus be desirable. One approach would be the use of live-
attenuated pertussis vaccines, such as BPZE1, currently in clinical
development (NCT03541499) [26]. An alternative or complementary
approach could make use of the non-specific effects of BCG [7,8] or in
the future MTBVAC, to enhance the desired immune responses to
pertussis vaccines.

Therefore, we examined here whether prior immunization with
BCG or MTBVAC is associated with improved immune responses to
diphtheria-tetanus-pertussis (DTP) vaccination, focusing particularly
on pertussis Th1 and Th2 immune responses. Mice were vaccinated
with BCG or MTBVAC, followed by immunizations with either DTaP
or DTwP, and humoral and cellular immune responses were evalu-
ated. In parallel, we assessed whether the global pertussis incidence
varies according to the systematic vaccination with BCG and DTaP.

2. Methods
2.1. Ecological epidemiologic studies

To examine whether prior immunization with BCG is associated
with improved pertussis control, an ecological epidemiologic study
comparing pertussis incidence between countries that include BCG
vaccination at birth in their national immunization programs (NIP)
with those that do not, was performed.
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The ecological epidemiologic study from 192 countries worldwide
used epidemiological data from 2012 to 2017 obtained from the
WHO (https://www.who.int/es), with population and socioeconomic
data from the World Development Indicators webpage (https://dataca
talog.worldbank.org/dataset/world-development-indicators) and
BCG vaccination policies from the BCG Atlas website (http://www.
bcgatlas.org). DTwP/DTaP information were extracted from the WHO
(https://www.who.int/es) [27]. From these countries, 131 were ana-
lyzed after exclusion of those without BCG vaccine status [18], coun-
tries with missing data [10], with no pertussis incidence data [33],
and those without information about DTwP/DTaP vaccination [4].
Yearly incidence rates of pertussis were calculated for each country
considering the average rates for the studied period to obtain robust
estimations. Income levels were taken into account and used to cate-
gorize countries in “low or lower-middle-income” (LIC) and “upper-
middle or high income” (UIC) as a possible confounding variable. We
also took into account the timing of the first BCG dose and the BCG
vaccination coverage for countries with available data (http://www.
bcgatlas.org).

Mumps and measles incidence rates were considered as control
pathologies. Of 174 countries with BCG vaccination status reported,
59 were considered for mumps (115 countries with zero rates); and
116 were considered for measles (58 countries with zero rates).

Vaccination policy switches in European countries (Fig. S4) were
obtained from the European centre for Disease Prevention and Con-
trol (ECDC) [28]. When the information was not available in the ECDC
repository it was obtained from the corresponding national reposi-
tory, for which a URL link is available on the ECDC website. Countries
were selected for the analyses based on the availability of BCG, DTwP
and DTaP vaccination policy data.

An additional analysis was performed considering only European
countries with a double objective: 1) to replicate the potential effect
of BCG vaccination on pertussis incidence, and 2) to assess whether
the use of DTwP or DTaP could have any significant differential
impact on disease incidence.

2.2. Bacterial culture conditions and vaccine preparation

MTBVAC [15] and BCG Pasteur 1173P [29] were cultured in Mid-
dlebrook 7H9 broth (BD) enriched with 10% (v/v) albumin, dextrose,
catalase (ADC; Difco) and 0.05% (v/v) Tween-80 (Sigma) at 37 °C. Bac-
teria were harvested by centrifugation, suspended in Phosphate buff-
ered saline (PBS) containing 5%glycerol, and frozen at —80 °C until
use. Bacterial suspensions for vaccination were prepared in PBS from
glycerol stocks and the corresponding viability was evaluated by plat-
ing serial dilutions onto Middlebrook 7H10 agar plates supplemented
with 10% ADC and 0.5% glycerol.

The whole-cell DTwP vaccine was kindly provided by the Immu-
nobiological section of the Butantan Institute. Each dose of DTwP is a
mixture of up to 30 Lf of diphtheria toxoid, 25 Lf of tetanus toxoid,
and 16 0.U. of whole-cell pertussis (WP) per dose adsorbed on alumi-
num hydroxide.

The acellular DTaP vaccine (Boostrix) was kindly provided by
Manuel Mendez and Inmaculada Cuesta from Direccion General de
Salud Publica, Gobierno de Aragén (Zaragoza, Spain). DTaP is a mix-
ture of up to 2.5 Lf of diphtheria toxoid, 5 Lf of Tetanus toxoid, 8 ug
of pertussis toxoid (PT), 8 ug of filamentous hemagglutinin, and
2.5 ug of pertactin per dose adsorbed in aluminum hydroxide and
aluminum phosphate.

2.3. Animal strains, ethics, and facilities

The ARRIVE guidelines were followed for animal studies. To test
DTwP, 5—7 week-old female BALB/c mice supplied by the Breeding
Facility of the Butantan Institute were separated into groups of five
animals to evaluate immune responses. They were kept under

appropriate conditions during the study according to the Animal
Care and Ethics Committee of the Butantan Institute under protocol
1253/14.

To test the DTaP, 5—7 week-old female BALB/c mice purchased
from Javier Labs were separated into groups of five animals. They
were maintained in the regulated “Centro de Investigaciones Bio-
médicas de Aragoén” (CIBA, Zaragoza, Spain) facilities with reference
number ES 50 297 0012 011. The procedures were carried out under
Project Licences 50/14 approved by the Ethics Committee for Animal
Experiments from the University of Zaragoza. The care and use of ani-
mals were performed according to the Spanish Policy for Animal Pro-
tection RD53/2013, which meets the European Union Directive 2010/
63 on the protection of animals used for experimental and other sci-
entific purposes.

2.4. Mouse immunization and procedures

Groups of 5 female BALB/c mice were immunized subcutaneously
with a single dose of 100 pL containing 10% CFU of BCG or MTBVAC,
or saline control (phosphate-buffered saline). DTwP was diluted to
0.8 and DTaP to 1/5 of the human dose, as previously described [30].
Vaccine formulation is described in Supplementary Material. Three
doses of DTwP or DTaP, in a final volume of 100 wL, were adminis-
tered subcutaneously in two-week intervals (Fig. 1a). We followed
this vaccination schedule with the intent to adapt to mice the human
WHO recommendations for infants [31]. A similar design was used in
a subsequent experiment using a single dose of DTaP instead of three
(Fig. 1b). The first dose of DTP (or saline control) was administered
two weeks after saline, BCG, or MTBVAC immunization.

2.5. Cellular immune response evaluation

Two weeks after the third dose of the DTP vaccine, mice were
euthanized by carbon dioxide inhalation and the spleens were col-
lected (Fig. 1a). Spleens were homogenized in a Wheaton tissue
grinder and erythrocytes were lysed with sterile distilled water
(DTwP experiments) or with a gentle MACS Dissociator in Red blood
cell lysing buffer (SIGMA) (DTaP experiments). In both cases, cell sus-
pensions (~ 5 x 10° cells/mL) were cultured in RPMI-1640 (Gibco)
supplemented with 10% fetal serum bovine (Invitrogen), polymyxin
B (250 ng/mL) and 100 units/mL penicillin/100 mg/mL streptomycin
(Sigma). Splenocytes were kept at 37 °C in 5% CO, for 48 h under
stimulation with heat-inactivated diphtheria toxin (DT, 1 ;g/mL; Cal-
biochem), formaldehyde inactivated Tetanus toxoid (TT, 1 ug/mL;
Calbiochem), heat-inactivated Pertussis Toxin (PT, 1 ug/mL; Calbio-
chem) or heat-killed whole-cell pertussis (wP, 10° CFU). Culture
supernatants were collected and cytokine concentrations were mea-
sured by Enzyme-Linked ImmunoSorbent Assay (ELISA) according to
the manufacturer’s instructions (Peprotech for DTWP experiments or
MabTECH for DTaP experiments).

2.6. Humoral immune response for DT, TT, PT, and wP

Serum was collected from immunized mice ten days after each
immunization (Fig. 1a). In the experiment using a single dose of DTaP,
mice were bled two and four weeks after DTaP immunization (Supple-
mentary Fig. S1b). The specific IgG titers were determined by ELISA.
Immunoplates were coated with inactivated DT (1 wg/mL), TT (1 g/
mL), PT (1 pg/mL) or wP (10° CFU/mL). Goat anti-mouse IgG
(1:10,000; Cat. No.1036—-01, Southern Biotech, AL, USA) was used as a
secondary antibody and rabbit anti-goat IgG conjugated with horse-
radish peroxidase (1:20,000; Cat. No. 6160—05, Southern Biotech, AL,
USA) as the tertiary antibody. Colorimetric development was per-
formed using 3,3',5,5-tetramethylbenzidine (TMB, DTaP experiments;
Abcam), or in citrate buffer with H,0, and o-phenylenediamine dihy-
drochloride (OPD, DTwP experiments). Standard curves for the
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Fig. 1. Effect of BCG or MTBVAC vaccination on the Th1 responses and IgG production induced by DTwP and DTaP vaccines. Experimental design. (a) Groups of ten BALB/c mice were
immunized subcutaneously with 106 CFU of BCG, MTBVAC, or saline. Two weeks later Diphtheria-Tetanus-Pertussis vaccine (whole-cell DTwP (a) or acellular DTaP (b)) was admin-
istered subcutaneously to five mice in each group. Two additional DTwP or DTaP doses were given at two weeks intervals. Finally, eight weeks after BCG or MTBVAC immunization,
total IgG against DTP antigens were measured and splenocytes were stimulated with DTP antigens to evaluate specific cytokine production. Two independent experiments were
carried out, one in which DTwP was used and the other using DTaP. (c, d) IFN-y production was measured upon stimulation of splenocytes with DT (Diphtheria Toxoid), TT (Tetanus
toxoid), wP (Whole-Pertussis inactivated (c)), PT (Pertussis Toxoid (d)) or left unstimulated (US). (e, f) Eight weeks after BCG or MTBVAC immunization, and two weeks after the
third DTP immunization, total IgG against DTP antigens were measured. Two independent experiments were carried out, N = 5 mice per group per condition. The groups that
received BCG, MTBVAC, DTwP, and/or DTaP immunization are indicated with (+), and the absence of immunization is indicated with (-). Mann-Whitney U test (c, d) or unpaired t-
test (e, f) P-values are indicated: * P-value < 0.05, ** P-value < 0-01. ns means statistically not significant.

determination of IgG concentration were established using either the
mouse reference serum from Bethyl Technologies (DTaP experiments)
or recombinant IgG (DTwP experiments).

2.7. Statistical analysis

In all experimental studies, GraphPad Prism 5.0 software was used
for representation and statistical analyses. Statistical significances are
indicated in the Figures (Fig. 1, Fig. S1 and Fig. 2) by asterisks as fol-
lows *P-value < 0-05, **P-value < 0-01 or ***P-value < 0-001. Outliers
in experimental data were detected by the application of Grubbs' test
with a significance level of 0-05 and then excluded from the analysis.
The normality of experimental data was evaluated by the Shapiro-
Wilk test. The unpaired t-test was used to compare levels of total IgG
in mouse serum between groups vaccinated with DTaP/DTwP alone
and groups vaccinated also with MTBVAC/BCG (Fig.1e, Fig. 1f, and
Fig. 2b). Cytokine levels did not pass the normality test. Therefore,
the Mann-Whitney U test was used to analyze them. We compared

[FN-y and IL-17A production after PT, TT, DT or wP stimulation
between groups vaccinated with DTaP/DTwP alone and groups vacci-
nated also with MTBVAC/BCG (Fig.1c, Fig. 1d and Fig. S1).

For the epidemiological studies, the Mann-Whitney U test was
considered to assess differences in pertussis incidence rates (per
100,000 inhabitants) between countries according to vaccination sta-
tus (BCG and DTaP/DTwP). This test was chosen to avoid the leverage
effect of those countries with an extremely high incidence rate,
which can affect drastically the normality of analyzed groups. We
have also used Mann-Whitney U to analyze pertussis incidence rates
between countries stratified by income levels to check if the different
economic status of countries can affect the results (Fig. 3). Mumps
and measles incidence rates were analyzed taking into account the
same methodology (Fig. 4).

Association between BCG vaccination and pertussis incidence
according to the timing of dose administration (at birth or later after
birth) was evaluated by using the Mann-Whitney U test. In addition,
we determined whether the possible effect of the BCG vaccine on
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Fig. 2. Effect of BCG or MTBVAC vaccination on IgG production after a single dose of DTaP. Experimental design. (a) Groups of ten BALB/c mice were immunized subcutaneously with
106 CFU of BCG, MTBVAC, or saline. Two weeks later Diphtheria-Tetanus-acellular Pertussis vaccine (DTaP) was administered subcutaneously to five mice in each group. (b) Two and
four weeks after immunization with DTaP, specific IgG against DT, TT or PT were measured. Antibody titers in serum of immunized mice (c) were also analysed at four weeks post-
DTaP immunization. 0D450, Optical Density at 450 nm. N = 5 mice per group per condition. Unpaired t-test P-values are indicated: * P-value < 0.05, ** P-value < 0-01 and *** P-value
< 0-001. DT (Diphtheria Toxoid), TT (Tetanus toxoid), PT (Pertussis Toxoid) US (unstimulated).

pertussis incidence could be explained by BCG vaccination coverage.
For this purpose, we considered p Spearman’s coefficient to study the
correlation between BCG vaccination coverage and the pertussis inci-
dence for each country. We also have stratified this analysis by the
DTaP/DTwP vaccination status (Fig. S5, Table S1).

The unpaired t-test was used to compare the three-dose DTaP
vaccination coverage in a particular year between European countries
that use or not BCG (Fig. S3)

To avoid underestimation of incidence rates for the different anal-
yses, countries with zero incidence data for the different pathologies
were excluded from the analyses, since this can potentially be associ-
ated with small population sizes (for instance, Barbados, Seychelles,
or the Solomon Islands), or lack of data (for instance, Egypt, Mali,
Mongolia), or even ineffective health reporting systems.

We considered 0-05 as the significance level. The statistical results
and Figures related to the epidemiologic study have been obtained
using R 3.4.2 for MAC OS X, [32], and specifically, maps were created
using the R package maptools.

The sample size in the animal experiments was not calculated by
statistical methods but was determined based on previous experi-
ence and publications [15,16,30]. The sample size in epidemiological

studies was due to the data available in the World Health Organiza-
tion website database [27].

No randomization specific methodology was applied to this study.
Results from this study were not blinded for analysis.

2.8. Role of funding source

The funders had no role in study design, data collection and analy-
sis, decision to publish or preparation of the manuscript.

3. Results
3.1. BCG and MTBVAC enhance Th1 responses to DTAP antigens

To determine the influence of BCG or MTBVAC vaccination on
DTP-specific cytokine responses in mice, groups were immunized
with BCG, MTBVAC, or received saline and were then immunized
with three consecutive doses of DTwP, DTaP, or saline (Fig. 1a and
Fig. 1b). Two weeks after the last DTP dose, splenocytes were recov-
ered and stimulated with DT, TT, PT, or with wP when DTwP was
administered. Mice receiving DTWP showed comparable production
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Fig. 3. Pertussis incidence according to the use of BCG and the type of pertussis vaccine included in each country’s national immunization program. (a) Worldwide pertussis inci-
dence and (b) European incidence; or (c) pertussis incidence according to the income level. Adjacent maps show the vaccination status of each country analyzed in the correspond-
ing graph. “DTaP only” includes countries where BCG is not part of their immunization program and DTaP is the pertussis vaccine used. “BCG+DTaP” includes all countries that use
BCG and DTaP; and “BCG+DTwP” encompasses countries using BCG and DTwP. “BCG*” includes all the countries that use BCG irrespective of the type of pertussis vaccine used.
LIC = Low or middle-lower income country. UIC = upper-middle or high-income country. Mann-Whitney U test P-values are displayed for the corresponding comparisons. DTwP
(Diphtheria-Tetanus-whole-cell Pertussis vaccine), DTaP (Diphtheria-Tetanus-acellular Pertussis vaccine).

of IFN-y in stimulated splenocytes, independently of prior adminis-
tration of BCG, MTBVAC, or saline (Fig. 1c). In contrast, for DTaP, pre-
vious vaccination with BCG or MTBVAC significantly enhanced IFN-y
production in splenocytes upon stimulation with DT, TT, or PT
(Fig. 1d). Mice immunized with DTaP alone failed to mount signifi-
cant IFN-y responses against DTaP antigens (Fig. 1d), as expected
because of intrinsic properties of DTaP, which has been shown to
mount a weak Th1 response compared to DTwP [33].

We also analyzed the IL-17A production as this has been shown to
have implications in protection and immunity against pertussis
[33—-35]. However, after DTaP vaccination, the IL-17A levels

remained at background levels, irrespective of prior BCG, or MTBVAC
vaccination (Fig. S1a). On the other hand, for DTwP; BCG, or MTBVAC
appeared to slightly increase the IL-17A response, although this

reached statistical significance only for the BCG vaccination (Fig.
S1b).

3.2. BCG and MTBVAC vaccination stimulates IgG production against
DTP antigens

Protection against diphtheria and tetanus is mediated by specific
IgG. For protection against pertussis, aP-induced IgG is also important
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Table 1

Descriptive statistics for pertussis, mumps or measles incidence rates (per 100,000 inhabitants) according to the different stratifications for the
different analyses performed for ecological study (Figs. 3 and 4). For each category number of countries, median, 1st-quantile (Q1), 3rd-quan-
tile (Q3), range of values, and P-value is indicated. DTwP = Diphtheria-Tetanus-whole-cell Pertussis vaccine. DTaP = Diphtheria-Tetanus-acellu-
lar Pertussis vaccine. BCG = Bacillus Calmette-Guérin. LIC = Low or middle-lower income country. UIC = upper-middle or high-income country.*
Number of countries with BCG differs in one country for which there is no information regarding DTaP/DTwP vaccines.** Number of countries
without BCG differs in three countries for which there is no information regarding DTaP/DTwP vaccines.

N° of countries Median incidence rate

Q1-Q3 incidence rate

Range incidence rate ~ P-value

Worldwide pertussis analysis

BCG+DTaP* 26 113 0-37-2.56 0-02-11-04 vs. only DTaP 1.67 x 1076

BCG+DTwP* 79 0.65 0-10-2.08 0-00-21.51 vs. BCG+DTaP
0-149

Only DTaP** 20 10-99 7-57-28-95 0-15-99-66

Only DTwP** 2 0-61 0-40-0-82 0-19-1.03

European pertussis analysis

BCG+DTaP 16 118 0-34-3-20 0-12-11-04 vs. BCG+DTwP
0.982

BCG+DTwP 12 1.75 0-18-4-49 0.01-5.72

BCG 28 1.31 0.22-4.67 0.01-11-04 vs. only DTaP
2:81x107°

Only DTaP 16 10.93 5.57-20.-55 0-15-99.66 vs BCG+DTaP
3.92 x 1074

Worldwide pertussis analysis considering income levels

BCG UIC 57 0.85 0.22-2.48 0-01-11.50 vs. no BCG UIC
3.28 x 1077

BCG LIC 49 0.39 0-11-141 0-00-21-51 vs. BCG UIC
0-175

No BCG UIC 25 10.08 5.62-18.93 0-15-99.66 vs. BCG LIC
1.04 x 1077

Worldwide pertussis analysis

BCG* 106 0-68 0-17-2-12 0-00-21.51 3.27 x 10-8

No BCG** 25 10.08 5.62-18-39 0-15-99.-66

Worldwide mumps analysis

BCG 43 1.55 0-61-6-90 0-03-134.03 0.755

No BCG 16 2.59 1.09-6-74 0-11-23.53

Worldwide measles analysis

BCG 99 1.36 0.27-4.75 0-00—-280-69 0-103

No BCG 17 0.66 0-30-1-25 0.02-6-50

a) b) c)

Pertussis, P-value = 3.27%x108 Mumps; P-value = 0.755 Measles; P-value = 0.103
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Fig. 4. Worldwide pertussis, mumps and measles incidence, and BCG vaccination. Average pertussis (a), mumps (b), and measles (c) worldwide rates, classified by the use or not of
BCG vaccine. Mann-Whitney U test P-values are displayed for the corresponding comparisons.

[36,37]. Therefore, we examined the influence of BCG or MTBVAC
vaccination on the IgG responses induced by DTwP or DTaP. After
three doses of DTwP or DTaP, there was no significant effect of BCG
or MTBVAC vaccination on the IgG responses to DTP antigens (Fig. 1e
and Fig. 1f). The kinetics of serum IgG production after each dose of
DTP was also the same irrespective of previous immunization with
BCG or MTBVAC (Fig. S2). However, when mice were immunized
with a single dose of DTaP (Fig. 2a), prior BCG or MTBVAC vaccination

resulted in a significant enhancement of the IgG responses to all three
antigens, which lasted up to 4 weeks after DTaP immunization com-
pared to mice that did not receive BCG or MTBVAC (Fig. 2b). Two
weeks after DTaP vaccination, no significant IgG-DTP differences
were observed between groups that received or not MTBVAC or
BCG (Fig. 2b). This effect on DTaP-IgG responses after a single DTaP
dose could have a clinical impact further explained in the Discussion
section.
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3.3. BCG vaccination impact on pertussis prevention worldwide

We next wondered whether the influence elicited by attenuated
TB vaccines on DTaP immunogenicity observed in mice may be trans-
lated to protection against pertussis in humans. We, therefore, per-
formed an extensive ecological analysis on the coverage of BCG and
DTP vaccination in humans [38] and on the incidence of pertussis
[39]. The worldwide incidence of pertussis was assessed taking into
account the type of pertussis vaccine used (DTaP or DTwP); 26 coun-
tries use both BCG and DTaP vaccination (BCG+DTaP), 79 use BCG
vaccination and DTwP (BCG+DTwP), 20 use only DTaP and 2 use only
DTwP. The latter two countries were excluded from the analysis due
to the small size of the group. In the BCG+DTaP countries, the pertus-
sis incidence was 10-fold lower than in the DTaP countries (Fig. 3a;
Table 1). No significant differences were observed in pertussis inci-
dence between BCG+DTaP and BCG+DTwP countries (Fig. 3a; Table1).

An additional analysis restricted to 44 countries of the European
region included 16 only DTaP, 12 BCG+DTwP, and 16 BCG+DTaP
countries. Similarly to the worldwide analysis, European countries
using BCG showed lower pertussis incidences (Fig. 3b; Table1). This
difference was also significant considering only countries that use
DTaP (Fig. 3b; Table1). No difference in pertussis incidence was found
between BCG+DTaP and BCG+DTwP countries (Fig. 3b; Table1).

We did not find evidence of an influence of pertussis vaccine cov-
erage in our analyses since European BCG+DTaP countries and DTaP
countries showed a similar degree of coverage, more than 90% (Fig.
S3). Moreover, we did a descriptive analysis of the evolution in the
number of pertussis cases in individual European countries. Interest-
ingly, those countries that still maintain good BCG coverage in their
immunization schedule show a trend to have fewer pertussis cases
than countries where BCG vaccination ceased. In line with this obser-
vation, we also noticed an increase in pertussis cases after a period of
BCG shortage in specific countries (Fig. S4).

We have considered other variables related to BCG vaccination to
account for potential confounder effects. The time when BCG is
administered could influence the overall mortality and affect immu-
nogenicity to unrelated pathogens [40,41]. To address this factor, we
compared countries in which the first BCG dose is administered at
birth (89 countries) with those in which BCG is given later (15 coun-
tries). We did not observe any influence for countries with the DTaP
vaccine, with the DTwP vaccine, or with DTaP/DTwP vaccine (Table
S1; Fig. S5a).

We also considered the BCG vaccination coverage as a potential
confounding variable (data available for 45 countries), but this did
not find a significant correlation with pertussis incidence (r2 = —0-07,
P-value = 0-816), neither for DTaP countries, nor for DTWP countries
(r2 = —0-01, P-value = 0-954); nor (r2 = —0-01, P-value = 0-960) for all
considered countries. This lack of significance is likely due to the
small variability of BCG vaccination coverage, which is generally very
high (median [IQR]: 95-0 [86-9—-98.0]) (Fig. S5b).

3.4. Income level does not appear to modify the BCG effect on pertussis
incidence

In order to assess the potential role of income level in the pertus-
sis incidence, we compared 45 low or middle-lower income countries
(LIC) with 82 upper-middle or high-income countries (UIC). All the 49
LIC countries used BCG vaccination, while only 57 out of 82 UIC had
BCG vaccine included in their NIP before DTP. The pertussis incidence
was higher in UIC countries not using BCG compared to either
UIC countries using BCG, or LIC countries. No difference was found in
pertussis incidence between LIC and UIC countries using BCG (Fig. 3;
Table1).

3.5. Prior BCG vaccination does not influence measles and mumps
incidence

To ensure we are comparing disease patterns rather than sur-
veillance capacity, we considered mumps and measles as control
outcomes. We could not use tetanus and diphtheria as controls
because these diseases are near elimination in most countries [39],
and their incidence is too low to provide meaningful data. World-
wide mumps incidence rates for 59 countries (of which 43 used
neonatal BCG vaccination during the study period) and worldwide
measles incidence rates for 116 countries (of which 99 used neona-
tal BCG vaccination during the study period) were compared.
The analyses showed that while pertussis incidence rates were sig-
nificantly higher in countries without a BCG vaccination program,
BCG vaccination did not affect mumps nor measles incidence
(Fig. 4; Table1).

4. Discussion

We provide mouse experimental and human ecological epidemio-
logic evidence suggesting that BCG vaccination may have a positive
impact on vaccine-induced immunity against pertussis. To our
knowledge, no previous epidemiological study has assessed the cor-
relation between BCG vaccination and pertussis incidence. Our
experimental animal model showed that both live-attenuated TB vac-
cines, BCG and MTBVAC, stimulate cellular Th1 immune responses
and early induction of humoral immune responses to DTaP. This het-
erologous effect of BCG expands the beneficial properties of the vac-
cine beyond its application against TB and may have implications on
the policy of its current use if our ecological findings can be con-
firmed by randomized controlled studies.

The main hypotheses to explain BCG non-specific effects are 1) BCG-
induced trained innate immunity/innate immune memory and/or 2)
enhancement of heterologous cellular and humoral responses [42]. The
precise molecular mechanisms for the observations reported here are
still under investigation, but the general hypothesis is that BCG can
induce a long-lasting and enhanced Th1-like response with increased
pro-inflammatory cytokine production after immunization with unre-
lated antigens [42]. We focused our studies on deciphering the influence
of BCG on DTP-induced humoral and cellular immune responses.

In our experimental study, DTwP alone was sufficient to induce
IFN-y responses and no additional effect was observed in mice by
prior immunization with BCG or MTBVAC. In contrast, when DTaP
was used, prior immunization with BCG or MTBVAC allowed the
induction of IFN-y responses, which was not seen when DTaP was
used alone. Whole-cell vaccines against pertussis, which have been
shown to protect better than acellular pertussis vaccines, induce
mixed Th1 and Th17 type immune responses, similar to what is seen
after natural infection, whereas the acellular vaccines induce Th2 and
Th17 but weak Th1 responses in mice [33]. Findings in humans are
consistent with the data from animal models in that DTaP induces
Th2 responses, while natural infection and DTwP induce Th1/Th17
responses [43]. Similar improved immune effects increasing Thl
response were shown when DTaP was used with an adjuvant derived
from Seabuckthorn [44] or with outer membrane vesicles [45]
instead of the current alum-based adjuvant. DTaP immunity potenti-
ation by BCG or MTBVAC brings the immune response closer to that
elicited by wP and may induce better protective immunity against B.
pertussis infection [46,47].

Regarding the production of IgG to DTaP antigens, results in mice
immunized with one dose of DTaP confirmed that BCG or MTBVAC
increases specific IgG responses to unrelated vaccines, as the IgG
response was enhanced four weeks after DTaP administration by
prior BCG or MTBVAC vaccination. Limited studies have analyzed
changes elicited by BCG on serological and cellular immune
responses to DTP vaccines in humans after one or three doses
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[11,48]. Of these, the vast majority analyzed the BCG influence on
DTP-IgG without finding statistical differences. Our results show that
after three doses of DTwP or DTaP, IgG levels in the serum of immu-
nized mice were similar, independent of previous use of BCG or
MTBVAC. However, an extensive and very recent study found that
neonatal BCG vaccination consistently increases IgG against DT and
TT, being statistically significant for DT after 1 month of the third
dose of DTaP [49]. Additionally, using BCG before one dose of influ-
enza A (H1N1) vaccine significantly increased the IgG production
against HIN1 [10].

The vaccination schedule of DTaP recommended by WHO [31]
includes at least three doses to obtain optimal protection. The first
dose is recommended at 6 weeks and the second and third doses,
one and two months later, respectively. This implies a minimum of
14 weeks, during which newborns may be more susceptible to infec-
tion. In fact, infants younger than 1 year are estimated to represent
more than half of all deaths caused by pertussis [50]. The fact that
BCG and MTBVAC vaccination increases the levels of anti-DT, anti-TT,
and anti-PT antibodies after a single dose of DTaP may therefore be
more meaningful than increasing antibody responses after the third
dose. Even if the effect were transient and similar to the protection of
the newborn induced through maternal immunization with pertussis
vaccines [51], it might be clinically relevant considering that this age
represents the most vulnerable time-frame for the infant and when
most of the cases occur.

Our ecological epidemiologic data suggest that countries maintain-
ing BCG vaccination have lower pertussis incidence than those that
interrupted its use. One limitation of our study is the lack of a DTwP
only (in the absence of BCG) control group. Since there are not enough
countries using DTWP without BCG in their immunization schedules
(only 2), we have not been able to determine whether BCG enhances
DTwP-induced protection. Our study has the limitations inherent to
ecological epidemiologic studies: it is not possible to fully control the
exposure and the pertussis outcome. This implies the possible exis-
tence of confounder effects that may affect the incidence of pertussis.
We have considered analysis including the most plausible variables
that could affect pertussis incidences, such as country income level or
timing of BCG vaccine. The great value of this study is that worldwide
data were analyzed; however, this may become a limitation due to the
difficulty of obtaining homogenous and standardized data from so
many different sources. Nevertheless, the specific effect of BCG on
DTaP-induced protection against pertussis was controlled by the lack
of such an effect on other childhood diseases such as mumps and mea-
sles. Interestingly, vaccines against these two diseases are also live-
attenuated vaccines, and it is, therefore, possible that BCG may have a
lower effect on disease incidences for which live-attenuated vaccines
are widely used.

Factors such as the socio-economical level, gender, age, pertussis
detection, and reporting rates, vaccine coverage, and circulating
strain differences can influence the incidence of pertussis. We have
found no influence on pertussis incidence by the most obvious fac-
tors: the income level (Fig. 3¢) which is an important socioeconomic
marker for the health system of each country and the DTaP coverage
that is very high in all cases (Fig. S3). Regarding the pertussis detec-
tion, pertussis reporting rates, and the circulating strains we have
minimized their influence by restricting the period of the analysis to
five years. By doing so we minimize important changes in health poli-
cies or circulating strains. We have also performed an additional
more restricted sub-analysis, limited to European countries (Fig. 3b),
where the health policies, gender, age, and income levels are more
homogeneous than globally. Furthermore, we have developed an
additional analysis taking into account BCG vaccination coverage and
the timing of administration of the first BCG dose for countries with
available data. We did not observe significant differences according
to BCG vaccination coverage, because the range of vaccination cover-
age is extremely narrow (median [IQR]: 95-0% [86-9%—98-0%]), nor

did we see an influence of the time of BCG vaccination. Therefore, the
extremely high statistical significance (P-value = 1.67 x 107, Fig. 3a)
obtained between countries that use or do not use BCG, in combina-
tion with the consideration of possible confounding variables
strongly suggests an association between BCG and DTaP vaccination
and pertussis incidence reduction.

BCG has been associated with a reduction in hospitalization due to
pulmonary infections [6]. A plausible contributing effect could be a
reduction in hospitalizations caused by the respiratory pathogen B.
pertussis. Our studies suggest that the BCG-related reduction of per-
tussis incidence may be due to the induction of cellular and early IgG
responses against PT. To confirm this hypothesis, randomized con-
trolled trials in children vaccinated with DTaP with or without prior
BCG should be carried out, perhaps with special attention focused on
the immune responses after the first vaccine dose.

A concern regarding the replacement of BCG by new generation
live tuberculosis vaccines is whether they will maintain the non-spe-
cific beneficial effects seen with the BCG vaccination. Notably, of the
12 candidates in clinical trials in the TB vaccine pipeline, MTBVAC
together with the BCG-derived VPM1002 are the only mycobacterial
live-attenuated vaccines that aim to replace BCG, whereas the other
candidates are based on subunit protein-adjuvant, viral vector vac-
cines, or inactivated whole-cell mycobacteria designed as BCG boost-
ing strategies [52]. Of note, we have recently demonstrated that
MTBVAC can induce heterologous protection against a lethal chal-
lenge with Streptococcus pneumoniae via the generation of trained
immunity through the induction of glycolysis and glutaminolysis and
the accumulation of histone methylation marks at the promoters of
proinflammatory genes in human monocytes [53], which would sug-
gest that MTBVAC is at least as efficient as BCG to trigger non-specific
immunity. Additionally, our results here confirm that MTBVAC, like
BCG, is associated with improved cellular and humoral immune
responses to DTaP antigens in mice. This study might support further
progress of MTBVAC clinical development into non-specific trials
with EPI vaccines.

Altogether, our results suggest that BCG potentiates the DTaP
vaccine and may help DTaP to improve the control of pertussis.
Clinical trials will help to clarify the mechanism of these observa-
tions. BCG vaccination could be a rapid, accessible, and affordable
way to enhance immunity, especially for infants that have not
completed the immunization schedule with DTaP. If our findings
can be confirmed by randomized controlled trials, they should be
taken into account by vaccine policymakers that contemplate
dropping neonatal BCG vaccination in countries in which DTaP is
in use. Furthermore, if BCG were to be replaced in the future by
other anti-TB vaccines, special attention should be paid to the
impact of BCG cessation on incidences of diseases such as pertussis
and potentially other infectious diseases, especially respiratory
tract infections [54—56].

Glossary

Adjuvant - is a pharmacological or immunological agent that
improves the immune response of a vaccine.

BCG — Bacille Calmette Guérin — current live attenuated vaccine
against Tuberculosis based on attenuated Mycobacterium bovis

Confounding factor - is a variable that influences both the dependent
variable and the independent variable, causing a spurious association.

DTP — Vaccine against Diphtheria, Tetanus, and Pertussis (whoop-
ing cough).

DTaP - Vaccine against Diphtheria, Tetanus, and Pertussis, includ-
ing the acellular Pertussis vaccine.

DTwP - Vaccine against Diphtheria, Tetanus, and Pertussis, includ-
ing the whole-cell Pertussis vaccine.
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EPI - The Expanded Programme on Immunization of the WHO,
which includes vaccines against diphtheria, whooping cough, teta-
nus, measles, poliomyelitis, and tuberculosis

Incidence - in epidemiology is a measure of the probability of
occurrence of a given medical condition in a population within a
specified period.

Live attenuated — live organisms with lower pathogenicity than
the native strain

Low or lower-middle-income (LIC) — low/middle gross national
income (GNI) per capita; the low dollar value of a country's final
income in a year, divided by its population

MTBVAC — a new live attenuated vaccine obtained by phoP and
fadD26 gene deletions in a strain of M. tuberculosis. This vaccine was
constructed in a clinical isolate from lineage 4, the most distributed
in Europe, America and Africa.

The national immunization program (NIP) - is the organizational
component of Ministries of Health charged with preventing disease,
disability, and death from vaccine-preventable diseases in children
and adults.

Non-specific effects/ Heterologous effect — protective effects
other than those on the targeted disease.

Ecological epidemiologic study - analyzes an specific outcome,
namely at the population or group level, rather than individual
level.

Trained immunity/innate immune memory - describes the long-
term functional reprogramming of innate immune cells, which is
evoked by exogenous or endogenous insults and which leads to an
altered response towards a second challenge after the return to a
non-activated state. Inmune memory of the innate immune system
and involves the epigenetic programming of myeloid lineage cells.

Upper-middle or high income (UIC) — middle/high gross national
income (GNI) per capita; the high dollar value of a country's final
income in a year, divided by its population

Vaccine coverage - refers to the proportion of a population that is
appropriately immunized against a specific vaccine-preventable dis-
ease.

WHO recommendations — World Health Organization guidelines
that can impact health policies or clinical interventions.

Whole-cell vaccines — contain the killed pathogen.
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