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| Chapter 1

Vaccines
Vaccination is one of the most important healthcare interventions that has ever
been implemented, with a tremendous impact on public health. The first record of
immunity emerged more than 2000 years ago from the Greek historian Thucydides.
He reported that people who had survived infection during the plague of Athens
at the time of the Peloponnesian war were not susceptible to a secondary infection
during a subsequent outbreak (1). ‘Variolation’ or inoculation of dried material of
smallpox pustules has been practiced in China since the 10th century. Variolation
usually induced a mild infection that protected against severe reinfection. An
important milestone in the history of vaccination was reached in 1796, when
Edward Jenner developed the first vaccine, after his observation that milkmaids
exposed to cowpox were protected against human smallpox. Jenner successfully
protected a young boy against human smallpox by cowpox inoculation (2). The
terms ‘vaccination’ and ‘vaccine’ both originate from vacca, Latin for cow.
From that time on, it took almost another 100 years before Robert Koch and Louis
Pasteur discovered that microorganisms were the causative agents of infectious
diseases. They thereby opened the era of scientific vaccination by attenuation or
inactivation of pathogens or their toxins to use them as vaccines against anthrax,
rabies, tuberculosis, cholera and diphtheria. The discovery to grow viruses in cell
culture gave rise to the development of live-attenuated anti-viral vaccines against
measles, mumps, rubella and polio, which are all still in use. Rational vaccine design
led to the development of pneumococcal and meningococcal conjugate vaccines and
recombinant DNA hepatitis B vaccine (3). Developments in the fields of immunology
and molecular biology opened the venue for so called ‘reverse vaccinology’ as stateof-the-art vaccine developmental approach (4).
Due to extended vaccination programs, the devastating smallpox disease has been
eradicated worldwide in 1979 (5), polio is close to eradication (6), and mortality
and morbidity from numerous diseases have decreased drastically. However,
many challenges remain. Despite all the efforts, there is for example still a lack of
effective vaccines against malaria, tuberculosis and HIV. In addition, infections with
multidrug resistant microorganisms (7), as well as globalization and climate changes
heightening the risk of outbreaks of vector- and water-borne diseases (8, 9), are
serious threats. These examples underline the need to explore novel approaches to
prevent or combat communicable diseases.
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Immune response to vaccination
The Oxford dictionary defines a vaccine as ‘a substance to stimulate the production
of antibodies and provide immunity against one or several diseases, prepared from
the causative agent of the disease, its products, or a synthetic substitute, treated to act
as an antigen without inducing the disease’. In order to provide immunity, a vaccine
must generate a proper memory response. Our immune system is classically divided
into an inherited innate immune system and an acquired adaptive immune system.
The innate immune system, responsible for the first line defense, is able to act
within minutes after encountering a pathogen. In contrast, the adaptive immune
system, which involves T- and B-cells, requires several days to weeks to respond to
an infectious challenge and is classically characterized by induction of long-term
antigen specific immune memory and recall responses. Both systems are required to
induce a proper immune response upon vaccination.
Most vaccines are delivered by intramuscular, subcutaneous or intradermal injection.
Administration results in a local inflammatory reaction by activation of the innate
immune system. Dentritic cells and macrophages phagocytose vaccine antigens
and present their peptides via HLA class II molecules to CD4+ T-cells, or via HLA class
I molecules to CD8+ T-cells in case of infection by live-attenuated vaccine derived
pathogens. Activation of pathogen recognition receptors present on innate immune
cells results in excretion of signaling molecules (cytokines) and migration towards
lymph nodes. Antigen presentation to naïve T-cells promotes differentiation,
cloning and expanding to form effector as well as memory T-cells. Circulating naïve
B-cells can bind vaccine antigens to their B-cell receptor, endocytose and present
peptides via HLA class II molecules. T-helper cells activate B-cells to proliferate and
differentiate via somatic hypermutation to produce effector and memory B-cells.
One mechanism of protection, especially after vaccination with anti-viral vaccines,
is the induction of neutralizing antibodies or immunoglobulins (Ig). After primary
immunization, IgM antibodies are formed with low affinity for the vaccine antigen.
Somatic hypermutation and selection drive the formation of IgG, which is able
to neutralize microorganisms or their toxins. Nevertheless, the mechanisms of
protection of many other types of vaccines remain incompletely characterized, and
for certain vaccines correlates of protection are lacking (10).
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Innate immune system and trained immunity
As mentioned previously, vaccine responses require formation of a specific adaptive
memory to respond adequately when a pathogen is encountered. However, it has
recently been discovered that vaccination can also leave an immunologic imprint
on the innate immune system (11, 12). Acquiring memory has always been thought
to be a unique feature of the adaptive immune system, but classical human innate
immune cells such as monocytes and natural killer (NK) cells appear to be capable
to respond with non-specific memory responses after priming or so called ‘training’
(13, 14).
The first evidence of innate immune memory stems from studies in plants and
invertebrates. In plants, systemic acquired resistance leads to non-specific protection
against a broad spectrum of pathogens after inoculation of a pathogen (15, 16).
Invertebrates such as Drosophila species which lack T- and B-cells, rely completely on
their innate immune system and are be able to build protective memory responses
(17, 18). Studies in mice have demonstrated the role of the innate immune system
by means of activated macrophages in non-specific protection against candidiasis
after treatment with the anti-tuberculosis vaccine Bacillus Calmette-Guérin (BCG)
(19) and against Schistosoma mansoni infection in BCG immunized nude mice with
reduced T-cell numbers and activity (20).
As one of the first studies on innate immune memory in humans, (21) medical
students who received BCG vaccination as part of their tropical medicine rotation
were examined. Two weeks and three months after BCG vaccination, isolated
peripheral blood mononuclear cells (PBMCs) responded with enhanced transcription
of proinflammatory genes and secretion of pro-inflammatory molecules, not only
upon the causative agent of tuberculosis (Mycobacterium tuberculosis), but also in
response to unrelated bacterial or fungal pathogens (13). Following up on these
findings, studies in SCID mice have shown protective effects of BCG immunization
against a lethal challenge with Candida albicans, which, in the absence of T- and
B-cells, truly reflecting innate immune memory (13). Increased cytokine secretion
upon unrelated restimulation after initial priming represents an upregulation
of monocyte function and is the hallmark of the phenomenon of innate immune
memory called ‘trained immunity’.
Trained immunity is dependent on metabolic changes and mediated at a molecular
level by epigenetic modifications, resulting in a chromatin architecture that is
more accessible for gene transcription and enhanced cytokine production upon
subsequent challenge (13, 22, 23). Cytokines are small proteins important in cell
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signaling produced by various cells such as monocytes, macrophages, NK cells, Tand B-lymphocytes and endothelial cells. Some cytokines exert paracrine functions
upon neighboring cells, while others such as IL-1β, IL-6 and TNF-α can (under certain
conditions) be found in the circulation and thereby act upon a distance. Cytokines
are secreted by activated cells in response to the binding of highly conserved
pathogen associated molecular patterns present on microorganisms to their
pathogen recognition receptors. IL-1β, IL-6 and TNF-α are all important mediators of
the inflammatory process, and amongst many other things induce fever and initiate
the acute phase response.

BCG vaccine in the spotlights as inducer of trained immunity
Evidence of induction of trained immunity in vivo has emerged primarily from studies
performed with the anti-tuberculosis vaccine BCG (13, 14, 23, 24). BCG, developed
by Albert Calmette and Camille Guérin in 1921, is one of the oldest vaccines still in
use (25). Addition of ox bile to their medium attenuated the virulence of causative
agent of cattle tuberculosis, Mycobacterium bovis, and 230 culture passages later, a
live-attenuated Mycobacterium bovis vaccine (called Bacillus Calmette-Guérin), was
developed. The initial strain was not cloned, but shared with several laboratories
worldwide, which resulted in multiple different vaccine strains in use evolving over
time (26, 27). The vaccines strains currently supplied by UNICEF (the Russian, Bulgarian,
Japanese and Danish strains) have been administrated most frequently (28, 29). BCG
vaccination was implemented as standard care in almost all countries worldwide,
besides the USA and the Netherlands, where it was policy to reserve vaccination for
high risk populations (30). Although BCG was initially administered as an oral vaccine,
the route of administration has been replaced by intradermal BCG immunization.
In 2017, WHO estimated that BCG coverage was still the highest of all administered
vaccines worldwide (88% of 1 year old infants), closely followed by diphtheria tetanus
pertussis (DTP) (85%) and measles vaccine (85%) coverage (31, 32).
BCG is usually given at birth and primarily protects against TB meningitis and
disseminated TB in children (33). Protection against pulmonary tuberculosis in adults
is modest and highly variable, depending on the geographical location, possibly as
a result of prior sensitization with environmental mycobacterial, which may mask
or block effects of BCG (34, 35). Therefore, alternative approaches are needed to
improve TB prevention. However, this thesis will not focus on BCG in the context of
tuberculosis, but rather on its immune modulatory properties that may have much
wider beneficial effects at population level (36).
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Non-specific beneficial effects of vaccines
Heterologous immune modulations after BCG immunization have been noticed in
the past and have been tested in the treatment against asthma, atopic diseases and
several types of cancers (37-40). Currently, local BCG instillation is used to reduce
the risk of recurrence in high risk superficial bladder cancer (41). Although general
protective effects on overall mortality after BCG vaccination have been recognized
at the time of its introduction (42, 43), reports from the Bandim Health Project
in Guinea-Bissau describing non-specific effects after routine vaccination have
catalyzed the research into this topic.
After a severe measles epidemic in Guinea-Bissau, measles vaccination was introduced
in the West-African country. Shortly after initiation of measles vaccination, mortality
rates were noticed to decline much more than expected from the protection against
measles cases alone (44). A non-specific beneficial effect on overall mortality after
measles vaccination was suspected. This fascinating observation stimulated further
research. Ever since, evidence is growing that live-attenuated vaccines such as
measles, oral polio vaccine and BCG vaccine are associated with a decrease in overall
mortality. In contrast, potential detrimental effects after non-live vaccines such as
diphtheria-tetanus pertussis have been observed in females (45).
Ethical reasons hinder randomized placebo-controlled trials to study possible nonspecific (immunological) effects of recommended vaccines in infants; withholding
effective routine immunizations from children would simply be impossible.
However, for studying non-specific effects after BCG vaccination, an opportunity
arose, since BCG vaccination is usually postponed in low birth weight children.
Hypothesizing that BCG at birth could have benefits beyond protection against
tuberculosis, a randomized study was initiated to investigate the effect of BCG at
birth or the usual delayed BCG (around 6 weeks of age) in low birth weight children
in Guinea-Bissau. Indeed, BCG vaccination at birth significantly lowered all cause
mortality in the neonatal period due to a decline in the incidence of neonatal
sepsis and respiratory infections (46), and a meta-analyses of three trials detected
a significantly beneficial effect for children up to 1 year as well (47). The decline in
mortality was noticed within days to weeks after vaccination. This promptness would
rule out the possibility of adaptive cross reactivity after BCG vaccination as a single
explanation for the observed effects. BCG-induced innate immune memory (trained
immunity) could however well be a plausible mechanism to explain the observed
decreased overall mortality. It is encouraging that the WHO Strategic Advisory
Group of Experts on Immunization acknowledges possible non-specific beneficial
effects and promotes further research for non-specific effects after vaccination (48,
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49). Deciphering underlying mechanisms behind these effects is pivotal towards a
better understanding and possible implications of non-specific effects after (BCG)
vaccination.

Outline of the thesis
Both epidemiological and immunological evidence argues that commonly used
vaccines can have non-specific effects that may affect overall morbidity and
mortality. Deciphering the overall impact of vaccines on the (innate) immune system
would not only help vaccine policy makers optimizing immunization schedules, but
it would also stimulate the development of a novel generation of vaccines. In this
thesis, I have specifically focused on the non-specific effects of the anti-tuberculosis
vaccine BCG, in the context of trained immunity. The aim of this thesis was to
contribute towards a better understanding of heterologous immunological and
clinical effects after BCG vaccination, and identifying factors contributing towards
variability in immune responses after BCG vaccination.
As an introduction of the topic, the literature is reviewed for evidence of non-specific
beneficial effects after vaccination with the live-attenuated vaccines BCG, measles
and oral polio vaccine in chapter 2.
The effects of BCG vaccination on ex vivo cytokine production last up to one year after
vaccination. Considering the lifespan of monocytes in the bloodstream is only 1-3 days,
it is surprising that effects of BCG vaccination are still present in circulating monocytes
several months after initial BCG administration. In chapter 3 we examined possible
effects of BCG vaccination on human stem and progenitor cells in a randomized
controlled trial as possible explanation for the long-term effect of BCG vaccination on
innate immune cells.
The extent and direction of non-specific effects after vaccination appear to be
different among boys and girls. In an attempt to unravel epidemiologically observed
sex-differential non-specific effects on child morbidity and mortality, we explored the
possible role of the sex-hormones estrogen and testosterone on induction of trained
immunity in chapter 4, using the established in vitro trained immunity model.
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Evidence from epidemiological, randomized controlled trials and immunological
studies is pointing into the direction live-attenuated vaccines such as BCG are able
to leave a beneficial immunological imprint. In contrast, many observational studies
show vaccination with non-live vaccines such as diphtheria-tetanus-pertussis
containing vaccines may exert detrimental effects possibly leading towards
increased morbidity and mortality, especially in girls. In chapter 5 we examined
non-specific immunological effects after tetanus-diphtheria-acellular pertussis
booster vaccination and possible interactions with concomitant or subsequent BCG
vaccination in an explorative randomized trial in female human volunteers.
Understanding variability in induction of trained immunity is of major importance
and may ideally provide insights how to increase its efficacy or help identify
populations that may or may not benefit from future novel applications of BCGinduced trained immunity. In chapter 6 and 7, I focused on questions addressed
within our 300BCG cohort study, in which we aim to unravel host and environmental
factors influencing BCG-induced trained immunity. Considering the role of circadian
rhythms within our immune system, time of BCG administration might be one
of these factors. In chapter 6, I addressed the question whether timing of BCG
vaccination would influence the induction of trained immunity.
Thus far, studies have shown that BCG vaccination results in enhanced
responsiveness of PBMCs upon restimulation, rather than a more permanently
activated pro-inflammatory status. For instance, previous studies did not find
large effects on transcriptional level of circulating monocytes during homeostasis.
However, concerns remain that BCG may promote a pro-inflammatory environment
potentially facilitating for example the development atherosclerosis, a risk factor
for cardiovascular disease. The other way around, inflammation may affect trained
immunity as recent studies have shown pre-vaccination inflammatory status may
influence vaccine immunogenicity. In chapter 7, I asked the questions whether
inflammation would affect BCG immunogenicity, and if BCG vaccination would
influence the inflammatory status post-vaccination.
The beneficial effects of BCG vaccination on infant mortality might be explained
by heterologous protection against other infections. In support of this hypothesis,
studies in mice have indeed demonstrated protective efficacy of BCG against nonrelated infections in mice (13, 19, 20, 50, 51). In the last two chapters I focused
on protective efficacy of BCG vaccination against heterologous pathogens.
Hypothetically, BCG may be used as an immune modulatory, novel vaccine
approach, in case of outbreaks with pathogens for which no specific vaccine exists.
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Avian influenza viruses are examples of zoonosis currently lacking specific vaccines.
These viruses could, after further viral adaptations, lead to human-to-human
transmission and pandemic outbreaks. In chapter 8 we investigated the effect of
BCG immunization prior to a lethal avian influenza A(H7N9) challenge infection in
mice. Lastly, in chapter 9 we questioned ourselves whether BCG could influence
the course of a non-related, clinically relevant infection in humans and investigated
safety, protective efficacy and immunological responses of BCG vaccination prior to
Controlled Human Malaria Infection.
A summary of the results of these studies and conclusions of this thesis are detailed
in chapter 10.
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Abstract
Besides protection against specific microorganisms, vaccines can induce heterologous
or non-specific effects (NSE). Epidemiological data suggest that vaccination with
live-attenuated vaccines such as Bacillus Calmette-Guérin (BCG), measles vaccine,
and oral polio vaccine results in increased overall childhood survival, and several
of these observations have been confirmed in randomized trials. Immunological
mechanisms mediating NSE include heterologous lymphocyte effects and induction
of innate immune memory (trained immunity). Trained immunity induces long-term
functional upregulation of innate immune cells through epigenetic and metabolic
reprogramming. An overview of the epidemiological evidence of non-specific effects
of vaccines and the latest insights regarding the biological mechanisms behind this
phenomenon is presented, and future research priorities and potential implications
are discussed.
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Introduction
The discovery of vaccines is one of the most important breakthroughs in medicine.
It is estimated that between two to three million deaths are prevented by vaccines
each year (1, 2). Regardless of this great success, infections are still the leading
cause of death among children under the age of five in low-income countries (3).
Although global vaccine coverage is increasing (4), UNICEF and WHO estimated that
one out of ten infants did not receive any vaccine in 2016 (5). At the same time,
with a worldwide increased life expectancy, aging populations are suffering from
immunosenescence, the gradual deterioration of the immune system affecting both
innate and adaptive immune system, resulting in increased morbidity and mortality
from infectious diseases (reviewed in (6)). Additionally, the intensified use of immune
suppressive therapies enhances the susceptibility to infections of various patient
groups (reviewed in (7)). Vaccines play a pivotal role in prevention of infections in
these vulnerable populations. Efforts to optimize immunization programs should
consist of enhancing vaccine coverage as well as expansion of vaccination programs
by developing and implementation of novel vaccines. An interesting novel approach
is to make use of the heterologous non-specific protective effects of already existing
vaccines.
Vaccination is based on the induction of specific immunological memory that enhances
adaptive immune responses in lymphocytes upon subsequent infection with a similar
pathogen. Aside from these diseases-specific effects, a growing body of literature is
suggesting that widely used vaccines, including the live-attenuated anti-tuberculosis
vaccine Bacillus Calmette-Guérin (BCG) and live-attenuated measles vaccine (MV),
could induce heterologous protective ‘non-specific effects’ (NSE), affecting overall
mortality (8-10). In this review, we will focus on the beneficial NSE of vaccines. We will
provide an overview of historic and novel studies concerning NSE, and describe the
current knowledge about its mechanisms and potential implications.
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Non-specific effects of vaccines - from historical
evidence to recent observations
After a devastating measles epidemic in 1979, measles vaccination (MV) was
introduced in Guinea-Bissau. Upon introduction of this vaccine, a remarkable
decrease in childhood mortality was observed, despite low post-epidemic measles
infection rates (11). A decade later, high dose measles vaccines were tested in
randomized controlled trials and compared with standard dose MV in several
countries (12-15). Strikingly, despite excellent immunogenicity, vaccination with
high dose MV resulted in higher overall mortality in girls compared to those
vaccinated with standard dose vaccines. As a result, the WHO withdrew high dose
MV in 1992. Reanalysis of ten cohorts and two case control studies on the effect of
standard dose MV on children confirmed the initial observation after introduction
of standard dose MV in Guinea-Bissau (16). Interpreted cautiously, since the majority
of these observational studies were not corrected for confounders, standard dose
MV resulted in a beneficial effect on overall mortality. Studies which were analyzed
by sex, reported a beneficial effect in favor of girls (17, 18). Altogether, for the first
time serious attention was brought to non-specific effects of vaccines, as well as the
possible sex-differential component in this effect on overall mortality.
These findings triggered the interest to investigate overall childhood mortality after
other routine childhood vaccinations. In a large cohort study the effect of several
vaccines on overall childhood mortality was investigated in Guinea-Bissau (19).
Similar to the observed effects after MV, BCG vaccination was associated with a
significantly lower mortality ratio of 0.55 (95% confidence interval (CI) 0.36-0.85).
Interestingly, in 1931 a Swedish physician already ascribed non-specific beneficial
effects to BCG upon introduction of this vaccine in Sweden (20), and also Calmette
himself indicated BCG offered more than specific protection (21). Both noticed a
strong reduction in childhood mortality after BCG vaccination, which could not
be attributed to the prevention of tuberculosis alone. Combined analysis of trials
performed in the UK and USA between 1940-1950 estimated BCG vaccination
reduced overall mortally by 25% (95% CI 6-41) (22). A cohort study analyzing the
effect of BCG vaccination in low-birth weight children pointed into the direction of
a strong protective effect after BCG vaccination compared to non-BCG vaccinated
children, with a mortality ratio of 0.17 (95% CI 0.06–0.49) (23). Case control and cohort
studies reported a more pronounced beneficial effect in girls after BCG vaccination
in terms of reduced incidence of respiratory infections and overall mortality (24,
25). Epidemiologically, BCG scarification appeared to be associated with increased
childhood survival (26, 27). Historical data suggest BCG revaccination of children in

Non-specific effects of vaccines: current evidence and potential implications |

27

Alger offered additional overall protection on top of primary vaccination (28), and in
a more recently conducted revaccination trial subgroup analysis revealed additional
protection for BCG revaccinated children who did not receive diphtheria-tetanuspertussis (DTP) vaccination in the meanwhile (29). Although renewed interest in the
effect of BCG on overall childhood mortality may have arisen during last decade,
the immune modulatory properties of this vaccine have already been known for
much longer. In 1959 Old et al. reported that BCG immunization protected mice
against cancer (30). Thereafter BCG was tested against various malignancies like
acute lymphoblastic leukemia (31), and melanoma (32). The first publication about
the efficacy of topical BCG towards superficial bladder cancer dates back to 1976
(33), and nowadays BCG instillations are the gold standard as adjuvant therapy
in superficial bladder cancer to reduce the risk of recurrence (34, 35). Besides the
immune modulatory effects against malignancies and observed effects on overall
mortality, BCG vaccination is also associated with reduced risk of the development of
atopy. An example is found in the reported significantly reduced skin test reactivity
in previously BCG vaccinated versus non-vaccinated individuals (odds ratio 0.19
(95% CI 0.06-0.59)) (36).
After MV and BCG, the attention was drawn by another live-attenuated vaccine,
oral polio vaccine (OPV). With only three countries where polio remains endemic,
the world is striving for polio eradication. While high-income, polio-free countries
incorporated the use of the inactivated polio vaccine (IPV), many other countries
make use of OPV in their national immunization programs. Due to a low risk of
vaccine-derived poliomyelitis, current WHO policy is to replace OPV gradually by
IPV (37). However, there are several indications substitution of OPV by IPV might
affect overall mortality (38). During temporary shortage of DTP vaccine, a significant
lower case-fatality was found in OPV vaccinated children compared to OPV plus DTP
vaccinated children admitted at the pediatric ward in polio free Bissau (case fatality
ratio (CFR) 0.29; 95% CI 0.11–0.77) (39). Evaluating the effect of 15 national OPV
immunization campaigns on mortality during seven randomized trials performed in
Guinea-Bissau from 2002-2014, OPV campaigns had a significant impact on overall
mortality (adjusted mortality rate ratio (MRR) for after-campaign versus beforecampaign was 0.81 (95% CI 0.68–0.95), with an independent significant beneficial
effect in boys (MRR 0.74; 95% CI 0.58–0.94) but not for girls (MRR 0.87; 95% CI 0.70–
1.07). Moreover, any additional OPV dose lowered mortality by 13% (MRR 0.87; 95%
CI 0.79–0.96), again with a sex-differential effect in favor of boys (MRR 0.80; 95% CI
0.70–0.91) versus girls (MRR 0.94; 95% CI 0.83–1.05) (40).
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A fourth live vaccine associated with beneficial effects on overall mortality is the
smallpox vaccine vaccinia. This vaccine used to be part of routine immunizations and
vaccination campaigns until the successful eradication of smallpox in 1977. In line
with findings after BCG scarring, two observational studies suggested a beneficial
effect of smallpox vaccination and scarification on overall mortality in adults, with a
stronger protective effect in females compared to males (41, 42), as well as enhanced
effect after revaccination as suggested by detection of multiple scars (41).
Textbox 1. Key observations historical trials and epidemiological studies

(Live-attenuated) vaccines are associated with possible non-specific effects
• BCG, measles, OPV, and vaccinia
Sex-differential effects observed for non-specific effects
• In favor of girls: BCG, MV, and vaccinia
• In favor of boys: OPV
Additional effects observed after revaccination
• BCG, MV, OPV, and vaccinia
Maternal priming affects outcome of non-specific effects in newborns
• BCG and measles
Other observations or applications
• BCG bladder instillation reduces risk of recurrence of bladder cancer
• BCG vaccination reduces incidence of atopy

Do

Fisker

Denmark (2018)

Guinea-Bissau (2010)

Guinea-Bissau (2017)

Burkina Faso and
Guinea-Bissau (2017)

Finland (2011)

Guinea-Bissau (2015)

Bangladesh (2017)

BCG

Measles

Measles

Measles

OPV

OPV

OPV

Upfill

Lund

Seppälä

Aaby

Stensballe

7012
614

Newborns
Children
39 weeks old

314

Children
2 months old

1592

Children 4.5
months old

8309

6648

Children 4.5
months old

Children
4-7 months old

4262

4172

105

2320

Number of
inclusions

Newborns

LBW newborns

Biering Sorensen

Guinea-Bissau (2017)

BCG

LBW newborns

Biering Sorensen

Guinea-Bissau (2012)

BCG

LBW newborns

Guinea-Bissau (2011)

BCG

Tested
population

Aaby

Country

Vaccine

First
author

Table 1. Overview recent trials

Single MV at 9 months

Edmonston-Zagreb
MV at 4.5 and 9
months

Trivalent OPV

IPV

BCG alone

No vaccination

Early additional
dose of EdmonstonZagreb MV at 4.5
months

BCG-Denmark +
OPV0 at birth

Edmonston-Zagreb/
Schwartz MV at 9 months

Edmonston-Zagreb
MV at 4.5 and 9
months

IPV at 6 , 12 and 24 months

No vaccination

BCG-Denmark at
birth

OPV at 2,3,6 and 12
months

Postponed BCG-Russia

BCG-Denmark at
birth

Postponed BCG-Denmark

Postponed BCG-Denmark

BCG-Denmark at
birth
BCG-Denmark at
birth

Control
group

Intervention
group

12 months

12 months

22 months

32 months

4.5 months

32 months

15 months

28 days

12 months

12 months

Followup

Diarrheal
episodes

Overall
mortality

Incidence otitis
media

Mortality rate

Maternally
reported
morbidity

0.83 (0.61-0.87)

0.87 (0.72–1.04)

1.05 (0.75-1.46)

Diarrhea 0.89 (0.82–0.97)
Vomiting 0.86
(0.75–0.98)
Fever 0.93 (0.87–1.00)

0.78 (0.59-1.05)

0.99 (0.85-1.15)

Hospital
admission for
infections
Mortality

0.70 (0.47–1.04)

0.41 (0.14–1.18)

0.83 (0.63–1.08)

Effect size
(95 % CI)

Neonatal
mortality

Overall
mortality

Overall
mortality

Main
outcome
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Evidence from randomized trials and populationbased cohort studies
Based primarily on epidemiological observations it remains difficult to prove causal
relationships between vaccines and overall mortality. A stronger level of evidence
has come from several RCTs conducted in both low-income and high-income
countries (table 1).

BCG
One of the best studied examples thus far is BCG, the only available anti-tuberculosis
vaccine administered in approximately 100 million children each year. In lowincome countries, BCG is recommended at birth, but it is usually postponed in lowbirth weight (LBW) children. The delay in vaccination of these children served as
a window of opportunity to study the observed advantages of BCG vaccination
on overall mortality. In a large randomized trial performed in Guinea-Bissau, LBW
children were randomized to BCG at birth or postponed BCG. Although a nonsignificant reduction in infant mortality was reported after 12 months follow-up, a
significant 45% decrease in neonatal mortality rate was found (95% CI 11–66), mainly
due to a lower sepsis as well as respiratory infections related mortality (43). A smaller
randomized trial included 105 Guinean LBW children, and found a non-significant
reduction in neonatal mortality 0.17 (95% CI 0.02–1.35) within 3 days of enrollment,
0.28 (95% CI 0.06–1.37) in the first month, and 0.27 (95% CI 0.07–0.98) after 2 months
of age (44). In a third trial, 4172 Guinean LBW children were randomized between
BCG at birth and no BCG. While early administration of BCG was associated with a
non-significant reduction in neonatal mortality rate (MRR, 0.70; 95% CI 0.47–1.04), a
subgroup analysis revealed a significant 43% decrease in infectious disease mortality
rate (MRR 0.57; 95% CI 0.35–0.93) (45). A meta-analysis of the three mentioned trials,
showed that early BCG administration reduced mortality by 38% within the neonatal
period (MRR, 0.62; 95% CI, 0.46–.0.83) and 16% by the age of 12 months (0.84; 95%
CI 0.71–1.00) (45). Analyzed by sex, a time-dependency in the sex-differential effects
after BCG vaccination appeared; BCG vaccination resulted in rapid but transient
protective effects in boys within the first week after administration, while the
beneficial effect in girls started later (46).
To study the effect of BCG vaccination at birth in a high-income setting, a large
randomized controlled trial was set up in Denmark, where BCG vaccination is no longer
part of routine childhood vaccinations (47). 4262 children were randomized to BCG
at birth versus no BCG. Vaccination at birth did not have an overall effect on hospital
admissions for infectious diseases during a follow-up period of 15 months (48). However,
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BCG vaccinated babies of BCG vaccinated mothers had 35% (6-55%) reduction in the
risk of admissions for infectious diseases (48), a finding which is currently being further
explored. In the same Danish cohort, the effect of BCG vaccination on the development
of atopy was also studied. BCG vaccination had a modest protective effect on the
development of atopic dermatitis in children with atopic predisposition (relative risk
(RR) 0.84; 95% CI 0.74-0.95) (49). No effects were seen on the development of recurrent
wheezing (50), allergic sensitization measured by Phadiatop Infant assay (51), or
psychomotor development using the Ages and Stages Questionnaire (52).
Currently the results of a second large randomized controlled trial in a high income
setting are awaited; the Melbourne Infant Study: BCG for Allergy and Infection
Reduction trial (MIS-BAIR) randomized 1272 neonates between BCG-Denmark at
birth or not (ClinicalTrials.gov NCT01906853) to study the effect of BCG vaccination
on the incidence of infections, allergy and eczema.

Measles vaccine
In 2010, 6648 Guinean children were randomized to receiving an additional early
Edmonston-Zagreb MV at 4.5 months prior to the standard scheduled vaccination at
9 months, versus either single Edmonston-Zagreb or Schwartz measles immunization
at 9 months (53). Measles strain type did not influence overall mortality rates.
Vaccination with an early additional dose resulted in a trend towards lower mortality
between 4.5 and 36 months of age (MRR 0.78; 95% CI 0.59-1.05). In the per protocol
analysis the mortality rate ratio was 0.70 (95% CI 0.52-0.94). Although not powered
to detect differences between subgroups, analysis by sex revealed a sex-differential
effect in favor of girls, with a mortality rate ratio of 0.64 in girls (95% CI 0.42-0.98),
while the mortality rate ratio was 0.95 (95% CI 0.64-1.42) in boys. Within the trial,
early MV also protected against infectious diseases hospitalization. In a subsequent
trial in rural areas of Burkina Faso and Guinea-Bissau, 8309 children were randomized
between an additional standard dose Edmonston-Zagreb MV at 4.5 months on
top of standard Edmonston-Zagreb MV at 9 months or not (54). A supplementary
dose did not affect overall mortality (hazard ratio (HR) 1.05; 95% CI 0.75-1.46). A
preliminary report of the safety of early MV in 1592 children in a different trial in
urban Guinea-Bissau found a reduced maternally reported morbidity; resulting in a
decreased incidence of diarrhea (HR 0.89; 95% CI 0.82–0.97), vomiting (HR 0.86; 95%
CI 0.75–0.98), and fever (HR 0.93; 95% CI 0.87–1.00) (55). Both groups mounted a
similar antibody response and no sex-differential effects were observed.
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Four population-based cohort studies have focused on the possible effects of
measles containing vaccines regiments in high-income countries (56, 57). The Danish
study reported a lower hospital admission rate for any type of infection in children
receiving the live attenuated measles-mumps-rubella vaccine after inactivated
DTaP-IPV-Haemophilus influenza type B (DTaP-IPV-Hib) (58). A nationwide population
based cohort study in the Netherlands found a protective effect on hospital
admission in children having MMR compared to DTaP-IPV-Hib plus pneumococcal
vaccine (PCV) as their most recent vaccination (59). However, comparing the fourth
DTaP-IPV-Hib+PCV with the third DTaP-IPV-Hib+PCV as most recent given vaccination
resulted in a protective effect as well. However, the beneficial effect of MMR was
significantly stronger than the effect of the fourth dose of DTaP-IPV-Hib+PCV(60).
Additionally, MMR was associated with a strong beneficial effect on respiratory
infections, which the fourth dose of DTaP-IPV-Hib-PCV was not (61). In fact, all four
cohort studies in high-income countries have found that MMR has particularly
beneficial effect for respiratory infections.

OPV
In 2008 a randomized controlled trial in Guinea-Bissau comparing the effect
of vitamin A supplementation (VAS) and OPV at birth in LBW boys, was stopped
prematurely due to a cluster of deaths in the VAS arm. Although the trial was
therefore underpowered, there was a tendency for lower mortality in the OPV arm
during the first weeks of life which was statistically significant in the rainy season
(62). From 2008-2011 a randomized trial compared BCG plus OPV at birth versus
BCG alone, resulting in a tendency towards reduction of overall mortality when OPV
was added, HR 0.83 (95% CI 0.61–1.13) (63). After censoring for interfering national
OPV campaigns, OPV administration within the first day of life significantly reduced
mortality, HR 0.52 (95% CI 0.31–0.88).
Comparing OPV and IPV, in 2011, a Finish trial reported a protective effect against
acute otitis media in OPV vaccinated children compared to IPV vaccinated children
between the age of 6-18 months (incidence rate ratio (IRR) 0.76; 95% CI 0.59–0.94)
(64). A randomized controlled trial in Bangladesh found a significant shortening of
the length of diarrhea periods in OPV versus IPV vaccinated children (65). Moreover,
differences in etiology were detected between groups, with a lowered incidence of
bacterial causes in stool cultures of OPV vaccinated males. Hospital admission rates
between children who received their first OPV vaccination and those with DTaPIPV-Hib as their most recent vaccine were compared in a nationwide cohort study
in Denmark, and reported a significant reduction in the group of OPV vaccinated
children (IRR 0.85; 95% CI 0.77–0.95) (66).
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Underlying mechanisms of non-specific beneficial
effects of vaccination
The first possible immunological mechanism to explain NSE of vaccination is
heterologous immunity, in which cross-protection is mediated by heterologous
T-cell memory responses (67). The second hypothesis for non-specific protection
against infections induced by vaccination is ‘trained immunity’, the development
of immunological memory by the innate immune system. The general dogma in
immunology during the last half century was that the innate immune system, as
opposed to adaptive immunity, is non-specific and does not adapt to an enhanced
functional state. However, plants and invertebrates are also protected against reinfection, even though they lack a functional adaptive immune system. Here we will
discuss the concepts of heterologous T-cell memory and trained immunity and their
role in NSE of vaccines (68).

Heterologous T-cell immunity
The concept of heterologous immunity is that vaccines encode antigens, which
leads to cross-reactive T-cells against other pathogens. Structural similarity between
epitopes plays a role in cross-reactive T-cell responses, although T-cell receptors are
also reported to recognize multiple, seemingly distinct ligands. It was shown that
cross-reactivity is dependent on sequence similarity based on biochemically similar
amino acid substitutions, demonstrating that seemingly distinct T-cell epitopes are
in fact more biochemically similar than expected (69).
In a murine model, BCG immunization was shown to protect against subsequent
vaccinia virus infection, which was accompanied by elevated CD4 and CD8 T-cell
responses, and this protection was lost after depletion of CD4 T-cell populations (70).
Isolated PBMCs from BCG vaccinated human volunteers displayed a long-lasting
heterologous Th1 and Th17 response upon stimulation with unrelated pathogens
and TLR-ligands (71). In an ex-vivo setting, human T-cells specific for Epstein-Barr
virus could cross-react with influenza A epitopes (72). In contrast to these beneficial
effects, cross-reactive responses may also lead to immunopathology. In patients
with hepatitis C virus, it was shown that CD8 T-cell responses, that cross-reacted
with an influenza neuraminidase sequence, led to severe hepatitis (73). Ultimately,
the ability to characterize and predict cross-reactive T-cell responses could be useful
in designing vaccines, determining vaccine strategies and perhaps even predict
outcome of disease after infection.

2

34

| Chapter 2

Trained immunity
The majority of in-vivo studies aiming to unravel possible mechanisms behind NSE
were performed in the context of BCG. To test whether BCG-mediated effects are
independent of adaptive immunity, severe combined immunodeficiency (SCID)
mice, which lack both B- and T-cells, were challenged with Candida albicans infection
two weeks after vaccination with BCG. BCG-vaccinated mice had a significantly
better survival rate compared to saline-injected animals, and this was accompanied
by a decreased fungal burden (74).
In an ex-vivo setting, peripheral blood mononuclear cells (PBMCs) isolated from BCGvaccinated individuals produced increased levels of pro-inflammatory cytokines
TNF-α and IL-1β in response to stimulation with unrelated pathogens such as
Staphylococcus aureus and C. albicans (74). These effects were observed two weeks
and three months after vaccination, and declined one year later, although LPSinduced TNF-α and IL-1β remained significantly higher compared to pre-vaccination
levels (71). A similar response was observed after restimulation of isolated NK-cells
(75). In another placebo-controlled human challenge study, BCG vaccination resulted
in decreased peak viremia after subsequent vaccination with the live attenuated
yellow fever vaccine, an effect which correlated with upregulation of IL-1β (76).
In addition to the effects on TNF-α and IL-1β, the levels of CXCR3 ligands CXCL9,
CXCL10 and CXCL11 were also found to be increased after BCG vaccination upon exvivo restimulation. CXCR3 receptor blockade resulted in mycobacterial outgrowth,
suggesting a role for these chemokines as new trained immunity markers (77).
These trained immunity responses are partly mediated by epigenetic changes,
including histone modifications, in monocytes, as they can influence long-term
transcriptional regulation. Three months after BCG vaccination, H3K4 trimethylation
was found to be significantly increased at the level of cytokine and Toll-like receptor
4 promoters in circulating monocytes (74). These epigenetic changes are intertwined
with a metabolic shift. After BCG vaccination, PBMCs displayed upregulation in
glycolysis, and to a lesser extent oxidative phosphorylation and glutaminolysis.
Metabolic inhibition reversed epigenetic changes in an in-vitro trained immunity
model, resulting in decreased cytokine responses upon restimulation. Metformin
treatment, which is an inhibitor of mTOR-dependent glycolysis, of BCG vaccinated
healthy volunteers resulted in decreased trained immunity responses, by means of
diminished ex-vivo cytokine responses and lactate production (78).
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Future research priorities
Cell types and tissue specificity
Although big steps in unraveling the molecular mechanism of (BCG-induced)
trained immunity have been made (74, 76, 79), we are only beginning to understand
this novel concept. Monocytes are known to play a key role in BCG-induced trained
immunity, but the possible contribution of other cell types in the context of the
non-specific beneficial effects after BCG vaccination remains largely unexplored.
As discussed previously, murine and human data suggest involvement of NK-cells
in BCG-induced trained immunity as well (75). To our knowlegde, no studies have
been performed on possible involvement of other innate or semi-innate immune
cells, such as innate lymphoid cells, recently shown to be activated after mucosal
BCG immunization in mice (80), neutrophils, γδ-T-cells or NK T cells. The molecular
mechanism as well as exact role of different innate cell types in BCG-induced trained
immunity remains to be elucidated.
Beta-glucan, a component of the C. albicans cell wall and a potent inducer of trained
immunity (81-83), induced long-lasting trained immunity effects in a murine model
through modulation of hematopoietic progenitors (84). Additionally, a recent murine
study showed that access of BCG to the bone marrow changes the transcriptional
landscape of hematopoietic stem cells (HSCs) and multipotent progenitors.
Interestingly, BCG-trained HSCs generate epigenetically modified macrophages that
provide significantly better protection against M. tuberculosis infection compared
to naïve macrophages (85). Although it is tempting to speculate the longevity of
trained immunity after human BCG vaccination is explained by modifications of
hematopoietic stem and progenitor cells and influence on lineage differentiation as
well, this still has to be proven.
Another topic for future studies should imply the impact of BCG at tissue level;
although circulating immune cells of BCG vaccinated volunteers display a proinflammatory status upon ex-vivo restimulation, tissue resident macrophages
may demonstrate different response patterns due to their specific environmental
niche and expression of dissimilar surface markers compared to their circulating
counterparts (86).
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Correlates of induction of trained immunity and protection
Immune responses after BCG vaccination show high variability across individuals.
In a small cohort, development of a local inflammatory response at the site of BCG
vaccination correlated with induction of a broad proinflammatory T cell response
(87). In contrast, volunteers with predominantly CD8 regulatory T cell responses
with poor cytokine induction were characterized by only mild local inflammation.
Previously it has been shown that innate immune responses in healthy individuals are
influenced by genetics, age, gender, seasonality as well as microbiome composition
(88-90). Large immunological cohort studies with a systems biology approach
are warranted to study these mediators of innate immune function to decipher
correlates of induction of trained immunity after BCG vaccination. Eventually, future
correlates of induction of trained immunity should be validated in human challenge
infection models, to see whether they translate into protection.
Specificity in protection against the type of pathogen or disease manifestation after
BCG vaccination have been observed in murine studies, challenge infection models,
as well as randomized trials in neonates. In mouse models BCG immunization induced
protection against Plasmodium species, Schistosoma and Candida infections (74, 9193). Recently, a couple of small randomized experimental trials have accomplished
first attempts to investigate the correlation of BCG-induced trained immunity and
protection against subsequent unrelated challenges in healthy volunteers. BCG
vaccination reduced peak viremia after consecutive live-attenuated yellow fever
vaccination (76). However, in a human endotoxemia model gamma-irradiated BCG
did not modulate immune responses nor sympoms (94). In neonates BCG-related
protection is particularly observed against respiratory infections and sepsis (43,
45). Intriguingly, both very low and high cytokine production after ex-vivo whole
blood stimulation were associated with high infant mortality in BCG vaccinated LBW
neonates (95). These findings all point towards a certain specificity in the protection
of BCG against certain microbes or disease types as well as a thus far unexplained
variability in immune responses after BCG vaccination which needs further attention.

Validation across settings and populations
Studies unraveling the mechanism behind BCG-induced trained immunity have
initially been primarily conducted in Western healthy young adult volunteers.
Fortunately a couple of large immunological trials performed in neonates have
recently appeared, which may eventually reflect a better approach to relate findings
to the observed effects after BCG vaccination in newborns. In Guinae-Bissau, BCG
vaccinated neonates displayed a pro-inflammatory cytokine response upon ex-vivo
heterologous whole blood stimulations (96), wereas no effect was detectable
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in cytokine responses in ex-vivo restimulated whole blood assays of BCG-Denmark
vaccinated newborns in Denmark (97). In the Gambia, BCG-Russia vaccination did
not modulate ex-vivo PBMC derived TNFa responses in newborns upon heterologous
stimulation, but showed upregulation in C. albicans induced CD8 derived IFN-y
responses and downregulation of S. pneumoniae induced responses in females
(98). The most recent findings in a BCG-Denmark vaccinated cohort in Australia
showed reduced anti-inflammatory responses upon heterologous ex-vivo whole
blood stimulations one week after BCG vaccination of newborns (99). Since BCG
vaccination trials in alternative cohorts as elderly or immunocompromised patients
are lacking, studies in these populations would add tremendously to the current
understanding and possible implications of BCG-induced trained immunity.

Comparison of different strains of BCG vaccines
It should be noted, BCG is not a single vaccine, since there are multiple vaccine
strains in use. The BCG vaccine used in almost all of the previously published
NSE studies, BCG-Denmark, is not in use anymore due to production and supply
problems. BCG-Russia is nowadays the most frequently administered strain (100).
Although there is no consensus one specific BCG strain confers superior protection
against tuberculosis, data indicate various strains could have a different impact
on overall morbidity and mortality, and the Russian strain in particular seems to
be associated with weaker protection (100-103). Currently a BCG strain comparison
trial focused on overall morbidity and mortality is being conducted in Guinea-Bissau
(ClinicalTrials.gov NCT02447536).

Sex-differential effects
There are several indications that NSE of life-attenuated vaccines are sex-specific
to some extent. While observations of benefeficial effects after MV and vaccinia
administration are more pronounced in girls (41, 104), lower all cause mortality (63,
105) as well as morbidity measured by diarrheal burden (65) is observed in boys
compared to girls after OPV vaccination. For BCG, a time-depency in sex-differential
beneficial effects has been observed after vaccination, with a temporary effect on
overall mortality in boys shortly after vaccination and a longer lasting effect on
morbidity and mortality in girls starting at a later timepoint after vaccination (24,
25, 46).
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The progress in deciphering possible mechanisms of observed sex-differential
effects has unfortunately been negligible so far. Due to the pro-inflammatory
effects of low-dose estradiol, and the anti-inflammatory effects of testosterone
and progesterone, it is hypothesized that sex hormone–mediated effects may well
play a role (106). In a recent Gambian study, 302 infants were vaccinated with MV,
DTP or both at the same time. MV vaccination enhanced pro-inflammatory innate
responses in males but not females. These effects were modified when both vaccines
were administered together (107). In an in-vivo study, sex influenced cytokine
responses in BCG-vaccinated neonates (99), and affected macrophage migration
inhibitory factor (MIF) production. Immunological studies are needed to decipher
the underlying mechanism, and future phase III and IV vaccination trials should
include sex-differential analysis of all outcomes.

Potentiating the beneficial heterologous effects of vaccines
In order to potentiate beneficial NSE of vaccines, one could think of various methods.
First, as previously discussed, there is evidence that revaccination with liveattenuated vaccines may offer enhanced overall protection (108). Secondly, maternal
BCG priming may enhance beneficial effects of vaccines on overall morbidity of
their children (47), and was found to be associated with increased ex-vivo whole
blood cytokine responses of BCG vaccinated offspring (99). Finally, beneficial effects
of vaccines could be augmented or mimicked by pharmacological modulators, for
example by targeting immunometabolic pathways or epigenetic modulators.
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Textbox 2. Future research priorities

BCG-induced trained immunity
• Cell types and tissue specificity (NK-cells, γδ-T cells, alveolar macrophages,
bone marrow)
• Variability in immune responses after BCG vaccination
• Correlates of induction of trained immunity
• Correlates of protection (human challenge infection studies)
• BCG vaccine strain comparison
• 
Alternative populations (aging, different genetic and environmental
background, immune compromised)
Other vaccines
• Immunological studies to decipher underlying mechanism (MV, OPV)
• Overall morbidity and mortality as outcome in phase III and IV vaccination
trials
Sex-differential effects
• Immunological studies to decipher underlying mechanism
• Sex-differential analysis of phase III and IV vaccination trials
Potentiating beneficial effects
• Booster vaccination
• Maternal priming
• Pharmacological modulators
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Potential implications
The discovery of NSE of vaccines and trained immunity has important implications.
Firstly, in terms of vaccination schedules, the leading hypothesis is that the most
recent given vaccine leaves a non-specific immunological imprint until the next
vaccine is administered and thereby influencing overall morbidity and mortality.
Thus far the capability to induce these positive effects is only ascribed to liveattenuated vaccines. In the current WHO routine childhood immunization schedule
a non-live vaccine such as DTP is most of the time the last given vaccine until the
next vaccine is administered. Minor changes in the recommended order of childhood
vaccinations, basically adding two extra MV doses to the schedule, could have a
huge impact on overall mortality and morbidity (109). On top of expanding routine
childhood vaccinations, maternal vaccination could confer additional protection in
the first months of life of their offspring by enhancing specific as well as non-specific
protection against infections.
Secondly, to enhance immunogenicity of vaccines, for example in relatively
immunocompromised populations as newborns as well as elderly, BCG could
function as an adjuvant to other vaccines. It has been shown BCG vaccination
increases antibody responses of concomitant or subsequent given vaccines such
as HBV, pneumococcal, Haemophilus influenza type B, tetanus toxoid and influenza
vaccines (110-112). As novel application of existing vaccines, one could think of using
vaccines as immune modulators to prevent infections in elderly, post-surgical, and
immunocompromised patients. Moreover, as the counterpart of immune tolerance
during sepsis, induction of trained-immunity could facilitate the reversal of innate
immune tolerance (83). Although trained immunity may help to combat infectious
diseases, it should also be noted that it likely contributes to the systemic low-grade
inflammation in cardiovascular disease (113) and possibly in other inflammatory
disorders (114).
Apart from its current use in the treatment of bladder carcinoma, there are various
other potential implications of BCG-induced trained immunity in the field of oncology
and hematology. Trained immunity could play a role in infection prevention during
or after chemotherapeutical treatment. Although the adaptive immune system is
being targeted in the majority of immune therapies used in cancer treatments, the
innate immune system should not be overlooked as a possible target, taking the
role of the innate immune system in the initiation and progression of hematological
malignancies into account (115).
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Textbox 3. Potential implications

Current vaccine policy
• Change order of routine childhood vaccinations
• Vaccination of women of fertile age with live vaccines
• Booster vaccination with live vaccines
Novel applications of existing vaccines
• Prevention of post-surgical wound infections
• Prevention of infections in ageing and immunocompromised populations
• Reversing immune tolerance

Conclusions
To summarize, in the present review we describe the epidemiological and
immunological data on the beneficial NSE of vaccines. Initial evidence for nonspecific effects of vaccines derived from historical trials and repeated epidemiological
observations is supplemented by a growing body of literature from recent
randomized trials and immunological studies. Vaccine policy makers must be highly
aware of NSE and promptly follow developments in this field. Immunologists should
accept the invitation to unravel existing gaps in our understanding of mechanisms
behind NSE, as well as explore potential novel implications. Only a comprehensive
understanding of these processes will be able to fully deploy the potential beneficial
effects of vaccination.
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Abstract
Induction of trained immunity by Bacillus Calmette-Guérin (BCG) vaccination
mediates beneficial heterologous effects, but the underlying mechanisms regulating
the longevity and magnitude of such effects remain elusive. We show that BCG
vaccination in humans induces the long-lasting activation of a transcriptional program
connected to myeloid cell development and function within the hematopoietic stem
and progenitor cell compartment in the bone marrow. As crucial regulators of this
transcriptional shift we identify hepatic nuclear factor family members 1a and b.
These findings are corroborated by higher granulocyte numbers in BCG-vaccinated
infants, HNF1 SNP variants correlating with trained immunity, and elevated serum
concentrations of the HNF1 target gene SERPINA1. In addition, transcriptomic HSPC
remodelling was epigenetically conveyed to peripheral CD14+ monocytes, displaying
an activated transcriptional signature 3 months after BCG vaccination. Taken together,
transcriptomic, epigenomic and functional reprogramming of HSPCs and peripheral
monocytes is pivotal in human in vivo BCG-induced trained immunity.
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Introduction
Recent studies have shown that the ability to functionally adapt immune responses
after an initial insult is not an exclusive property of adaptive immune cells, such as B
and T cells, but is also found in a variety of innate immune cells, such as myeloid cells
and natural killer (NK) cells (1,2). The functional adaptation of innate immunity after
a primary insult, such as an infection or vaccination, represents a de facto innate
immune memory, also termed trained immunity. This leads to a more effective nonspecific (heterologous) response to a secondary insult, independently of the initial
antigen (3). Epidemiological studies have shown that many vaccines, especially
those employing attenuated live microorganisms such as Bacillus Calmette-Guérin
(BCG), measles or oral polio vaccine, lead to a decrease in overall childhood mortality
that cannot be solely attributed to protection against the target disease alone (4).
Among these vaccines, BCG has been shown to reduce neonatal mortality by 38%
(17-54%) in high infectious pressure environments (5). Furthermore, BCG has been
associated with long-lasting beneficial effects in older children (6) and adults
(7,8). In experimental models, BCG vaccination provides heterologous protection
against a broad range of infections such as C. albicans or S. aureus infections (912). It is suggested that this protective effect is mediated by a BCG-induced
increase in the function of innate immune cells, including higher pro-inflammatory
cytokine responses to secondary unrelated pathogens. This process is mediated
by transcriptomic and epigenetic changes of myeloid cells such as monocytes and
macrophages (11,13). BCG-mediated innate immune memory has been shown to
be conveyed by monocytes: however, how long-term memory function of myeloid
cells, which has been shown to last months and even years after initial vaccination,
is established remained elusive (11,14), especially considering the limited lifetime of
myeloid cells in the circulation. Recently, two studies have addressed this conundrum
in the mouse, by showing that systemic BCG vaccination or injection of the fungal
cell wall component b-glucan induces a myeloid differentiation bias at the level of
the hematopoietic stem cell within the bone marrow, resulting in an increased
release of monocytes and their enhanced ability to secrete cytokines and kill
pathogens (15-17). However, whether similar processes are induced by intradermal
BCG vaccination in humans is unknown.
In the present study, we assessed whether BCG vaccination of healthy individuals
leads to epigenetic, transcriptional and functional changes in bone marrow
hematopoietic stem and progenitor cells (HSPCs) and circulating monocytes.
Furthermore, we investigated the molecular consequences of innate immune
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memory induction by BCG vaccination, identifying hepatic nuclear factor 1a and b as
crucial regulators of innate immune memory formation induced by BCG vaccination
in humans in vivo.

Results
Peripheral blood mononuclear cells release more proinflammatory cytokines
three months after intradermal BCG vaccination upon C. albicans restimulation
In order to fully understand the mechanisms of induction and the longevity of the
enhanced heterologous innate immune response observed after BCG vaccination, we
vaccinated 15 healthy BCG-naïve volunteers with BCG, while 5 volunteers received
placebo. On day 0, 14 and 90 (D0, D14 and D90) after vaccination (or placebo) we
prepared peripheral blood mononuclear cells (PBMC). Bone marrow aspirates were
collected and enriched for the mononuclear cell fraction (MNC) on D0 and D90 post
vaccination (Figure 1A). All vaccinated individuals developed a local scar, and none
had complications of vaccination (Table S1). In order to validate the robustness of our
study approach and the BCG vaccine we restimulated peripheral blood mononuclear
cells isolated on D0, D14 and D90 post BCG or placebo vaccination with C. albicans
and measured the release of interferon alpha (IFNA), gamma (IFNG), interleukin 10
(IL10), 1b (IL1B), 6 (IL6), interleukin 1 receptor antagonist (IL1RA) and tumour necrosis
factor (TNF) (Figure 1B). As previously demonstrated in several studies (9,11-14,18),
BCG vaccination induced functional changes in peripheral blood mononuclear cells
characterized by increased cytokine production after 24 hours, compared to D0 and the
placebo treated group, specifically the functional and mechanistic hallmark cytokine
IL-1B (1) was markedly upregulated upon restimulation with C. albicans (Figure 1B),
thus validating our study setup in regards to the induction of heterologous innate
immunity by BCG vaccination. Furthermore, also IL6 showed an increase however
missed significance.
To further reveal, if these functional differences are also reflected within the
transcriptome of the complete fraction of peripheral blood mononuclear cells
we investigated the pathways which were differentially regulated between BCGvaccinated and placebo-treated individuals upon restimulation, using mRNA
sequencing and subsequent gene set enrichment analysis (GSEA). GSEA of C. albicansrestimulated PBMC from BCG-vaccinated individuals before (D0) and after (D90)
vaccination showed a significant enrichment of pathways related to IFNA and IFNG
response signalling (Figure1C, D), implying a heightened activation status of cells
contained within the PBMC fraction. This is consistent with the significant increase in
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IL1B release and the trend towards a higher production of IFNA and G. These unbiased
global transcriptomic and functional data suggests a transcriptomic basis for the
enhanced innate immune response elicited by BCG vaccination.

3

Figure 1. BCG vaccination elicits trained innate immunity in healthy individuals.
(A) Study design including the experimental arm with BCG-vaccinated healthy individuals (n=15) and
placebo-treated control arm (diluent-treated, n=5). Blood and bone marrow aspirations were analysed
before (D0), two weeks (D14) and three months (D90) after vaccination. (B) Cytokine measurement
in supernatants of mononuclear cells from blood challenged ex vivo with C. albicans for 24h. Data is
presented as mean and SD. Mann-Whitney-test was used to compare fold induction at D90 in BCG
versus controls (*p value < 0.05). Rectangular symbol indicates a single data point exceeding axis
limits and the actual value next to it. (C) Hallmark GSEA of transcriptomic data derived from the
adherent cell fraction treated with C. albicans for 24h. Transcriptomes of the same individuals were
compared before (D0) and three months (D90) after vaccination. (n=5 per group). NES, normalized
enrichment score. Top ten hallmark pathways are listed. (D) Enrichment plots from GSEA for the two
significantly enriched terms after BCG-vaccination (see C).
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BCG vaccination does not elicit cellular changes within the bone
marrow or peripheral blood in healthy volunteers three months after
vaccination
The BCG-induced increase in IL1B from the complete peripheral blood mononuclear
cell fraction suggests the possibility of a remodelled myeloid cell and progenitor
compartment as the cellular basis for trained immunity. To address this, we investigated
the composition of the PBMC and the bone marrow mononuclear cell populations
of BCG-vaccinated and BCG-naïve individuals on D0, D14 and D90 post vaccination
using differential white blood cell counts and multi-colour flow cytometric analysis.
Differential blood count analysis revealed no significant differences between the BCGvaccinated and BCG-naïve group within neutrophils, total lymphocytes or monocytes
(Figure 2A). As differential blood counts do not segregate between different
mononuclear phagocyte subsets within the PBMC, we utilized flow cytometry to
track classical monocytes (cMono), intermediate monocytes (intMono), non-classical
monocytes (ncMono), conventional dendritic cells (cDC) 1 and 2 alongside preDCs, pDCs and the PMB- resident CD34+ progenitor fraction (Figure 2B, C, S1A, B).
However, no significant alteration of the cellular frequencies between D0 and D90 in
BCG-vaccinated or placebo-treated individuals could be detected over the time of the
study period within the PBMC fraction, recapitulating the results of the differential
blood counts. Similarly, we monitored the evolution of the myeloid mature cell and
progenitor compartment in MNCs of the BM by tracking cMono, ncMono, intMono,
total cDC, pDC, pre-DC, myeloid erythroid progenitors (MEPs), common lymphoid
progenitors (CLPs), granulocyte macrophage progenitors (GMPs), multi-lymphoid
progenitors (MLPs), multi-potent progenitors (MPPs) and hematopoietic stem cells
(HSCs) on day 0 and 90 post vaccination (Figure 2D, E, S1C, D). Again, no significant
changes could be detected in the frequencies of any of these populations between
D0 and D90 in vaccinated or placebo treated individuals. Taken together these data
indicate that human trained immunity induced by intradermal BCG vaccination is
not accompanied by changes in the frequencies of the mature myeloid or myeloid
progenitor populations within the peripheral blood or bone marrow mononuclear cell
compartment of adult healthy volunteers during steady state.
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Figure 2. BCG does not alter the composition of immune cells and progenitors in blood and
bone marrow.
(A) Whole blood counts of neutrophils, lymphocytes and monocytes as fold change relative to D0. (B,
D) Uniform Manifold Approximation and Projection (UMAP) representation of analyzed cell lineages
of the alive Lin (CD3, CD7, CD10, CD15, CD19, CD20)- CD45+ compartment in PBMC (B) and Lin (CD3,
CD7, CD15, CD19, CD20)- CD45+ BM MNC (D) (representative donor, 5x10E5 sampled cells). (C, E)
Quantification of cell types depicted in B and D as proportion of Lin-CD45+ relative to D0 for all time
points (mean and SD; D0/D90, BCG, n=15, Ctrl, n=5; D14, BCG, n=7, Ctrl, n=2). Unpaired t-test was
used in A, C and E to compare BCG vs Ctrl D90 (all p values > 0.05).
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BCG vaccination induces a myeloid-associated transcriptomic signature
90 days after BCG vaccination in bone marrow HSPCs of healthy
volunteers
Recent murine studies have shown that systemic BCG vaccination induced
transcriptional and functional changes at the level of the HSPCs (16,17). Therefore,
we hypothesized that similar mechanisms might play a role in inducing human innate
immune training in circulating monocytes 90 days post intradermal BCG vaccination
in human healthy volunteers. To investigate whether intradermal BCG vaccinationinduced systemic innate immune memory is indeed mediated by transcriptional and
functional remodelling of the human bone marrow progenitor compartment, we
purified HSPCs from bone marrow aspirates using flow cytometry on day 0 and 90 post
vaccination from BCG-vaccinated and placebo-treated individuals and performed a
global transcriptome analysis (Figure 3A, S1C for sorting scheme). Global distance
measurement of transcript abundance between samples at D90 detected a subset of
BCG-vaccinated individuals with a different transcriptomic make-up than the placebo
treated group, thereby identifying and overall transcriptomic differences between
BCG-vaccinated and placebo-treated individuals 90 days after vaccination (Figure
3A). In order to further understand these differences, we directly compared the
transcriptome of HSPCs isolated from the same individuals on D0 and D90 post BCG
vaccination (Figure 3B). This analysis revealed an upregulation of genes associated
to myeloid and granulocytic cell lineage priming (such as C-X3-C motif chemokine
receptor 1 (CX3CR1), macrophage expressed 1 (MPEG1), interferon regulatory factor
4 (IRF4) and CCAAT enhancer binding protein delta (CEBPD) (18,19)), and function
(such as macrophage receptor with collagenous structure (MARCO), interleukin 1
receptor type 1 (IL1R1), type 2 (IL1R2), S100 calcium binding protein A8 (S100A8), A9
(S100A9) and serpin family A member 1 (SERPINA1) (13,17,21,22) (Figure 3B, Table
S2). These data indicated that BCG vaccination induces the upregulation of myeloid
and granulocytic lineage associated transcripts at the level of the HSPC, conferring
the potential for a skewed myeloid development bias within healthy vaccinated
individuals 90 days post vaccination.
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Figure 3. BCG vaccination induces long-term changes in bone marrow HSPCs.
(A) Heatmap visualizing Euclidean distance measurement of transcript abundance between HSPC
transcriptomes from D90. (B) Expression heatmap of DEGs in HSPCs (BCG, D0 vs D90). Samples
are separated in columns based on time point and experimental arm. Pearson correlation is used
as distance measure to cluster genes in rows. Names of genes previously associated with trained
immunity or myeloid biology are shown. For the statistical details see material and methods.
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BCG vaccination upregulates transcriptomic networks associated to
neutrophil and mononuclear phagocyte development and function 90
days post vaccination
To further understand the potential shift towards a myeloid biased developmental
program within HSPCs we performed a gene ontology enrichment analysis (GOEA) on
the upregulated differentially expressed genes (DEG) within HSPCs before and 90 days
after BCG vaccination, identifying pathways such as granulocyte activation, neutrophil
mediated immunity, and positive response to external stimulus, amongst others to be
significantly enriched (Figure 4A, B, Figure S2A, Table S4). Network level analysis of
the enriched pathways found by GOEA revealed a dense topological clustering of the
neutrophil-associated pathways (ontology terms a-e) and the pathways associated with
regulation of immune responses (ontology terms f-j), indicating overlap in the genes
contributing to the enrichment of these GO terms within the D90 HSPC transcriptome
of BCG-vaccinated individuals (Figure 4B).
Gene level analysis of the upregulated “neutrophil pathway genes” as revealed by GOEA
indicated upregulation of important genes involved in the development and function
of neutrophils, such as SERPINA1, S100A12, S100A9, galectin 3 (LGALS3) and lysozyme
(LYZ) (Figure 4C). Additionally, the pathway “positive regulation of response to external
stimulus” within the day 90 BCG-vaccinated HSPC transcriptome revealed significant
upregulation of transcripts associated with myeloid lineage, such as tumor necrosis
factor (TNF), complement C3a receptor 1 (C3AR1), C-C motif chemokine receptor 2 (CCR2)
and Fc fragment of IgE receptor Ig (FCER1G) (Figure S2A). Furthermore, inspection
of differentially expressed genes related to the term “receptor activity” (GO:0004872)
showed upregulation of genes important for myeloid cell activation and function in
HSPC in individuals 90 days after BCG vaccination, including the C-type lectin domain
containing 7A (CLEC7A) and C-type lectin domain family 4 member G (CLEC4G) and the
cytokine receptors IL1R1, interleukin 7 receptor (IL7R), interleukin 10 receptor subunit
alpha (IL10RA), and interleukin 18 receptor accessory protein (IL18RAP) (Figure 4D).
Filtering of differentially expressed genes according to the biological process term
“DNA-binding transcription factor activity” (GO:0003700) revealed several upregulated
myeloid transcription factors such as hepatocyte nuclear factor 1 (HNF1) homeobox A
and HNF1 homeobox B (HNF1A/B), IRF4 and CEBPD, that serve as potential candidates
driving the process of trained immunity on a gene regulatory level (Figure S2B).
To decipher the functional consequences of the transcriptional reprogramming of the
HSPC, we investigated whether there is an effect of BCG vaccination on granulocyte
numbers in a much larger cohort of vaccinated children. Therefore, we compared
neutrophil numbers in the MIS BAIR cohort of 1200 infants randomized to receive either
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Figure 4. BCG vaccination elicits myeloid cell fate priming.
(A) GOEA of upregulated genes in HSPCs. Top ten enriched terms (designated to letters “a” to “j”) are
listed. (B) Network representation of gene ontology terms significantly enriched in upregulated DEGs
in HSPCs (BCG, D0 vs D90, p value < 0.01). Node size and color indicate contained gene numbers and
p value for term nodes, respectively. Position and edges visualize relation of nodes to each other
based on involved gene lists. Annotation of nodes by capital letters corresponds to panel A. (C)
Unified genes from neutrophil pathways associated-genes from terms a-e (GO:0036230, GO:0002446,
GO:0002283, GO:0043312, GO:0042119) were extracted to generated an expression heatmap of HSPC
transcriptomes. (D) Expression heatmap of genes overlapping upregulated DEGs in HSPCs and genes
associated with the term for the molecular function of receptor activity (GO: 0004872). (E) Neutrophil
counts (x109/L) infants in the MIS BAIR study. *, p value < 0.05.
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BCG or no BCG shortly after birth (Clinical trial registration NCT01906853). As shown
in Figure 3D, within days of randomization, BCG-vaccinated infants had significantly
clinically relevant higher numbers of neutrophils (adjusted for age as possible
confounder) in the circulation compared to BCG-naïve infants, thus validating the effect
of BCG vaccination on myeloid lineage skewing towards granulopoiesis (Figure 4E,
Table S4, 5).

HNF1A and HNF1B regulate the induction of BCG-elicited innate
immune training in human HSPCs 90 days post vaccination
To reveal factors which guard the induction of the regulatory gene networks leading
to the expression of genes associated with human innate immune memory, myeloid
cell fate and the increase in circulating neutrophils, we used gene sets associated
with distinct cis-regulatory transcription factor binding motifs on ranked gene lists
according to expression fold change in HSPCs from D0 to D90 and applied GSEA
(Figure 5A). This analysis indicated a significant enrichment of a set of genes
associated with transcription factor binding motifs related to HNF1, homeobox
A4 (HOXA4), GATA binding proteins, growth factor independent 1 transcriptional
repressor (GFI1) and visual system homeobox 2 (VSX2, defined by the CHX10 motif )
transcription factors (Figure 5A). Visualizing the leading-edge genes matching
significant genes with binding motifs for the transcription factors identified in
Figure 5A indicated important factors involved in myeloid cell development, such
as LGALS2, glucose-6-phosphatase catalytic subunit (G6PC), interleukin 1 receptor
accessory protein like 1 (IL1RAPL1), bone morphogenetic protein 1 (BMP4) and C-X-C
motif chemokine ligand 3 (CXCL3) (Figure 5B).
The two transcription factors (TFs) with the highest significance predicted by GSEA,
alongside a robust upregulation within the transcriptome of HSPCs day 90 post
vaccination, were HNF1A and HNF1B (Figure 3B, Figure 5A), which are known to be
expressed in the liver, but also in myeloid cells (Armendariz and Krauss, 2009). We
therefore hypothesized that HNF1A/B may be involved in the induction of trained
immunity, and we initiated genetic validation in a cohort of 141 healthy individuals
(200FG cohort from the Human Functional Genomics Project) in which an ex vivo
trained immunity model was applied using either BCG or b-glucan as inducers.
Indeed, polymorphisms in both HNF1A and HNF1B significantly influenced the
induction of trained immunity (Figure 5C, D). Furthermore, also polymorphisms
in the other indicated transcription factors associated to motifs identified earlier
(Figure 5A), such as GATA2/3, GFI1/1B alongside HOXA4 and visual system homeobox
1 (VSX1) were shown to influence the b-glucan or BCG-mediated induction of innate
immune memory (Figure S3).
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Figure 5. HNF1 transcription factors represent novel factors in trained immunity.
(A) GSEA of enriched signatures associated with distinct transcription factor binding motifs in genes
ranked according to expression fold change in HSPCs at D0 vs D90. Transcription factors associated
with the binding motifs are listed. NES, normalized enrichment score. (B) Expression heatmap of all
genes derived from transcription factor binding site gene sets as found in A. Black lines in the first six
columns indicate association of genes to any of the signature gene sets. (C) Ex vivo training of PBMCs
with b-glucan or BCG and IL6/TNF cytokine measurements after LPS challenge. Single nucleotide
polymorphisms (SNPs) ± 250kb within the genomic locus of HNF1A (green) or HNF1B (dark blue) and
variants thereof significantly leading to a change in cytokine production for any of the conditions
are listed. Threshold for inclusion, p value <0.01. Top two Expression quantitative trait loci (eQTLs)
are annoted as pink and bright blue. (D) Detailed TNF cytokine level after BCG training and LPS
challenge for the top two Expression quantitative trait loci (eQTLs) (annotated in C as pink and bright
blue). Number of individuals displaying distinct SNP variants are shown in brackets on the X axis.
Analysis in C and D is based on 141 individuals in total. (E) Fold changes of IL1B after ex vivo C. albicans
restimulation and serum SERPINA1 (D0 vs D90) correlated in the same individuals. Data points from
BCG-vaccinated or Ctrl-treated individuals are shown in black or grey, respectively.
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One of the target genes of HNF1A is SERPINA1, coding for the acute phase protein a-1antitrypsin (AAT) (23), which was found to be upregulated within the transcriptome
of the HSPC 90 days after BCG vaccination (Figure 3B). To validate the functional
consequences of this finding, we tested whether there is a correlation between
circulating SERPINA1 concentrations and the strength of induction of innate
immune memory using enhanced IL1B production as an indicator of successful
innate immune memory induction. We measured serum SERPINA1 levels at D0
and D90 post vaccination and correlated this concentration with the fold changes
of IL1B induction in PBMCs restimulated ex vivo with C. albicans 90 days after in
BCG vaccinated and non-vaccinated individuals. As shown in Figure 5E, the serum
concentration of SERPINA1 (AAT) correlated with enhanced IL1B production within
restimulated PBMCs (Figure 1B), further supporting the hypothesis that a HNF1controlled transcriptomic network is implicated in the induction of human innate
immune memory. Additionally, SERPINA1 can also serve as a potential serum-based
biomarker for the induction of BCG-induced innate immune memory in humans.
Thus, these data reveal HNF1A and HNF1B as crucial regulators of BCG-induced
innate immune memory formation in human resting HSPCs 90 days post vaccination.

BCG vaccination induces long-term epigenetic changes associated
with inflammation in peripheral CD14+ monocytes
Functional investigation of C. albicans-restimulated PBMCs revealed a higher capacity of
blood borne cells to produce and release IL1B 90 days after BCG vaccination (14) (Figure
1B). Therefore, we hypothesized that innate immune memory induction is reflected within
the epigenome of the major effector cell type within the PBMC, i.e. CD14+ monocytes,
during homeostasis. To investigate this, we assessed the differential chromatin accessibility
of CD14+ monocytes from BCG-vaccinated individuals before and 90 days after vaccination
using the assay for transposase accessible chromatin by sequencing (ATAC-seq) (Figure
S4A, B, Table S9). PCA of all present peaks segregated CD14+ monocytes isolated at day 0
and day 90 post BCG vaccination indicating a clear role for regulation at the level of DNA
accessibility (Figure 6A, Figure S4C). Analysis of the genes associated to the core set of
the top 47 differentially regulated peaks (robust to multiple testing correction) between
day 0 and 90 post BCG vaccination showed increased DNA accessibility in the proximity of
various inflammation associated genes such as collagen type XXII alpha 1 chain
(COL22A1) (24), C-X-C motif chemokine ligand 6 (CXCL6) (25,26) and retinol binding protein
4 (RBP4) (27), indicating a higher inflammatory potential in CD14+ monocytes 90 days post
vaccination (Figure 6B, C, Figure S4D). Vice versa, peaks associated to genes involved in
retinoic acid induced immune tolerance (retinoic acid receptor alpha (RARA)) (28-30),
lymphoid development (PR/SET domain 1 (PRDM1)) (31) and inactive nuclear factor kappa
B subunit 2 (NFKB2) (32-33) showed a diminished signal 90 days post BCG vaccination in
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CD14+ monocytes (Figure 6B, Figure S4E, F). We then asked which transcriptomic changes
are perpetrated from the HSPC towards the CD14+ monocytes and intersected the genes
found to be differentially regulated within the HSPC of BCG vaccinated individuals 90 days

3

Figure 6. Epigenetic changes in blood monocytes are a feature of BCG-induced training.
(A) PCA based on normalized peak counts of open regions derived from ATAC-seq in peripheral
blood CD14+ monocytes. Open or filled symbols indicate D0 or D90 time points of BCG-vaccinated
individuals, respectively. Oval shapes denote confidence intervals at 0.85 for the two groups. (B)
Heatmap of normalized ATAC-seq reads focusing on the core set of 47 differentially accessible regions
annotated according to the closest gene. Peaks are included reaching an adjusted p value (padj) <
0.05. (C) Example genome track surrounding the CXCL6 region. Called peaks are visualized in violet,
differentially accessible (DA) peaks in red and identified transcription factor binding sites (TFBS)
within called peaks in yellow. Summarized reads from CD14+ monocytes before and after vaccination
are shown in blue and green, respectively. (D) ATAC-seq heatmap of 909 peaks within promoters
closest to genes upregulated in HSPCs after three months from the vaccinated group.

post vaccination with all ATAC-seq peaks within promoter regions in CD14+ monocytes.
Interestingly, among the promoter regions associated with more open regions of genes
upregulated in HSPCs we identified again CXCL6, CLEC17A, PTGIR and STAT6 to be conserved
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from the HSPC to the CD14+ monocyte compartment (Figure 6D). Vice versa, loci
associated to myeloid development and lineage priming, such as CEBPG, TNFRSF12A, and
CXCR4 and to cell proliferation, such as CDK4, CDK6 were closed down. In conclusion,
these analyses show that transcriptomic changes induced within the HSPC are
epigenetically perpetrated towards the major PBMC derived effector cells, CD14+
monocytes, at least in part through regulation of the DNA accessibility of certain
inflammatory loci. This allows for a long-term induction of a trained immunity phenotype
of CD14+ monocytes, beyond the individual cell’s lifespan.

Discussion
In the present study we demonstrate that BCG vaccination induces long-term
changes in HSPCs of healthy individuals, changes that are accompanied by
persistent increase of innate immune cells responsiveness to heterologous stimuli.
BCG vaccination was associated with a rewiring of transcriptional programs of
HSPCs towards myelopoiesis. The physiological relevance of this shift was validated
by the higher neutrophil counts within days of BCG vaccination observed in a
randomised clinical trial of BCG vaccination in newborn infants, and by the increased
responsiveness of blood monocytes to stimulation with bacterial and fungal stimuli.
These findings are important at several levels. Firstly, the demonstration of these
effects of BCG vaccination at the level of HSPC provides the mechanistic explanation
for the long-term effects of BCG vaccination on circulating innate immune cells,
and for the many epidemiological observations of beneficial non-specific effects
of BCG years after vaccination (7,8). These effects on HSPCs are accompanied by a
significant increase in the number of neutrophils in infants vaccinated with BCG,
constituting a part of the functional basis for the non-specific clinical effects of
BCG vaccination (34,35). The conclusion of a myeloid differentiation bias within
the HSPCs induced by BCG vaccination is supported by recent studies in murine
models in which trained immunity was induced by systemic BCG administration (16)
or b-glucan administration (17), in which similar changes within the murine myeloid
precursor cascade were observed.
Secondly, important novel insights have been obtained on the mechanisms
responsible for the induction of trained immunity in humans. Thus, we demonstrate
that BCG vaccination is accompanied by important changes at the level of chromatin
accessibility in CD14+ monocytes, and that CD14+ monocytes before and 90 days
after vaccination can be segregated on the basis of the patterns of DNA accessibility.
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The epigenetic changes within CD14+ monocytes relate to those found at the level
of the transcriptome within HSPCs, revealing a crucial mechanism of innate immune
memory imprinting across cell lineages (13,36).
Thirdly, an important focus of this study was to identify novel pathways that mediate
induction of a trained immunity phenotype. By intersecting the list of TFs that
were upregulated in HSCs after vaccination, with that of TFs with motifs enriched
in the genes upregulated after vaccination, we identified HNF1A and HNF1B as
novel master regulators of trained immunity. In earlier studies HNF1A/B have been
shown to directly transactivate both the gene activity and chromatin structure of
SERPINA1 either by rearrangement of histone modifications or the recruitment
of other co-factors (37,38). HNF1A/B are highly expressed in the liver and myeloid
cells, especially in response to acute inflammation (23). The hypothesis that HNF1
family TFs are important for the induction of trained immunity was subsequently
validated in the 200FG cohort of healthy volunteers from the Human Functional
Genomics Project, in which trained immunity was induced in an ex vivo model by
either b-glucan or BCG: polymorphisms in both HNF1A and HNF1B modulated the
induction of trained immunity. HNF TFs regulate transcription of numerous genes
important for host defense, including several acute phase proteins such as a-1antitrypsin (AAT, SERPINA1) (23). In an independent validation effort, we measured
AAT circulating concentrations and demonstrate a strong correlation between AAT
circulating concentrations and the induction of trained immunity.
Finally, these new data provide a resource for potential novel diagnostic markers
and therapeutic targets based on trained immunity. It would be important to study
whether other live vaccines that have been associated with beneficial non-specific
effects induce similar changes (4). Current efforts are ongoing to identify potential
trained immunity correlates of protection during BCG vaccination, which could
lead to an acceleration of TB vaccine development. Similarly, trained immunity has
been proposed to represent a new avenue for immunotherapy in cancer (39), and
to contribute to the pathophysiology of inflammatory and autoimmune diseases
(40,41). Our study reveals HNF-mediated processes as such a potential target, but also
provides a catalogue of genes that characterize trained bone marrow progenitors
that can be targeted for diagnostic and/or therapeutic purposes.
However, our study raises additional questions to be answered by future studies.
How long does the HSPC reprogramming induced by BCG vaccination persists?
Can this process be reversed? Indeed, epidemiological studies suggest that the
beneficial effects of BCG vaccine on overall health can be offset by subsequent
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vaccination with the non-live diphtheria-tetanus-pertussis vaccine (42). What is
the complete epigenetic landscape of the various myeloid cell progenitors? One
of the most intriguing aspects is whether such changes can be transmitted across
generations. Recent studies have shown cross-generational epigenetic transmission
of metabolic traits or toxin-induced changes (43,47), and systemic acquired
resistance in plants (another form of innate immune memory) can be transmitted
through seeds for up to 3-4 generations (48,49). It is tempting to speculate that
such protection is an anciently evolved process, which may have been preserved
in vertebrates for cross-generational protection of populations to major epidemics.
In a recent Danish randomised trial of BCG vaccination in newborns, the effect of
BCG differed significantly by maternal BCG-vaccination status: BCG vaccination
reduced the risk of heterologous infections in children of BCG-vaccinated mothers,
but not in children of BCG-naïve mothers (50). In the MIS BAIR trial, the effect of
BCG vaccination on infant in vitro cytokine responses also differed by maternal BCG
vaccination status (51). Both observations further support a role for maternal BCG
vaccination in shaping the offspring’s response to BCG.
In conclusion, we provide evidence that in vivo BCG-induced trained innate immunity
induces epigenetic, transcriptional and functional changes in human bone marrowderived HSPCs and peripheral CD14+ monocytes. These effects at least partly explain
the beneficial and long-lasting heterologous effects of BCG vaccination against
infections as trained HSPCs can respond faster and more efficiently towards stress
signals delivered e.g. by infections. These findings should lead to a strong impetus
for further exploration of this process in order to identify targets for clinical vaccine
development and therapeutic targeting of trained immunity.
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Star Methods
Experimental design
This single-center randomized controlled trial was conducted at the Radboud
university medical center (Nijmegen, The Netherlands) from January 2017 to
July 2017. Prior to inclusion, volunteers were medically screened and provided
written informed consent. The trial was approved by the Arnhem-Nijmegen Ethical
Committee (approval number NL55825.091.15), and performed according to the
Declaration of Helsinki and Good Clinical Practice. Twenty healthy, male and female,
BCG-naive volunteers (age 18–50 years) were included and randomly assigned to
two groups: 15 subjects received standard dose (0.1ml of the reconstituted vaccine)
of intradermal BCG vaccination (BCG Bulgaria, Intervax), and 5 received 0.1ml
of vaccine diluent as a placebo control. One volunteer has been replaced due to
technical reason during bone marrow aspiration. Blood was drawn before, two
weeks after and three months after vaccination. At baseline and after three months,
bone marrow was extracted by aspiration from the iliac crest by an experienced
physician assistant after local anesthetics with lidocaine. 30 mL of bone marrow was
aspirated in total and collected into two 20 mL syringes, prefilled with 5 ml (150 IE/
ml) sodium heparin per syringe.

Whole blood counts
Complete blood counts were determined in EDTA whole blood using a Sysmex
analyzer (XN-450).

Mononuclear cell isolation and PBMC stimulation
Mononuclear cells from peripheral EDTA whole blood (PBMCs) and heparinized
bone marrow (BM-MNCs) were isolated with Ficoll-Paque (GE healthcare, UK) density
gradient separation. Cells were washed twice with phosphate buffered saline (PBS),
counted in a Coulter counter (Beckman Coulter, USA), and brought to concentration
in Dutch modified RPMI medium (Roswell Park Memorial Institute; Invitrogen, CA,
USA), supplemented with 50μg/ml gentamycine, 2 mM Glutamax (Thermo Fisher
Scientific, USA) and 1 mM pyruvate (Thermo Fisher Scientific, USA). 5 x 105 PBMCs
were cultured in a final volume of 200 μl / well in round bottom 96-well plates
(Greiner Bio-one, Austria) and stimulated with RPMI, Escherichia coli LPS (10 ng / ml,
serotype 055:B5, Sigma-Aldrich, USA), sonicated Mycobacterium tuberculosis H37Rv
(1 μg /ml), heat-killed Candida albicans (1 × 106 / ml, strain UC820) or Staphylococcus
aureus (1 × 106 / ml clinical isolate). After 24 hours supernatants were collected and
stored at -80°C until measurements were performed.
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Cytokine measurements
Cytokines were determined in PBMC culture supernatants by a multiplex Procartaplex
assay, Thermo Fisher Scientific, USA) and acquired on a Luminex 200 System (Thermo
Fisher Scientific, USA) according to manufacturer’s protocol.

AAT concentrations
Circulating a-1-antitrypsin concentrations were determined in serum using a R&D
Duoset ELISA kit (R&D Systems, Minneapolis, USA).

Flow cytometric analysis and sorting
PBMC (1 x 107) or BM MNC (4 x 107) were washed in FACS-buffer (0.5% BSA, 2 mM
EDTA, PBS), resuspended in blocking-buffer (1 % rat serum (R9759-10ML; SigmaAldrich, USA), 1 % mouse serum (M5905-5ML; Sigma-Aldrich, USA), 5 % human
serum (H4522-100ML; Sigma-Aldrich, USA) in FACS-buffer) and incubated with the
respective antibody cocktails for two hours on ice in the dark. After a washing step,
secondary staining was performed for PBMCs in FACS-buffer using Streptavidin-PE
(1:200) for further 15 min. PBMC and BM MNC were washed, resuspended in FACSbuffer and incubated with the Live/dead marker DRAQ7 (1:1000, BioLegend, USA)
for 5 min at room temperature. Samples were acquired using BD FACS ARIAIII (BD
Biosciences) and the FACS Diva software (BD Biosciences, USA). Data was analyzed
using FlowJo (Tree Star Inc., USA) and is presented as percentage of live CD45+Linrelative to baseline (D0) for each individual. For dimensionality reduction, 5 x 105
CD45+Lin- cells were sampled for PBMC or 2.5 x 105 CD45+Lin- and 2.5 x 105 CD34+
cells for BM MNC and imported into R using the flowCore R package (v1.46.1).
Imported PBMC or BM MNC populations were subjected to UMAP (53, 54) using the
parameter values FSC-A and SSC-A (linear normalization, min=0, max=4.5) and in
addition CD34, CD16, HLA-DR, CD33, CD14, CD123, CD45RA, CADM1, CD1c for PBMC
or CD10, CD34, CD14, CD38, HLA-DR, CD33, CD90, CD123, CD45RA, CD135, CD16,
CD110 for BM MNC. Fluorescent data points were auto-logicle transformed before
dimensionality reduction. Cells in the reduced dimensionality space were visualized
with the ggplot2 (v3.0.0) package in R. Expression values are indicated in the UMAP
space after transformation using the flowJo_biexp_trans function in the flowWorkspace
package (v3.28.1) in R. For RNA isolation from HSPCs (HSC+MPP), cells were first sorted
into cooled 1.5 ml reaction tubes containing FACS-buffer. Cells were pelleted at 2200
rpm for 7 min at 4°C and vigorously resuspended in 500 µl Qiazol. Tubes were stored
at -80°C until further processing.
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Generation and sequencing of cDNA libraries for transcriptome analysis
Total RNA was isolated using the miRNeasy Micro Kit (QIAGEN GmbH, Germany)
according to the manufacturer’s guidelines. RNA concentration and quality was assed
using the Tapestation 2200 system and high sensitivity reagents (Agilent Technologies,
USA). Sequencing libraries of FACS-enriched populations were prepared following the
QIAseq FX Single Cell RNA Library Kit protocol (QIAGEN GmbH, Germany) and libraries
from cultured PBMC were generated according to the Smart-seq2 protocol (55). For
QIAseq FX Single Cell RNA Libraries, concentration of cDNA was assessed by KAPA
Library Quantification Kits (Kapa Biosystems, USA) before sequencing single read 75bp
on a HiSeq1500 instrument using TruSeq SBS v3-HS chemistry. For Smart-seq2 libraries,
concentrations were determined using a Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific, USA) and average library size was determined using an High Sensitivity D5000
assay on a Tapestation 2200 system (Agilent Technologies, USA) before pooling and
sequencing single read 75bp on a NextSeq500 system using High Output v2 chemistry.

RNA-sequencing pre-processing and data analysis
For pre-processing, data was demultiplexed using bcl2fastq2 (v.2.20). Quality controls
were performed by FastQC, reads aligned to human reference transcriptome hg38
from UCSC and transcript abundance quantified using kallisto (v0.440) with default
parameters. Further analysis was based on at least 5 million sequenced reads. One
sample (derived from donor 9 HSPC, D0) was omitted due to prominent de-clustering
of the sample in the PCA based on normalized reads of the top 5000 most variable
transcripts. Samples were imported with tximport (v1.8.0) and transcripts were filtered
to remove those not corresponding to HGNC gene symbols, read sum lower than 10
across all samples or matching antisense, LINC or pseudogenes.
Core analysis of the cleaned RNA-sequencing data set is based on the DESeq2 package
(v1.20.0) in R and potential confounding effects are taken into account by incorporating
gender and batch of library preparation into the DESeq2 object design matrix. Genes
were called differentially expressed if reaching an adjusted p value (padj) < 0.05 after
multi-testing correction after Benjamini-Hochberg. Functional annotation of genes
and enrichment of ontology terms associated with biological processes was performed
within the clusterProfiler (v3.8.1) package. Enrichment analysis of gene sets derived
from the Molecular Signatures Database v6.2 using the hallmark gene set collection
(“H”) or gene sets based on conserved cis-regulatory motifs (“C3”) was performed with
the fGSEA (v1.6) package. Gene sets containing more than 15 and less than 700 genes
were included and 10,000 permutations were performed. PCA using the top 3000 most
variable genes were visualized with ggplot2 (v3.0). Expression heatmaps are visualized
with pheatmap (v1.0.10).
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ATAC-sequencing
Samples for ATAC-sequencing analysis were prepared from CD14+-MACS-enriched
monocytes from fresh PBMCs (Pan Monocyte Isolation Kit, Miltenyi Biotec, Germany).
50,000 cells were washed in cold PBS and resuspended in cold lysis buffer (10 mM
NaCL, 3 mM MgCl2, 0.1 % IGEPAL, 10mM Tris-HCl pH7.4). After centrifugation, pellets
were incubated in primer-loaded transposase Tn5 in reaction buffer (10 mM TAPSNaOH (pH 8.5) at 25°C, 5 mM MgCl2, 10% DMF) for 30 min at 37°C. Samples were
subsequently immediately purified using the MinElute kit (QIAGEN GmbH, Germany)
according to the manufacturer’s guidelines, eluted in 10 µl H2O and stored at -20°C
until further processing. Libraries were quantified using KAPA library quantification
kits (Kapa Biosystems, USA). Sequencing was performed paired end 2*50 bases on a
HiSeq1500 instrument using TruSeq SBS v3-HS chemistry and data was demultiplexed
using bcl2fastq2 v2.20. For pre-processing, reads were aligned to human hg19 index
with bowtie1 and duplicates were filtered by applying the Picard tool. Removal of
adapter offset and creation of bam files was done with samtools. Open chromatin peaks
were called using MACS2, blacklisted regions (ENCFF001TDO_hg19_blacklist.bed.gz)
were excluded and peaks were annotated using HOMER (applying annotatePeaks.pl).
Downstream analysis was performed within the DESeq2 (v1.20.0) package environment.
PCA was performed including all detected peaks and differentially accessible (DA) peaks
were defined as baseMean > 5 and p value < 0.05. For detection of a core set of DA peaks
multiple testing correction was included (Benjamini Hochberg) and FC ≥ 2 required.
Transcription factor binding sites were detected by bioinformatic analysis within the
geneXplain platform and using known DNA-binding motifs described in the TRANSFAC®
database. Enrichment of binding sites was assessed using the opening DA peak fraction
and tested against 20,000 randomly selected peaks. Top 30 binding motifs reaching
p value < 0.05 were included. Coverage of open chromatin peaks were visualized with
Gviz in R.

Training quantitative trait loci (QTL) mapping in vitro trained immunity 200FG cohort
The study was performed in a cohort of ~200 healthy individuals of Western European
ancestry from the 200FG Human Functional Genomics Project (77% males and 23%
females, age range 23-73 years old).

PBMC isolation and in vitro training experiments
After obtaining informed consent, venous blood was drawn into 10 mL EDTA tubes.
PBMC isolation was performed by density centrifugation of EDTA blood diluted
1:1 in PBS over Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden). Cells were
washed twice with PBS and suspended in medium (RPMI 1640) supplemented with
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gentamicin (10 mg/ml), L-glutamine (10 mM) and pyruvate (10 mM). The cells were
counted in a Coulter counter (Beckman Coulter, Pasadena, USA). A total of 5 x 105
PBMCs per well were incubated at 37°C for 60 minutes in flat bottom 96-well plates.
After 60 minutes of adherence, the wells were washed three times with 200 μl warm
PBS to wash away non-adherent cells. 200 μl of stimuli in 10% human pooled serum
were added (RPMI as a negative control, 10 μg / ml BCG (BCG Denmark, SSI) or 2
μg / ml β-glucan. After 24 hours incubation, stimuli were washed away with 200
μl warm PBS and fresh medium containing 10% human pooled serum was added.
Plates were incubated for another 5 days and medium was refreshed once. At day 6,
restimulation was performed with RPMI (negative control) or 10 ng / ml LPS. After
another 24 hours incubation, supernatants were collected and stored at -20°C until
cytokine concentrations were determined.

DNA isolation and genotyping
DNA was isolated from EDTA venous blood using the Gentra Pure Gene Blood kit, in
accordance with the manufacturer’s instructions (Qiagen, Venlo, the Netherlands).
DNA samples of 141 individuals were genotyped using the commercially available
SNP chip, Illumina HumanOmniExpressExome-8 v1.0. Opticall 0.7.0 with default
settings was used for genotype calling. Samples with a call rate ≤ 0.99 were excluded,
as were variants with a Hardy-Weinburg equilibrium (HWE) ≤ 0.0001, and minor
allele frequency (MAF) ≤ 0.1.

Training QTL mapping
Both genotype and data on trained immunity responses was obtained for a total of
141 individuals. Age and gender were included as co-variables in the linear model
to correct for the cytokine distributions for QTL mapping. First, raw cytokine levels
were log-transformed and ratios of cytokine production in primed (BCG or B-glucan)
vs. nonprimed cells (RPMI control) were taken as the change of cytokine levels. The
cytokine changes were mapped to genotype data using a linear regression model
with age and gender as covariates. SNPs in the vicinity of the genes of interest
(±250kb) were investigated.
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Comparison of neutrophil count in BCG-vaccinated vs BCG-naïve infants
in the Melbourne Infant Study: BCG for Infection & Allergy Reduction
Participants were a subset of neonates from The Melbourne Infant Study: BCG for Allergy
and Infection Reduction (MIS BAIR) (clinical trials registration NCT01906853). The trial
was approved by the human ethics research committees of the Royal Children’s Hospital
Melbourne (RCH) (HREC 33025) and Mercy Hospital for Women (HREC R12/28). This
randomised controlled trial comprises 1244 healthy participants recruited antenatally
between 2013 and 2016 to investigate whether BCG vaccination (0.05mL intradermal)
BCG-Denmark, SSI) at birth protects against childhood infection, allergy and asthma. All
participants received hepatitis B at birth according to Australian guidelines. Inclusion
criteria in MIS BAIR were: greater than 32 weeks gestation, birth weight greater than
1500 grams, mother not HIV positive, absence of symptoms or signs of illness, and no
known contact with TB. From the subset of participants whose parent/guardian provided
consent, a blood sample was obtained by venapuncture for a full blood examination
(FBE) in the neonatal period. Blood samples were analysed on an Advia 2120i (Siemens
Healthineers, Germany). Those participants who had a FBE taken after randomisation
were included in the study.

Statistical analysis of data from MIS BAIR study
Hemoglobin, mean cell volume, white cell count, neutrophils, lymphocytes, monocytes,
neutrophil-to-lymphocyte ratio and platelets were compared between the BCGvaccinated and BCG-naïve groups using a univariate regression analysis. To identify
variables to include in a multivariate regression analysis, the effect of sex, gestational
age, birth method, birth weight, age at FBE, and time between randomisation and FBE as
potential confounders on each FBE parameter was assessed using bivariate regressions.
Age at FBE, and time between randomisation and FBE were found to be related to all
outcomes. As these two variables are highly correlated, only age at FBE was included
in the multivariate analysis to adjust for this potential confounder. In the multivariate
analysis, only the mean neutrophil count differed between the groups. The adjusted
difference in the mean neutrophil count and 95% confidence interval (CI) between the
BCG-vaccinated and BCG-naïve groups were calculated. This was repeated with the
participants stratified into the following groups: 0-12 hours, 12-24 hours, 24-36 hours,
36-48 hours, and greater than 48 hours between randomisation and FBE.
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Supplementary Materials

3

Figure S1 related to Figure 1. Gating strategy and surface marker expression.
(A) Representative manual gating strategy to identify cell lineages in PBMCs and region annotation
in the low dimensional space. (B) Color-coded expression levels overlayed in the reduced low
dimensional space (UMAP) of the PBMC. (C) Representative manual gating strategy to identify cell
lineages in the MNC BM fraction and region annotation in the low dimensional space. Combined
HSC/MPP (HSPC) was sorted for transcriptomic analysis. (D) Color-coded expression levels overlayed
in the reduced low dimensional space (UMAP) of the MNC BM compartment for the individual surface
markers used for flow cytometric analysis.
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Figure S2 related to Figure 3 and 4. Genes associated to gene ontology terms in HSPCs DEG
from BCG-vaccinated individuals.
(A) Expression heatmap of HSPCs for the enriched term “Positive regulation of response to external
stimulus” (GO:0032103). (B) Expression heatmap of genes overlapping upregulated DEGs in HSPCs
and genes associated with the term “DNA binding transcription factor activity” (GO:0003700).
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3

Figure S3 related to Figure 5. Transcription factors associated with BCG-induced trained
immunity.
Ex vivo training of PBMCs with b-glucan or BCG and IL6/TNF cytokine measurements after LPS
challenge. SNPs ± 250kb within the genomic locus of all the transcription factors corresponding to
the enriched TFBS gene signatures and variants thereof significantly leading to a change in cytokine
production for any of the conditions are listed. Threshold for inclusion, p value < 0.01. SNP association
to the transcription factors is indicated by color coding in the first column of the heatmap.
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Figure S4
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Figure S4 related to Figure 6. BCG-induced alterations in open chromatin regions in CD14+
monocytes.
(A) Distribution of reads relative to the transcription start site (TSS) of the closest gene. (B)
Classification of all detected peaks according to genomic functional elements. Associated number of
peaks are displayed in brackets. (C) Contribution of the principal components 1 - 10 to the explained
variance. (D) Normalised peak counts of the DA peak associated with the CXCL6 genomic region.
(E) Example genome track surrounding the RARA region. Called peaks are visualized in violet and
differentially accessible (DA) peaks in red. Summarized reads from CD14+ monocytes before and after
vaccination are shown in blue and green, respectively. (F) Normalised peak counts of the DA peak
associated with the RARA genomic region (n = 13, per group; ****, p value < 10-4; *****, p value < 10-7).
UTR, untranslated region.
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Supplementary tables
Table S1.
Metadata of healthy volunteers included in the study.
Parameters

Controls (n=5)

BCG-vaccinated (n=15)

Total (n=20)

Age in years

21.8 (SD 1.8, SEM 0.8)

23.7 (SD 7.3, SEM 1.8)

23.3 (SD 6.5, SEM 1.4)

Sex (% females)

2/5 (40%)

5/15 (33%)

7/20 (35%)

Blister at three months

0%

100%

n.a.

Blister size at three months (mm)

n.a.

4.8 (SD 1.4, SEM 0.3)

n.a.

VAS (pain) score BM aspiration (0-10)

3.5 (SD1.2, SEM 0.5)

4 (SD 1.9, SEM 0.5)

3.9 (SD 1.8, SEM 0.4)

Table S2.
Differentially expressed genes in HSPCs (D0 vs D90) from BCG-vaccinated individuals. Available upon
request (charlotte.debree@radboudumc.nl)
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Table S3.
Gene Onotology Enrichment (Biological Processes) in upregulated genes, HSPC D0 vs D90.
GO Term

Description

GeneRatio

BgRatio

pvalue

p.adjust

qvalue

GO:0036230

granulocyte activation

51/643

491/16618

1,32E-10

2,24E-7

1,89E-7

GO:0002446

neutrophil mediated immunity

51/643

494/16618

1,65E-10

2,24E-7

1,89E-7

GO:0002283

neutrophil activation involved in immune response

50/643

481/16618

1,97E-10

2,24E-7

1,89E-7

GO:0043312

neutrophil degranulation

50/643

481/16618

1,97E-10

2,24E-7

1,89E-7

GO:0042119

neutrophil activation

50/643

486/16618

2,84E-10

2,58E-7

2,17E-7

GO:0060326

cell chemotaxis

29/643

248/16618

1,14E-7

8,65E-5

7,28E-5

GO:0044057

regulation of system process

41/643

487/16618

2,63E-6

1,71E-3

1,44E-3

GO:0032103

positive regulation of response to external stimulus

27/643

261/16618

3,45E-6

1,96E-3

1,65E-3

GO:0050922

negative regulation of chemotaxis

9/643

35/16618

5,26E-6

2,65E-3

2,23E-3

GO:0061387

regulation of extent of cell growth

14/643

89/16618

7,64E-6

3,47E-3

2,92E-3

GO:0019932

second-messenger-mediated signaling

24/643

229/16618

9,58E-6

3,95E-3

3,33E-3

GO:0050920

regulation of chemotaxis

20/643

172/16618

1,14E-5

4,33E-3

3,65E-3

GO:0060560

developmental growth involved in morphogenesis

22/643

204/16618

1,43E-5

4,98E-3

4,19E-3

GO:0071675

regulation of mononuclear cell migration

9/643

40/16618

1,71E-5

5,54E-3

4,67E-3

GO:1902668

negative regulation of axon guidance

5/643

10/16618

1,83E-5

5,54E-3

4,67E-3

GO:0090066

regulation of anatomical structure size

36/643

442/16618

2,20E-5

6,25E-3

5,27E-3

GO:0006836

neurotransmitter transport

20/643

184/16618

3,09E-5

8,23E-3

6,93E-3

GO:0030516

regulation of axon extension

12/643

76/16618

3,26E-5

8,23E-3

6,93E-3

GO:0045761

regulation of adenylate cyclase activity

12/643

77/16618

3,73E-5

8,92E-3

7,51E-3

GO:0048638

regulation of developmental growth

26/643

282/16618

3,97E-5

9,02E-3

7,59E-3

GO:0031279

regulation of cyclase activity

13/643

92/16618

5,18E-5

9,16E-3

7,71E-3

GO:0002430

complement receptor mediated signaling pathway

5/643

12/16618

5,39E-5

9,16E-3

7,71E-3

GO:0042430

indole-containing compound metabolic process

7/643

27/16618

5,67E-5

9,16E-3

7,71E-3

GO:0006586

indolalkylamine metabolic process

6/643

19/16618

5,78E-5

9,16E-3

7,71E-3

GO:0086014

atrial cardiac muscle cell action potential

6/643

19/16618

5,78E-5

9,16E-3

7,71E-3

GO:0086026

atrial cardiac muscle cell to AV node cell signaling

6/643

19/16618

5,78E-5

9,16E-3

7,71E-3

GO:0086066

atrial cardiac muscle cell to AV node cell
communication

6/643

19/16618

5,78E-5

9,16E-3

7,71E-3

GO:0051339

regulation of lyase activity

13/643

93/16618

5,81E-5

9,16E-3

7,71E-3

GO:0032760

positive regulation of tumor necrosis factor
production

10/643

57/16618

5,85E-5

9,16E-3

7,71E-3

GO:0097529

myeloid leukocyte migration

18/643

164/16618

6,70E-5

10,00E-3

8,42E-3

GO:0086003

cardiac muscle cell contraction

10/643

58/16618

6,82E-5

10,00E-3

8,42E-3
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Table S4.
BCG-induced changes in full blood cell count parameters from the MIS-BAIR study.
Parameter

BCG-vaccinated
(n=385)

BCG-naïve
(n=409)

White cell count (x109/L)
Mean (sd)
Median (IQR)

14.32 (4.65)
13.4 (11.2 – 16.5)

Neutrophil count (x109/L)
Mean (sd)
Median (IQR)

Adjusted1
Difference2(95% CI) in mean

p-value3

13.85 (4.41)
13.1 (11.1 – 15.8)

0.50 (-0.10 – 1.09)

0.100

7.29 (3.72)
6.8 (4.6 – 9.2)

6.80 (3.49)
6.1 (4.4 – 8.6)

0.51 (0.06 – 0.96)

0.026

Lymphocyte count (x109/L)
Mean (sd)
Median (IQR)

4.63 (1.73)
4.3 (3.5 – 5.5)

4.56 (1.56)
4.4 (3.4 – 5.4)

0.07 (-0.15 – 0.29)

0.544

Monocyte count (x109/L)
Mean (sd)
Median (IQR)

1.59 (0.79)
1.4 (1.1 – 2)

1.59 (0.82)
1.5 (1 – 2)

-0.01 (-0.12 – 0.10)

0.917

Table S5.
Baseline variables of the MIS-BAIR cohort.
Parameter

BCG-vaccinated (n=385)

BCG-naïve (n=409)

190 (49.4%)

194 (47.4%)

Vaginal

248 (64.4%)

256 (62.6%)

Caesarean

137 (35.6%)

153 (37.4%)

Sex
Male
Birth method

Gestational age (weeks)
Mean (sd)

39.5 (1.3)

39.3 (1.2)

Median (IQR)

39.4 (38.5 – 40.5)

39.3 (38.4 – 40.3)

Mean (sd)

3422 (440)

3423 (453)

Median (IQR)

3430 (3130 – 3700)

3390 (3130 – 3740)

Birth weight (g)

Age at FBE (hours)
Mean (sd)

76.6 (81.8)

75.4 (70.8)

Median (IQR)

51.0 (48.4 – 64.6)

51.2 (48.4 – 64.9)

Time between randomisation & FBE (hours)
Mean (sd)

42.7 (73.8)

39.9 (61.3)

Median (IQR)

24.5 (7.6 – 42.1)

24.4 (5.4 – 43.9)
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Abstract
The anti-tuberculosis vaccine Bacillus Calmette-Guérin (BCG) is a well-known
immune modulator that induces non-specific protective effects against heterologous
infections through induction of innate immune memory, also termed ‘trained
immunity’. In randomized trials in low weight newborns, BCG vaccination reduced
neonatal mortality due to decreased incidence of sepsis and respiratory infections.
In many studies, sex-differential non-specific effects of vaccines have been observed,
but the mechanisms behind these differential effects are unknown. We investigated
whether the important sex hormones estrogen and dihydrotestosterone
influence BCG-induced trained immunity in human primary monocytes. Although
addition of estradiol and dihydrotestosterone to BCG inhibited the production of
proinflammatory cytokines after direct stimulation of human monocytes, they did
not influence the induction of trained immunity by BCG. In addition, estradiol or
dihydrotestosterone did not induce training or tolerance in monocytes themselves.
We conclude that these important sex hormones are unlikely to explain the sexdifferential effects after BCG vaccination. Future studies should focus on the
investigation of alternative mechanisms as an explanation for sex-differential nonspecific effects of BCG vaccination.
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Introduction
During the last half century, the immune system has been divided into the innate
and adaptive immune system. In contrast to what was thought to be a unique
feature of the adaptive immune system, it has recently been discovered the innate
immune system is also capable of building an immunological memory by adapting
to previous exposure to vaccines, pathogens or microbial components, a process
which has been termed ‘trained immunity’ (1-4).
Bacillus Calmette-Guérin (BCG), the live attenuated vaccine developed against
tuberculosis, induces trained immunity. After BCG vaccination, monocytes respond
with an increased cytokine production upon ex-vivo stimulation with unrelated
pathogens and Toll-like receptor (TLR) agonists, effects dependent on epigenetic
and metabolic reprogramming of innate immune cells (5, 6). Several epidemiological
studies and recent randomized trials have shown that BCG vaccination results
in a decreased overall neonatal mortality due to a lower incidence of sepsis and
respiratory infections (7-11).
Strikingly, observations indicate that these non-specific effects after BCG vaccination
are sex-specific. A recently published combined analysis of three randomized trials
revealed a time dependency in the sex-differential effects of BCG vaccination on
neonatal mortality (12). Whereas beneficial effects in boys were apparent within
the first week after vaccination and waned out quickly, the effect in girls started
later (12). During longer term follow-up, the observed effect of BCG vaccination on
overall mortality and reduced incidence of respiratory infections remained more
pronounced in girls compared to boys (13, 14).
Other live attenuated vaccines, such as measles and smallpox vaccination, are likewise
associated with a more pronounced beneficial effect in girls compared to boys (15,
16). In contrast, detrimental effects after vaccination with non-live vaccines such
as the diphtheria-tetanus-pertussis and hepatitis B vaccines were more apparent
in girls (15, 17, 18). The mechanisms behind these observed sex-differential effects
have not been elucidated yet. Hypothetically, sex hormones could play a role in
induction of non-specific immunological effects of vaccines. The possible influence
of sex hormones on BCG-induced trained immunity has been unexplored thus far.
After birth, hormonal levels peak shortly due to the activation of the hypothalamopituitary-gonadal axis, during the so-called ‘mini puberty’. In this period, sex hormone
levels are comparable to the period of early-middle puberty (19). Estrogens are
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able to interact with the immune system by binding to estrogen receptors (ERs)
on different immune cells, including monocytes (20). Androgen receptors (ARs) are
present in the monocytes-macrophage cell population as well (21, 22). Since the
BCG vaccine is usually administered shortly after birth, possible sex specific effects
after BCG vaccination might be caused by an effect of sex hormones on innate
immune memory priming during this temporary peak in hormone levels.
In the present study we investigated the effect of two of the most important
sex hormones during induction of in-vitro trained immunity in monocytes.
We hypothesized that estrogen might augment the effect of BCG, while
dihydrotestosterone (DHT) could have an inhibitory effect on BCG-induced trained
immunity.

Materials and methods
Reagents
5α-Dihydrotestosterone dissolved in methanol (D-073 CERILLIANT), water soluble
estradiol (E4389) and Escherichia coli lipopolysaccharide (LPS; serotype O55:B5)
were purchased from Sigma-Aldrich, St. Louis, MO, USA. Bacillus Calmette-Guérin
Bulgaria (BCG) vaccine (InterVax, Toronto, Canada) was obtained via the Dutch
National Institute for Public Health and Environment. Human pooled serum was
used (containing 0.097 pmol/ml estradiol and 0.97 pmol/ml DHT).

Blood donors
Buffy coats from healthy adult donors were obtained after written informed consent
(Sanquin blood bank, Nijmegen, The Netherlands). In addition, venipunctures of
healthy adult volunteers were performed after written consent. Blood donations
were approved by the Arnhem-Nijmegen Medical Ethical Committee.

PBMC isolation and monocyte enrichment
Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque (VWR,
Tingalpa, Australia) density gradient isolation. PBMCs were resuspended in Roswell
Park Memorial Institute (RPMI) 1640+ (Dutch modified, Thermo Fischer Scientific,
Waltham, MA, USA) culture medium supplemented with 50 mg/mL gentamicin,
2mM glutamax (ThermoFischer), and 1mM pyruvate (ThermoFischer). PBMC
suspensions were enriched for monocytes using hyper-osmotic Percoll (SigmaAldrich) separation as described before (23). Cells were resuspended in RPMI and
counted using a Sysmex (XN-450) analyzer. The monocyte enriched cell suspension
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was further purified by adherence (100.000 cells/well) in 96-wells polystyrene flatbottom plates (Corning, New York, USA) for 1h at 37°C 5% CO2, after which nonadherent cells were removed during washing with warm PBS.

In Vitro Training of Human Monocytes
Experiments were performed according to the previously described in-vitro trained
immunity protocol (24). Monocytes were incubated with 5 mg/L (13,3 uM) phenol
red containing RPMI culture medium only, DHT (1, 10, or 100 pmol/mL), estradiol (0.1,
1, 10 pmol/mL), BCG (5 µg/mL), or BCG (5 µg/mL) combined with either DHT (1, 10,
or 100 pmol/mL), or estradiol (0.1, 1, 10 pmol/mL) at 37°C 5% CO2. After incubation
for 24h, supernatants were collected and stored at -20°C. Remaining stimuli were
removed by washing with warm PBS and fresh medium supplemented with 10%
human pooled serum was added. The cells were incubated for an additional 5 days
and medium was refreshed once. At day 6 cells were restimulated with either RPMI
or LPS (10 ng/mL). After 24h incubation, supernatants were collected and stored at
-20°C for cytokine analysis.

Microscopy
Cell morphology was studied by conventional light microscopy at day 0, 1, 3 and 6.

LDH assay
Cytotoxicity was detected by measurement of lactate dehydrogenase (LDH)
concentrations in fresh supernatants collected after 24h stimulation, using the
CytoTox96 NonRadioactive cytotoxicity assay (Promega, WI, USA).

Cytokine Measurements
Cytokine concentrations were determined in supernatants using commercial
enzyme-linked immunosorbent assay (ELISA) kits for TNF-α, IL-6 (R&D systems, BioTechne, Minneapolis, Minnesota, USA), IL-8 and IL-10 (Sanquin, Amsterdam, The
Netherlands), according to the manufacturer’s protocol.

BCA protein assay
BCA (bicinchoninic acid) protein assay (Thermo Scientific Pierce) was used to
measure protein content in lysates of 6 days cultured macrophages. The assay was
performed according to the manufacturer’s protocol.
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Statistics
Cytokine, LDH and BCA protein data were analyzed using Wilcoxon matchedpairs signed rank test. Absolute cytokine concentrations determined in 24h
BCG stimulated conditions were compared with BCG stimulated conditions with
additional hormones. As a read-out for trained immunity responses, fold increases
of cytokines of BCG (with and without additional hormones) primed (at day 6 LPS
restimulated) conditions were calculated over RPMI primed (LPS restimulated)
conditions. Obtained fold increases of BCG alone were compared with fold increases
of BCG conditions with additional hormones. LDH and BCA protein assay values of all
conditions were compared to RPMI control condition. Cytokine data were analyzed
separately by sex. All data were analyzed using Graphpad 5.03 (La Jolla, USA). A twosided P-value below 0.05 was considered statistically significant. Data are shown as
means ± SEM.

Results and discussion
In this study, we aimed to determine the direct effect of estradiol and DHT on
primary monocyte derived cytokine production, whether these hormones are able
to induce in-vitro trained immunity, and to test their possible influence on BCGinduced trained immunity.

Addition of estradiol or DHT inhibits the cytokine production by
monocyte stimulated with BCG
Freshly isolated human monocytes (females n = 7, males n = 7) were stimulated
for 24 hours with estradiol (0.1, 1, 10 pmol/mL) or DHT (1, 10, 100 pmol/mL) alone
or in presence of BCG. Stimulation with additional estradiol or DHT did not result
in detectable IL-6, TNF-α or IL-10 production. However, both estradiol and DHT
inhibited direct cytokine responses induced by BCG (Figure 1A-L). In females, a
significantly lower TNF-α response was detected when estradiol was added to BCG,
compared to BCG alone (Figure 1A). In males, a diminishing dose response on the
production of TNF-α, IL-6 and IL-10 was observed when estradiol was added to
BCG in comparison with BCG stimulation only (Figure 1D-F). Addition of DHT to
BCG resulted in both diminished TNF-α as well as IL-6 responses in male-derived
monocytes (Figure 1J-K). In conclusion, when BCG was supplemented with estradiol,
a decline in both male as well as female derived monocytic cytokine production was
observed, while addition of DHT resulted in decreased production in males only. To
exclude direct cytotoxicity as a cause for the diminished cytokine responses when
estradiol and DHT were added to BCG, LDH concentrations were measured in fresh
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supernatants collected after 24h stimulation. LDH concentrations did not differ
significantly between conditions (Supplemental Figure 1). After 24h stimulation,
no microscopically observable differences by means of cell morphology or density
were apparent between conditions.

4

Figure 1. Addition of estradiol or DHT results in diminished cytokine responses after 24h
monocyte stimulation with BCG.
Concentrations of TNF-α, IL-6 and IL-10 after 24h stimulation with RPMI, or BCG alone, or combined
with estradiol (0.1, 1, 10 pmol/mL) (A-F) or DHT (1, 10, 100 pmol/mL) (G-L) are depicted. Stimulation
with estradiol or DHT alone did not result in detectable cytokine production (A-L). Compared to
stimulation with BCG alone, when added to BCG all concentrations of estradiol resulted in reduced
TNF-α responses in females (A). In males, a diminishing dose response on the level of TNF-α, IL-6 and
IL-10 was observed when estradiol was added to BCG in comparison with BCG stimulation only (D-F).
Addition of DHT to BCG resulted in both diminished TNF-α as well as IL-6 responses in male derived
monocytes (J-K). (Wilcoxon matched pairs signed rank-test, females n = 7, males n = 7, * = P < 0.05)
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Estradiol and dihydrotestosterone do not induce training, nor
influence BCG-induced trained immunity
Six days after initial training, macrophages were restimulated with LPS. Previously it
has been shown BCG-induced trained immunity results in genome wide epigenetic
reprogramming in-vivo (25) and upregulation of several cytokines. Pro-inflammatory
TNF-α and IL-6 and anti-inflammatory IL-10 were selected as example cytokines for
our primary outcomes based on previous studies (24). In addition, concentrations of
chemokine IL-8 were measured. Priming with different concentrations of estradiol
or DHT did not induce training or tolerance in the absence of BCG (Figure 2AH). Trained immunity responses on the level of TNF-α and IL-6 responses were
observed in all BCG conditions, and they were not influenced by adding various
concentrations of estradiol of DHT. Only when BCG was combined with the highest
concentration of DHT, a small inhibitory effect on TNF-α production was observed
in males (Figure 2G). No other significant differences were detected when BCG
priming was compared to estradiol or DHT supplemented conditions. None of the
conditions resulted in an effect on IL-10 or IL-8 production after LPS restimulation
(Supplemental Figure 2 and 3). Intracellular protein concentrations were measured
at day 6 (before LPS restimulation) in lysates of cultured macrophages and compared
between conditions. Protein concentrations did not differ between conditions,
indicating similar number of cells between conditions (Supplemental Figure 4).
In an additional set of experiments RPMI medium was replaced by phenol redfree RPMI medium, in order to exclude an effect of pH indicator phenol red, which
possesses low affinity for the estrogen receptor. BCG-training on the level of TNF-α
and IL-6 could be induced in the absence of phenol red, regardless of additional
estrogen (Figure 3A-D).
Overall, these data show that although direct diminishing effects of estradiol or DHT
on BCG-induced cytokine response after 24h stimulation were detectable, induction
of in-vitro BCG training of monocytes is not altered by addition of estradiol or DHT.
As reviewed by Bouman et al. (26), there is mounting evidence regarding sex and
gender differences in innate immune composition and function in-vivo. Fluctuations
during the menstrual cycle, use of contraceptives, pregnancy and menopause
hint towards a role for sex-hormones in the mechanism behind these differences.
However, with inconclusive results from in vitro studies focusing on effects of sex
hormones on monocyte function, it remains a challenge to draw firm conclusions
about the interplay between sex hormones and monocyte function and the actual
contribution of these hormones to observed sex-differences in immune responses
in vivo (26).
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Figure 2. Effects of estradiol and DHT during in-vitro monocyte training.
Adherent monocytes were trained with RPMI, or BCG alone, or combined with estrogen (0.1, 1, 10
pmol/mL) or DHT (1, 10, 100 pmol/mL). After one week, cells were LPS restimulated after which TNF-α
and IL-6 responses were determined. Fold increases over RPMI-LPS restimulated conditions are
depicted (A-H). Neither estradiol nor DHT did induce training independent of BCG. Addition of either
estradiol of DHT did not influence BCG-induced trained immunity, except for high dose DHT-BCG
training, in which a small decrease in training was seen at the level of TNF-α response in male derived
monocytes compared to BCG training alone (G). (Wilcoxon matched pairs signed rank-test, females
n = 7, males n = 7 * = P <0.05)

Figure 3. Training in absence of medium pH indicator phenol red.
Fold increases of TNF-α and IL-6 over RPMI-LPS restimulated adherent monocyte conditions are
depicted. Training was induced in phenol red free RPMI medium (A-B), and supplementation of
estradiol did not have an additional effect (C-D) (Wilcoxon matched pairs signed rank-test, n = 4)

4

94

| Chapter 4

One obvious limitation of the current study is the use of an in-vitro model of trained
immunity, which may not be a perfect mirror of the induction of trained immunity invivo. Estradiol and DHT might as well have different effects on neonatal cells compared
to the adult cells used in our model. Therefore, we cannot exclude a possible effect of
sex hormones on the cytokine production after BCG vaccination and thereby on the
induction of trained immunity in-vivo.
Due to medium supplementation with 10% human pool serum in our model, medium
control conditions contained 1% estrogen and 10% DHT of the lowest concentration of
added hormones to other conditions. A significant effect of these low concentrations
of hormones in our medium control on training would be very unlikely. However,
controls containing low amounts of sex-hormones may actually better reflect
physiological conditions with detectable estrogen and DHT levels in both sexes.
At last, it is widely known medium pH indicator phenol red possesses very low estrogen
receptor affinity (27), but huge variation in sensitivity between cell types has been
described (28). To our knowledge no studies have been conducted to determine the
effect of phenol red – estrogen receptor binding and cytokine production in primary
human monocytes. In this study, we have shown BCG-training can be induced in the
absence of phenol red, regardless of estradiol supplementation.
Although our findings do not directly support that the epidemiologically observed
sex-differential effects after BCG vaccination can be explained by effects of estradiol or
DHT on monocyte training capacity, the influence of sex-hormones on other immune
cells in the context of BCG-induced trained immunity cannot be excluded. It has
been shown BCG vaccination enhances NK cell, as well as heterologous Th1 and Th17
cytokine responses, after ex-vivo restimulation with related and unrelated pathogens
(29, 30), and these processes may be under control of sex hormones.
Alternatively, genetic or epigenetic differences could be responsible for observed
sex-differential effects. For example, several transcriptional and translational factors
are located on the X chromosome (31). Moreover, it has been shown that miRNAs
play important roles in regulating development and function of immune cells (32).
Non-coding miRNAs are able to control gene expression, and 10% of all miRNAs in
the genome are found within the X chromosome. In contrast, the Y chromosome
only contains 2 miRNA genes (32). The X-linked gene composition together with the
influence of sex hormones on gene expression (31, 33), might play important roles in
inducing the more pronounced beneficial long-term effects in girls compared to boys
after BCG vaccination (13, 14).
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In conclusion, the sex hormones estradiol and DHT do not influence BCG-induced
in-vitro trained immunity of either male or female derived adult monocytes. Future
immunological studies in large cohorts of vaccinated individuals should assess
which are the other potential mechanisms that may control the epidemiologically
observed sex-differential effects of BCG vaccination.
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Supplementary data

Supplemental figure 1.
Adherent monocytes were trained with RPMI, or BCG alone, or combined with estradiol (A) or DHT (B).
To determine direct cytotoxicity, LDH concentrations were measured usring CytoTox96NonRadioactive
cytotoxicity assay in fresh supernatants harvested after 24h stimulation. (Wilcoxon matched pairs
signed rank-test, n=3)

Supplemental figure 2.
Adherent monocytes were trained with RPMI, BCG alone, or combined with estradiol (0.1,1,10 pmol/
mL (A) or DHT (1,10,100 pmol/mL) (B). After one week, cells were LPS restimulated after which IL10 responses were determined. Fold increases over RPMI-LPS restimulated conditions are depicted.
None of the conditions resulted in increased IL-10 production. (Wilcoxon matched pairs signed ranktest, females n-7 males n=7)
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Supplemental figure 3.
Adherent monocytes were trained with RPMI, or BCG alone, or combined with estradiol (A), or DHT
(B). After one week, cells were LPS restimulated after which IL-8 repsonses were determined. Fold
increases over RPMI-LP5 restimulated conditions are depicted. (Wilcoxon matched pairs signed ranktest, n=6 * = p <0.05)

Supplemental figure 4.
Adherent monocytes were trained with RPMI, or BCG alone, or combined with estradiol (0.1,1,10 pmol/
mL) or DHT (1,10,100 pmol/mL). After one week, before LPS restimulation, total protein concentrations
of cell lysates were measured by BCA assay. None of the conditions resulted insignificantly different
protein concentrations. (Wilcocon, matched pairs signed rank-test, n=8)
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Abstract
Background. Certain vaccines such as BCG have non-specific effects, which
modulate innate immune responses and lead to protection against mortality from
unrelated infections (trained immunity). In contrast, in spite of the disease-specific
effects, an enhanced overall mortality has been described after diphtheria-tetanuspertussis (DTP) vaccination in females. This randomized trial aimed to investigate
the non-specific immunological effects of BCG and DTP-containing vaccines on the
immune response to unrelated pathogens.
Methods. Seventy-five healthy female adult volunteers were randomized to receive
either BCG followed by a booster dose of tetanus-diphtheria-pertussis-inactivated
polio vaccine (Tdap) 3 months later, BCG and Tdap combined, or Tdap followed by
BCG 3 months later. Blood was collected before vaccination, as well as 1 and 4 days,
2 weeks and 3 months after the first vaccination(s), plus 2 weeks after the second
vaccination. Ex-vivo leukocyte responses to unrelated stimuli and pathogens were
assessed.
Results. Tdap vaccination led to short-term potentiation and long-term repression
of monocyte-derived cytokine responses, and short-term as well as long-term
repression of T-cell reactivity to unrelated pathogens. BCG led to short-term and
long-term potentiation of monocyte-derived cytokine responses. When given
together with Tdap or after Tdap, BCG abrogated the immunosuppressive effects of
Tdap vaccination.
Conclusions. Tdap induces immunotolerance to unrelated antigens, which is
partially restored by concurrent or subsequent BCG vaccination. These data indicate
that modulation of heterologous immune responses is induced by vaccination
with Tdap and BCG, and more studies are warranted to investigate whether this is
involved in the non-specific effects of vaccines on mortality.
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Background
Vaccines confer specific protection to their target diseases through induction of
adaptive immunity. Recent evidence suggests that vaccines also modulate the risk of
overall morbidity and mortality independent of prevention of their target diseases,
termed non-specific or heterologous effects of vaccination. Immunological studies
have provided biological plausibility by showing that vaccines modulate immune
response to microbial ligands and pathogens unrelated to the specific antigen(s) used
in the vaccine (1, 2). WHO concluded in a review of non-specific effects of vaccines that
more research is warranted to understand the underlying mechanisms (3).
Bacille Calmette-Guérin (BCG) vaccine is used to protect against tuberculosis. BCG
also reduces overall neonatal mortality, due to reductions in sepsis and respiratory
infections (4). This non-specific effect of BCG is thought to be mediated through
induction of heterologous lymphocyte responses and trained immunity, a concept
that describes memory properties of innate immunity (1, 2, 5). BCG increases
cytokine responses to unrelated stimuli up to months after vaccination (6-8).
The diphtheria-tetanus-pertussis (DTP) vaccine is highly efficacious in reducing
morbidity and mortality due to diphtheria, tetanus and pertussis. Despite this
protective specific effect, observational studies have found an association between
whole-cell DTP vaccination (DTwP) and increased overall mortality in the period
during which DTP is the most recent vaccine (1, 9-11). This effect is more pronounced
in girls and might be associated with increased risk of infection with unrelated
pathogens (10, 12-14). Whole-cell DTP vaccination in West-African infants decreases
monocyte- and T-cell derived cytokine responses to unrelated stimuli in girls (15).
The primary objective of the present study was to investigate whether and how
BCG and/or DTP-containing vaccine modulate heterologous innate cytokine
responses in female adults. Because an acellular form of the vaccine is in use in the
Netherlands since 2005, we used the tetanus diphtheria acellular pertussis (Tdap)
form of DTP in our study. The secondary objective was to assess whether possible
effects differ depending on the sequence and combination of these vaccines. Based
on epidemiological studies suggesting beneficial effects of BCG vaccination on
mortality, and potential deleterious effects of DTP in girls, we hypothesized that
BCG vaccination would enhance non-specific ex-vivo cytokine production, reactive
oxygen species (ROS) production and microbial killing, whereas Tdap vaccination
would lead to decreased immune responses.
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Methods
Study design
The study was performed in The Netherlands from March 2015 to July 2016 as a singlecentre, explorative, randomized, open trial with three study arms. Seventy-five healthy
adult, female volunteers (25 per study group) were included. In and exclusion criteria,
rationale for female inclusion only as well as samples size rationale are provided in
supplementary materials. Subjects were randomized to 1 of 3 study groups: group A
received BCG followed by Tdap-inactivated polio vaccine (IPV) 3 months later, group B
received BCG and Tdap-IPV simultaneously, and group C received Tdap-IPV followed by
BCG 3 months later. Blood was drawn at baseline, 1 day, 4 days, 2 weeks, and 3 months
after the first vaccination(s), and 2 weeks after the second vaccination in groups A and
C (figure 1). The protocol was approved by the Arnhem-Nijmegen Ethical Committee.
The study was performed in accordance with the declaration of Helsinki and registered
at clinicaltrials.gov (NCT02771782). All participants were vaccinated with 1 standard dose
of BCG Danish 1331 (Staten Serum Institut, Copenhagen, Denmark; 0,1 ml intradermally)
and 1 standard dose of Boostrix Polio (GlaxoSmithKline; 0,5 ml intramuscular, containing
diphtheria 4 international units (IU), pertussis toxoid (16 ug), pertussis filamentous
hemagglutin (16 ug), pertussis pertacin (5 ug), tetanus toxoid (40IU), and inactivated polio
vaccine type 1 80 D-antigen units (DU), type 2 16 DU, type 3 64 DU), abbreviated as TdapIPV, from now on referred to as Tdap. Vaccines were commercially available and obtained
from the hospital pharmacy of the Radboudumc. Randomization was performed with a
software-based algorithm. No incident illnesses were captured during the study period.

PBMC isolation and stimulation
Whole blood was collected in EDTA tubes and peripheral blood monocytic cells (PBMCs)
were isolated using Ficoll density gradient separation as described previously (7), and
adjusted to 5x106/ml in RPMI-1640 (Invitrogen) supplemented with gentamycin, glutamax
and pyruvate. 5x105 PBMCs were stimulated in a 96-well round-bottom plate (Corning)
with RPMI (negative control), Escherichia coli lipopolysaccharide (LPS) (10 ng/ml, Sigma.Aldrich), phytohaemagglutin (PHA) (10 µg/ml, Sigma-Aldrich), sonicated Mycobacterium
tuberculosis H37Rv (M. tuberculosis) (5 µg/ml), heat-killed Staphylococcus aureus (S. aureus)
(1x106/ml, clinical isolate), heat-killed Candida albicans (C. albicans) (1x106/ml, UC820
strain), heat-killed Streptococcus pneumoniae (S. pneumonia) (5x106/ml, TIGR4 strain) and
heat-killed Bordetella pertussis (B. pertussis) (20 μg/ml, B1917 strain). All stimulations were
performed in duplicate. Cells were incubated at 37°C and 5% CO2 for 24 hours (TNF-α, IL1β, IL-6, and IL-10) or 7 days (IFN-γ, IL-17 and IL-22) after which supernatants were collected
and stored at -80°C until analysis. For 7-day stimulations 10% human pooled serum was
added to the culture medium.
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Figure 1. Overview of study procedures.
A total of 75 female subjects were included in the study. Each study group consisted of 25 subjects.
Subjects were vaccinated with either BCG followed by Tdap at 3 months, BCG and Tdap simultaneously
or Tdap followed by BCG at 3 months. Blood was drawn at baseline, 1 day, 4 days, 2 weeks and 3 months
after the first vaccination(s). Groups A and C also had blood drawn at 2 weeks after receiving the
second vaccination at 3 months. Ex vivo PBMC cytokine responses, complete blood counts, reactive
oxygen species production and microbial killing capacities were measured. Abbreviations: BCG,
Bacille Calmette-Guérin vaccine; CBC, complete blood counts; PBMC, peripheral blood monocytic
cells; ROS, reactive oxygen species; Tdap, tetanus-diphtheria-pertussis inactivated polio vaccine.

Measurement of CBC, respiratory burst, and S. pneumonia killing assay
Blood was collected in EDTA tubes and complete blood count (CBC) was performed using
a Sysmex XN-450 haematology analyser. ROS production was measured by luminolenhanced luminescence assay as described previously (16). In selected subjects (8 in Tdap
group; 7 in BCG group), a whole blood killing assay using Streptococcus pneumoniae was
performed, as described previously (17). Details concerning CBC, ROS and killing assay are
provided in the supplementary methods.

ELISA measurement of cytokines
Cytokines were measured using Enzyme Linked Immunosorbant Essay (ELISA) kits from
R&D Systems, USA (interleukine-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), IL-17,
IL-22) and Sanquin, The Netherlands (IL-6, IL-10, interferon-gamma (IFN-γ)). Samples
per subject were measureed on 1 ELISA plate. Operators were blinded to treatment
assignments. Monocyte-derived (IL-1β, TNF-α, IL-6 and IL-10) and T cell-derived cytokines
(IFN-γ, IL-17 and IL-22) were readily induced, apart from TNF-α induction by S. pneumoniae
(>90% below detection limit) and IL-17 induction by S. aureus (73% below detection limit),
these responses are not shown.
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Statistical analyses
Cytokine values before and after vaccination were converted to fold change from baseline
ratios to compare values before and after vaccination and log transformed. Depending
on distribution of the data a one-sample T-test or Wilcoxon Signed Rank test was used
to compare log fold change ratios to 0. To assess interacting effects of BCG and Tdap
vaccination, log fold change ratios were compared between groups using a T-test or
Mann-Whitney U-test depending on distribution of data.
CBCs were normally distributed (D’Agostino & Pearson omnibus normality test) and paired
t-tests were used to compare CBC parameters before and after vaccination.
The majority of area under curve (AUC) values of ROS production were normally distributed
(D’Agostino & Pearson omnibus normality test). Paired t-tests or Wilcoxon matched pairs
Signed-Ranks tests were used to compare values before and after vaccination.
Survival of microorganisms on different time points was compared using Friedman’s test.
A two-sided p-value <0.05 was considered statistically significant. No correction for
multiple testing was performed. Data were analysed using GraphPad Prism version 6.0
(GraphPad Software, San Diego, California) and R version 3.3.1.

Results
Characteristics of study population
Seventy-five healthy, female subjects were included; 25 subjects per arm. The median
age was 23 (range 18-48), with no significant difference between groups (KruskallWallis test; p=0.60). Two subjects were lost to follow up: 1 in group A after 2 weeks
without reason; 1 in group C after 3 months due to fear for scar formation after BCG.
All participants reported self-limiting swelling and erythema at injection site after BCG.

Modulation of non-specific immune responses by Tdap (Group C)
Complete blood count
Tdap vaccination induced a 17% increase in leukocyte count at day 1, mainly due to
increases in neutrophils and monocytes. The number of lymphocytes decreased by
14% 1 day after vaccination. Cell populations returned to baseline levels at 2 weeks
(figure 2A). No effects were observed on other CBC parameters (data not shown).
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5
Figure 2. Non-specific effects of Tdap vaccine.
A. CBC counts before and at 1 day, 4 days, 2 weeks and 3 months after Tdap vaccination. Tdap increased
CBC, neutrophils, monocytes and immature granulocytes and decreased lymphocytes at day 1. Paired
T-test. B. ROS production in whole blood and PBMCs before and at 1 day, 4 days, 2 weeks and 3
months after Tdap vaccination. Tdap increases ROS production in whole blood and PBMCs 1 day after
vaccination. Correction for neutrophil numbers abrogates this effect. Paired t-test was performed.
C. IL-6 production of PBMCs stimulated with LPS before and at 1 day, 4 days, 2 weeks and 3 months
after Tdap vaccination. IL-6 production is increased at 1 day and 4 days after vaccination. t-test of log
fold changes. D. IL-1β, TNF-α and IFN-γ production after Tdap vaccination. Tdap transiently increases
IL-1β and TNF-α response to LPS and M. tuberculosis, as well as IL-1β response to S. pneumoniae. IFN-γ
production to M. tuberculosis, S. aureus and S. pneumoniae is decreased directly after vaccination.
Depicted are geometric means of fold changes with 95% confidence interval. One-sample t-test
of log fold changes. M.tb = M. tuberculosis, C.a = C.albicans, S.p = S. pneumoniae, S.a = S. aureus. E.
Whole blood killing of S. pneumoniae before and after Tdap vaccination. Abbreviations: BCG, Bacille
Calmette-Guérin vaccine; C.a, Candida albicans; CBC, complete blood counts; LPS, lipopolysaccharide;
M.tb, Mycobacterium tuberculosis; PBMC, peripheral blood monocytic cells; ROS, reactive oxygen
species; S.a, Staphylococcus aureus; S.p, Streptococcus pneumonia; Tdap, tetanus-diphtheria-pertussis
inactivated polio vaccine.Friedman’s test. * p<0,05; ** p<0,01; *** p<0,001; **** p<0,0001

Respiratory burst
ROS production in whole blood (36% increase) and in PBMCs (53% increase) was
significantly upregulated at day 1, and returned to baseline by day 4. Neutrophil
contamination in PBMCs was generally very low (median 0.7%), but was higher at
day 1 (data not shown). When measurements were corrected for neutrophil counts
ROS production in whole blood was slightly but significantly decreased, whereas the
differences in PBMCs were not significant (figure 2B).
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Cytokine production
Tdap vaccination induced a 1.4 to 2.2-fold increase in monocyte-derived cytokine
production (IL-1β, TNF-α, IL-6 and IL-10) after stimulation with LPS and M. tuberculosis
1 day and 4 days after vaccination, which returned to baseline after two weeks. There
was an increased production of IL-6 after stimulation with S. aureus and S pneumoniae,
and higher IL-1β production after stimulation with S. pneumoniae. (figure 2C-D and
supplementary figure 1). At day 1 after vaccination, the production of IFN-γ, IL-17
and IL-22 was decreased upon stimulation with C. albicans at 1 day after vaccination
(1.4 to 2.5-fold decrease). Decreased IFN-γ and IL-22 production upon stimulation
with M. tuberculosis and S. pneumoniae, and decreased IL-22 and IL-17 production
upon stimulation with PHA were observed at 1 and 4 days after vaccination (figure
2D and supplementary figure 2). A 0.6 to 0.7-fold decrease in T cell-derived cytokine
production to all stimuli was observed, which reached statistical significance for
stimulation with M. tuberculosis (IFN-γ, IL-17 and IL-22) and S. pneumoniae (IFN-γ) (figure
2D and supplementary figure 2).

Microbial killing capacity
The microbial killing assay showed significant variability between individuals and
time points. No differences were observed on microbial killing (figure 2E).

Modulation of immune responses by BCG (Group A)
Complete blood count
BCG increased leukocyte counts at 1 and 4 days after vaccination due to increases in
neutrophil and monocyte counts. No effect on lymphocytes or other CBC parameters
were observed after BCG (figure 3A).

Respiratory burst
BCG vaccination induced transient increased ROS production in whole blood at 1
day and 4 days, which was fully explained by the increase in the neutrophil numbers,
suggesting that ROS production per cell was not altered. ROS production in PBMCs
was not modulated (figure 3B).

Cytokine production
BCG vaccination transiently increased monocyte-derived cytokine responses at day 1
and day 4, which reached significance for IL-1β production to LPS and M. tuberculosis
and IL-6 production to LPS and S. aureus (figure 3C-D and supplementary figure 3).
Subjects who received BCG first (group A) did not show increased monocyte-derived
cytokine production to unrelated stimuli at 2 weeks and 3 months, as reported in an
earlier study (7). Interestingly, subjects who received Tdap 3 months prior to BCG

Figure 3. Non-specific immunological effects of BCG.
A. CBC counts before and at 1 day, 4 days, 2 weeks and 3 months after BCG vaccination. BCG increases CBC and neutrophils at day 1 and day
4 as well as monocytes and immature granulocytes at day 4. Differences were assessed by paired t-test. B. ROS production in whole blood
and PBMCs before and at 1 day, 4 days, 2 weeks and 3 months after BCG vaccination. BCG increases ROS production in whole blood 1 day and
4 days after vaccination. Correction for neutrophil numbers abrogates this effect. Differences assessed by paired T-test. C. IL-6 production of
PBMCs stimulated with LPS before and at 1 day, 4 days, 2 weeks and 3 months after BCG vaccination. IL-6 production is increased at 1 day after
vaccination, t-test of log fold changes. D. IL-1β, TNF-α and IFN-γ production after BCG vaccination. BCG transiently increases IL-1β responses
to LPS and M. tuberculosis, as well as IFN-γ response to PHA 1 day after vaccination. IFN-γ production to M. tuberculosis is increased 2 weeks
after vaccination. When subjects in group C receive BCG vaccination this is associated with increased IL-1β and TNF-α responses to LPS and
M. tuberculosis, as well as increased IL-1β production to S. pneumoniae. Depicted are geometric means of fold changes with 95% confidence
interval. One-sample t-test of log fold changes. E. Whole blood killing assay of S. pneumoniae before and after BCG vaccination. Abbreviations:
BCG, Bacille Calmette-Guérin vaccine; C.a = Candida albicans; CBC, complete blood counts; LPS, lipopolysaccharide; M.tb, Mycobacterium
tuberculosis; PBMC, peripheral blood monocytic cells; PHA, phytohaemagglutin; ROS, reactive oxygen species; S.a, Staphylococcus aureus; S.p,
Streptococcus pneumonia. Friedman’s test. * p<0,05; ** p<0,01; *** p<0,001
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(group C; BCG-after-Tdap) did show increased pro-inflammatory cytokine production
to unrelated stimuli 2 weeks after BCG vaccination, which reached significance for
TNF-α production to LPS and borderline significance for IL-1β production to LPS and
S. pneumoniae. Furthermore, these subjects showed increased IL-1β, TNF-α and IL-6
production to M. tuberculosis, whereas subjects in group A did not (figure 3D and
supplementary figure 3).
BCG decreased IL-17 production to C. albicans, M. tuberculosis and PHA 1 day after
vaccination. BCG increased IFN-γ and IL-22 production to stimulation with B. pertussis
3 months after vaccination (supplementary figure 4). As expected, IFN-γ and IL-22
production to M. tuberculosis increased at 2 weeks and 3 months after vaccination,
although only a relatively modest 2-fold induction was seen (figure 3D and
supplementary figure 4). Four subjects in group A did not show increased IFN-γ
responses to M. tuberculosis after vaccination; exclusion of these non-responders did
not change estimates of non-specific immune responses elicited by BCG (data not
shown). IL-22 production to PHA 2 weeks after BCG was increased in subjects who
received DTP prior to BCG (supplementary figure 4).

Microbial killing
BCG did not influence microbial killing capacity of whole blood to S. pneumoniae
(figure 3E).

Interacting non-specific effects of Tdap and BCG vaccination (Group B)
Complete blood count and respiratory burst
When Tdap was given together with BCG, changes in CBC and ROS production followed
the pattern observed when Tdap was given alone (supplementary figure 5).

Cytokine production
When BCG and Tdap were administered simultaneously, a partial abrogation of
induction of IL-6 to stimulation with LPS, S. aureus and S. pneumoniae and of IL1β after stimulation with S. pneumoniae at day 4 was observed compared with
Tdap alone (figure 4A and supplementary figure 6). Likewise, BCG vaccination
partially reversed the decreased IL-22 production to M. tuberculosis, and IL-17
and IL22 production to S. pneumoniae at day 4 induced by Tdap (figure 4B and
supplementary figure 6). In contrast, concomitant administration of Tdap with BCG
vaccine decreased production of IFN-γ, IL-22 and, to a lesser extent, IL-17 to PHA,
C. albicans, M. tuberculosis and S. pneumoniae at day 1 compared with BCG alone
(figure 4C-D).
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Absolute cytokine concentrations, i.e. not fold change from baseline converted
ratios, of innate cytokine (IL-6 and IL-1β) and adaptive cytokine (IFN-γ, IL-17 and IL-22)
responses tended to be lower in subjects that received BCG and Tdap simultaneously
compared to the other study groups (supplementary figure 7).

5

Figure 4. Interacting effects of BCG and Tdap vaccine.
A. IL-6 production after Tdap and BCG+Tdap. BCG vaccination reversed the Tdap-induced increase of
the IL-6 responses after Tdap vaccination 4 days after vaccination. B. IL-22 production after Tdap and
BCG+Tdap. BCG vaccination reversed the Tdap-induced reduction of IL-22 production 4 days after
vaccination. C. IFN-γ production after BCG and BCG+Tdap. Tdap vaccination inhibited the potentiation
of IFN-γ responses after BCG 1 day after vaccination. D. IL-22 production after BCG and BCG+Tdap.
Tdap vaccination decreased BCG-induced potentiation of IL-22 production 1 day after vaccination.
Depicted are geometric means of fold changes with 95% confidence interval. One-sample t test of
log fold changes. Abbreviations: BCG, Bacille Calmette-Guérin vaccine; C.a, Candida albicans; LPS,
lipopolysaccharide; M.tb, Mycobacterium tuberculosis; PHA, phytohaemagglutin; S.a, Staphylococcus
aureus; S.p, Streptococcus pneumonia; Tdap, tetanus-diphtheria-pertussis inactivated polio vaccine. *
p<0,05; ** p<0,01
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Figure 5. Reversal of Tdap vaccine effects by subsequent BCG.
A. Modulation of IL-1β production by BCG vaccination administered 3-months after receiving Tdap.
BCG reversed the reduction of IL-1β production induced by Tdap vaccination. B. Modulation of TNF
production by BCG vaccination administered 3-months after receiving Tdap. BCG vaccination reversed
the reduction of TNF-α production induced by Tdap vaccination. C. Modulation of IL-22 production by
BCG vaccination administered 3-months after receiving Tdap. BCG vaccination reversed the reduction of
IL-22 production to M. tuberculosis induced by Tdap vaccination, but not the IL-22 production induced
by other stimuli. Depicted are geometric means of fold changes with 95% confidence interval. Onesample t test of log fold changes. Abbreviations: BCG, Bacille Calmette-Guérin vaccine; C.a, Candida
albicans; LPS, lipopolysaccharide; M.tb, Mycobacterium tuberculosis; PHA, phytohaemagglutin; S.a,
Staphylococcus aureus; S.p, Streptococcus pneumoniae; Tdap, tetanus-diphtheria-pertussis inactivated
polio vaccine. ^ p=0,06; * p<0,05; ** p<0,01; *** p<0,001

Figure 6. Summary of the effects of BCG and Tdap.
Schematic overview of findings in innate cytokine responses (IL-1β, IL-6 and TNF-α) 1-4 days after
vaccination (acute phase response), 2 weeks, 3 months, and 3 months plus 2 weeks after vaccination
(trained immunity), and (specific and heterologous) T-cell mediated effects (IFN-γ, IL-17 and IL-22) after
vaccination with either BCG or Tdap alone, both vaccines combined or BCG and Tdap sequentially
administered. Cytokine responses of individuals after Tdap or BCG vaccination were compared to
baseline cytokine responses. Cytokine responses of Tdap plus BCG individuals were compared with
either BCG or Tdap alone. Cytokine responses of BCG after Tdap compared to BCG only, and Tdap after
BCG compared to before Tdap. The red arrows depict significantly enhanced cytokine responses and
the blue arrows depict significantly reduced cytokine responses. Abbreviations: BCG, Bacille CalmetteGuérin vaccine; Tdap, tetanus-diphtheria-pertussis inactivated polio vaccine.
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In the long term, BCG administration 3 months after Tdap vaccination restored
the decreased IL-1β and TNF-α response to LPS and M. tuberculosis, as well as the
decreased IL-6 response to M. tuberculosis induced by Tdap (figure 5A-C and
supplementary figure 8). Receiving BCG prior to Tdap did not modulate the effects
of Tdap at 2 weeks after vaccination (supplementary figure 1). When subjects
were vaccinated at 3 months with Tdap, after first receiving BCG (group A), the IL-1β
and TNF-α production to M. tuberculosis was increased at 2 weeks after receiving
Tdap, compared to before receiving this vaccine (supplementary figure 1 and 2).
A summary of the findings in cytokine changes in all study groups is presented in
figure 6.

Discussion
This study investigated the modulatory effects of BCG and DTP-containing vaccines on
innate and heterologous T-cell immune responses. Tdap induced short-term induction
of monocyte-derived cytokine responses and short-term repression of T cell reactivity,
probably reflecting the observed changes in frequencies of immune cell subsets in
peripheral blood. Three months after vaccination, Tdap repressed non-specific T-cell
reactivity, and tended to reduce innate immune responses to unrelated antigens.
This finding is in line with a recent study which showed decreased TNF-α response
to Toll like receptor 4 stimulation as well as decreased T cell reactivity to non-specific
stimulation 1 month after DTP vaccination in infants (15), although this study used
a whole cell DTP vaccine whereas our study used an acellular Tdap vaccine, which
can lead to different immune responses (18). Tdap transiently increased peripheral
neutrophil and monocyte counts, and decreased circulating lymphocytes. ROS
production was upregulated after Tdap vaccination, reflecting the increased number
of neutrophils, which is in line with earlier studies (19-21).
Analogous to Tdap vaccination, BCG led to transient minor changes in CBC and ROS
production in the first days after vaccination. Although BCG increased ROS production
in an in vitro model of trained immunity (16), we were unable to show that BCG or
Tdap modulates ROS production in vivo. BCG transiently increased monocyte-derived
cytokine production to unrelated stimuli, and induced long-term increases of T cellderived cytokine production to unrelated stimuli, indicating enhanced heterologous
immunity. In subjects who received Tdap prior to BCG, monocyte-derived cytokine
production to unrelated stimuli was increased 2 weeks after BCG vaccination, suggesting
induction of trained immunity. In line with our findings, ex-vivo restimulated PBMC
derived cytokine responses may differ after vaccination with a live vaccine such as
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BCG compared to a non-live vaccine such as Tdap, we have recently shown that live
smallpox vaccine may induce trained immunity, whereas the non-replicating modified
Vaccinia Ankara induces tolerance in our in vitro trained immunity model (22).
The magnitude of trained immunity after administration of BCG in this study is lower
than in earlier studies from our group (6-8). We also observed a relatively poor induction
of specific immunity: IFN-γ production to M. tuberculosis in BCG vaccinated subjects
increased by 1.8 to 2-fold, compared to a 6 to 8-fold increase observed in a previous
study (7). This is likely explained by batch-to-batch variation in the BCG vaccine, which
has been shown to influence induction of trained immunity in vitro (23).
Our study shows that non-specific immunological effects of Tdap and BCG interact
when these vaccines are given together, suggesting the sequence in which vaccines
are administered is of importance for the outcome of non-specific immunological
effects. This is in line with epidemiological studies showing that BCG given
simultaneously with or after DTP is associated with reduced mortality compared
with receiving DTP after BCG (as per the recommended schedule), suggesting that
the last vaccination administered is crucial for determining beneficial or deleterious
non-specific effects (24-26), and supports the argument that live-attenuated vaccine
administration as most recent vaccine in infants can induce protective non-specific
effects (27).
Several limitations of our study should be noted. First, non-specific effects on
morbidity and mortality have mainly been shown in infants receiving their primary
DTwP vaccine, inducing a primary vaccine response, whereas we have studied the
effect of a booster dose of Tdap in adults. The presence of vaccine-induced adaptive
memory, e.g. against pertussis, might influence the innate response to vaccination.
Besides, the Tdap vaccine used in our study also contains inactivated polio vaccine
(IPV), which could have modulatory effects as well. Moreover, since the infant and
adult immune systems differ greatly, our observed effects might not be identical in
the target population of these vaccines. Due to the exploratory nature of this study,
p-values have not been corrected for multiple testing. Last, studies have shown sexdifferential effects of these vaccines on clinical and immunological outcomes (15,
28, 29). To minimize variability we chose to enrol females only, but effects might
differ in males.
In conclusion, BCG and Tdap lead to non-specific effects on heterologous innate and
T cell-derived cytokine production, and these effects interact with each other. These
findings support the notion that vaccination with a live-attenuated vaccine such
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as BCG (7, 8, 30) potentiate trained immunity, whereas an inactivated vaccine such
as DTP (15) repress heterologous immunity. In combination with epidemiological
data showing opposite effects of live and inactivated vaccines on overall morbidity
and mortality (9, 25, 31, 32), our findings highlight the importance of further
understanding the mechanisms behind these effects, in order to maximize health
outcomes by optimizing existing vaccine schedules (33).
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Supplementary data

Supplementary figure 1. Monocyte-derived cytokine responses after Tdap vaccination.
Production of IL-1β (A), TNF-α (B), IL-10 (C) and IL-6 (D) after Tdap vaccination. Tdap increases IL1β production to LPS, M. tuberculosis and S. pneumoniae shortly after vaccination. Tdap increases
TNF-α production to LPS and M. tuberculosis at day 1, and decreases TNF-α production to LPS at 3
months. Tdap increases IL-6 production to LPS, M. tuberculosis, S. aureus and S. pneumoniae shortly
after vaccination. Tdap increases IL-10 production to LPS, M. tuberculosis and S. pneumoniae 1 day
after vaccination. Depicted are geometric means of fold changes with 95% confidence interval. Onesample t-test of log fold changes. Abbreviations: C.a, Candida albicans; LPS, lipopolysaccharide; M.tb,
Mycobacterium tuberculosis; S.a, Staphylococcus aureus; S.p, Streptococcus pneumoniae; Tdap, tetanusdiphtheria-pertussis inactivated polio vaccine. M. ^ p=0,06; * p<0,05; ** p<0,01; *** p<0,001

Supplementary figure 2. T-cell derived cytokine responses after Tdap vaccination.
Production of IFN-γ (A), IL-17 (B) and IL-22 (C) after Tdap vaccination. Tdap decreases IFN-γ production
to M. tuberculosis, C. albicans and S. pneumoniae 1 day after vaccination, as well as IFN-γ production
to M. tuberculosis and S. pneumoniae 3 months after vaccination. Tdap decreases IL-17 production to
S. aureus, C. albicans, S. pneumoniae and PHA shortly after vaccination, as well as IL-17 production to
M. tuberculosis and PHA 3 months after vaccination. Tdap decreases IL-22 production to S. aureus, M.
tuberculosis, C. albicans, S. pneumoniae and PHA shortly after vaccination, as well as IL-22 production
to M. tuberculosis and C. albicans 3 months after vaccination. Depicted are geometric means of fold
changes with 95% confidence interval. One-sample t-test of log fold changes. Abbreviations: Candida
albicans; M.tb, Mycobacterium tuberculosis; PHA, phytohaemagglutin; S.a, Staphylococcus aureus; S.p,
Streptococcus pneumoniae; Tdap, tetanus-diphtheria-pertussis inactivated polio vaccine. ^ p=0,06; *
p<0,05; ** p<0,01; *** p<0,001
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Supplementary figure 3. Monocyte-derived cytokine responses after BCG vaccination.
Production of IL-1β (A), TNF-α (B), IL-10 (C) and IL-6 (D) after BCG vaccination. BCG increases IL-1β
production to LPS and M. tuberculosis shortly after vaccination. BCG increases TNF-α production to
LPS and M. tuberculosis 2 weeks after vaccination in subjects who were previously vaccinated with
Tdap. BCG increases IL-6 production to LPS and S. aureus shortly after vaccination, and IL-6 production
to M. tuberculosis 2 weeks after vaccination in subjects who were previously vaccinated with Tdap. BCG
decreases IL-10 production to C. albicans 4 days after vaccination. Depicted are geometric means of
fold changes with 95% confidence interval. One-sample t-test of log fold changes. Abbreviations: BCG,
Bacille Calmette-Guérin vaccine; C.a, Candida albicans; LPS, lipopolysaccharide; M.tb, Mycobacterium
tuberculosis; S.a, Staphylococcus aureus; S.p, Streptococcus pneumoniae. ^ p=0,06; * p<0,05; ** p<0,01;
*** p<0,001

Supplementary figure 4. T-cell derived cytokine responses after BCG vaccination.
Production of IFN-γ (A), IL-17 (B) and IL-22 (C) after BCG vaccination. BCG increases IFN-γ production to
M. tuberculosis at 2 weeks after vaccination, IFN-γ to PHA 1 day after vaccination and IFN-γ production
to B. pertussis 3 months after vaccination. BCG decreases IL-17 production to M. tuberculosis,
C. albicans and PHA shortly after vaccination and increases IL-17 production to M. tuberculosis 2
weeks after vaccination. BCG increases IL-22 production to M. tuberculosis 2 weeks and 3 months after
vaccination, and increases IL-22 production to PHA 2 weeks after vaccination in subjects previously
vaccinated with Tdap. Depicted are geometric means of fold changes with 95% confidence interval.
One-sample t-test of log fold changes. Abbreviations: BCG, Bacille Calmette-Guérin vaccine; B.p.
Bordetella pertussis; C.a, Candida albicans; M.tb, Mycobacterium tuberculosis; PHA, phytohaemagglutin;
S.a, Staphylococcus aureus; S.p, Streptococcus pneumoniae. p=0,06; * p<0,05; ** p<0,01; *** p<0,001
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Supplementary figure 5. Interacting effects of BCG and Tdap on CBC and respiratory burst.
CBC parameters (A) and ROS production (B) before and after vaccination with BCG, Tdap and BCG+Tdap
simultaneously. Changes in CBC parameters and ROS production in subjects vaccinated with BCG
and Tdap simultaneously follow the pattern of those vaccinated with Tdap alone. Abbreviations: BCG,
Bacille Calmette-Guérin vaccine; CBC complete blood count; ROS, reactive oxygen species; Tdap,
tetanus-diphtheria-pertussis inactivated polio vaccine. ^ p=0,06; * p<0,05; ** p<0,01; *** p<0,001
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Supplementary figure 6. Interacting effects of BCG and Tdap.
Production of IL-1β, TNF-α, IL-6, IL-10, IFN-γ, IL-17 and IL-22 at 1 day (A) and 4 days (B) after vaccination.
Simultaneous administration of BCG and Tdap abrogates the increased production of IL-1β and IL-6
and to S. pneumoniae and the increased production of IL-6 to LPS and S. aureus induced by Tdap
vaccination. Simultaneous administration of BCG and Tdap abrogates the decreased production
of IL-17 to S.pneumoniae and IL-22 production to M. tuberculosis and S. pneumoniae induced by
Tdap. Depicted are geometric means of fold changes with 95% confidence interval. T-tests of fold
change ratios. Abbreviations: BCG, Bacille Calmette-Guérin vaccine; C.a, Candida albicans; LPS,
lipopolysaccharide; M.tb, Mycobacterium tuberculosis; PHA, phytohaemagglutin; S.a, Staphylococcus
aureus; S.p, Streptococcus pneumoniae; Tdap, tetanus-diphtheria-pertussis inactivated polio vaccine.
^ p=0,06; * p<0,05; ** p<0,01; *** p<0,001

122 | Chapter 5

Supplementary figure 7. Absolute cytokine levels 2 weeks after vaccination.
Production of IL-1β, TNF-α, IL-6, IL-10, IFN-γ, IL-17 and IL-22 2 weeks after vaccination in subjects
vaccinated with BCG alone, Tdap alone, BCG and Tdap simultaneously, and in those vaccinated with
Tdap after previous vaccination with BCG (group A) and those vaccinated with BCG after previous
vaccination with Tdap (group C). Abbreviations: BCG, Bacille Calmette-Guérin vaccine; C.a, Candida
albicans; LPS, lipopolysaccharide; M.tb, Mycobacterium tuberculosis; PHA, phytohaemagglutin; S.a,
Staphylococcus aureus; S.p, Streptococcus pneumoniae; Tdap, tetanus-diphtheria-pertussis inactivated
polio vaccine. ^ p=0,06; * p<0,05; ** p<0,01; *** p<0,001
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Supplementary figure 8. Reversal of Tdap induced immunotolerance.
Production of IL-6, IL-10, IFN-γ and IL-17 before and after BCG in subjects previously vaccinated with
Tdap (group C). BCG restores decreased production of IL-6 to M. tuberculosis. Depicted are geometric
means of fold changes with 95% confidence interval. T-tests of fold change ratios. Abbreviations: BCG,
Bacille Calmette-Guérin vaccine; C.a, Candida albicans; LPS, lipopolysaccharide; M.tb, Mycobacterium
tuberculosis; PHA, phytohaemagglutin; S.a, Staphylococcus aureus; S.p, Streptococcus pneumoniae;
Tdap, tetanus-diphtheria-pertussis inactivated polio vaccine. ^ p=0,06; * p<0,05; ** p<0,01; ***
p<0,00
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Abstract
Introduction: the anti-tuberculosis vaccine BCG has been shown to induce nonspecific protection against overall mortality in infants by protecting against
respiratory tract infections and neonatal sepsis. BCG-induced trained innate
immune memory, resulting in increased cytokine production upon unrelated
microbial challenge after BCG vaccination, is a plausible mechanism to explain these
beneficial effects. Since innate immune cells display oscillations in numbers and
function throughout the day, we aimed to investigate the effect of timing of BCG
administration on induction of trained immunity.
Material and methods: 18 volunteers were vaccinated with BCG at 6pm, while 36
age- and sex-matched volunteers were vaccinated between 8am and 9am. Within
the entire cohort a total of 302 volunteers received vaccination at different time
points between 8am and 12pm. Blood was collected in the morning at baseline, two
weeks, and three months after vaccination. Isolated peripheral blood mononuclear
cells (PBMCs) were stimulated with either Mycobacterium tuberculosis (Mtb) as
BCG-related stimulus, or Staphylococcus aureus (S. aureus) as non-specific stimulus.
Cytokine concentrations were determined with ELISA and Luminex in harvested
supernatants. Changes in chromatin accessibility in PBMCs after morning and
evening vaccination were analyzed with ATACseq.
Results: morning vaccination with BCG elicited a stronger trained immunity
phenotype (S. aureus-induced IL-1β, IL-6 and TNF-α production upon non-specific
PBMC restimulation) compared to evening vaccination. In addition, Mtb-induced
IFN-γ responses were significantly higher in morning vaccinated individuals
compared to evening vaccinated individuals. Within the entire cohort of 302
volunteers, early morning (8am-9am) BCG vaccination resulted in increased induction
of innate immune responses compared to late morning (11am-12pm) vaccination.
A cellular rather than humoral substrate of the circadian effect of BCG vaccination
was demonstrated by the enhanced capacity to induce trained immunity in vitro in
monocytes isolated in the morning, compared to monocytes isolated in the evening
from blood of the same individual.
Conclusion: timing of BCG vaccine administration has a crucial effect on the
induction of trained immunity, as well as Mtb-specific responses. Future studies
should take time of vaccine administration into account when studying specific and
non-specific effects of vaccines. BCG vaccination in the early morning should be the
preferred time of administration.
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Introduction
The anti-tuberculosis vaccine Bacillus Calmette-Guérin (BCG) has the highest
vaccine coverage worldwide (1). BCG protects primarily against disseminated
tuberculosis (TB) in children (2), whereas protection against pulmonary TB in adults
is only modest (3, 4). While the world is striving for a more effective anti-TB vaccine
(5), there is mounting evidence that BCG possesses general immune modulatory
properties (6). Epidemiological data and randomized trials have shown that BCG
vaccination reduces all cause morbidity and mortality in neonates and children (713). In these trials, a reduced incidence of unrelated causes of respiratory infections
and sepsis, as well as in-hospital mortality, has been found.
We have previously demonstrated that BCG vaccination induces non-specific innate
immune memory responses. This phenomenon called trained immunity (14) has
been postulated to explain, at least in part, the non-specific beneficial effects of BCG
vaccination on child morbidity and mortality. Epigenetic modification and metabolic
reprogramming of monocytes are shown to be responsible for upregulated cytokine
responses upon ex vivo peripheral blood mononuclear cell (PBMC) restimulation
with BCG-unrelated stimuli such as Staphylococcus aureus, Candida albicans, and Tolllike receptor-4 (TLR4) ligand lipopolysaccharide (LPS) (15-17). In human challenge
models, BCG vaccination reduced yellow fever vaccine viremia upon subsequent
vaccination (18), and in a controlled human malaria infection model, a subset of BCG
vaccinated volunteers responded with reduced Plasmodium falciparum parasitemia,
which correlated with early monocyte, NK, and γδ-T cell activation during
bloodstream infection (19). Induction of trained innate immunity has primarily been
studied in monocytes (16, 18, 20, 21), but BCG exerts non-specific effects on other
innate immune cells such as NK cells and γδ-T cell as well (15, 19).
In multiple hematopoietic cell lineages, the importance of intrinsic circadian
molecular clocks has been identified (22-24). Circadian rhythm reflects any biological
process with a 24-hour rhythm that adapts to environmental changes due to the
earth’s rotation. A central clock situated in the central suprachiasmatic nucleus of the
hypothalamus coordinates peripheral molecular clocks present within cells throughout
the body including immune cells. A growing body of literature has acknowledged
the importance of circadian rhythms in immune function (25). Relative and absolute
numbers of hematopoietic stem cells and most mature leukocytes in the circulation
fluctuate throughout the day (26). In addition, cellular functions such as phagocytosis
capacity, migration and proliferation display circadian oscillations (27).
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Although the attention for chronobiology and pharmacology is rising, little is known
about the influence of circadian immune rhythms on vaccine immunogenicity. To
our knowledge, previous studies have exclusively focused on timing of vaccine
administration on induction of vaccine specific antibody responses. While results
of studies focusing on influenza and hepatitis A immunogenicity hinted towards
increased induction of specific immune responses when individuals were
vaccinated in the morning (28, 29), another study found the effect to be dependent
on the moment of sample collection rather than the timing of influenza vaccine
administration (30).
The influence of timing of vaccine administration on non-specific immunological
effects has not been investigated so far. Knowledge about possible oscillations in
induction of BCG-induced trained immunity in vivo would be of great importance
for the daily practice as anti-tuberculosis vaccine and for possible future novel
applications of BCG as safe and potent immune modulator (12, 31, 32). Therefore, we
investigated the effect of timing of BCG administration on the induction of trained
immunity, in order to assess whether time of the day should be taken into account
to maximize health benefits after BCG vaccination.

Material and methods
Experimental design
The effect of timing of BCG administration on the induction of trained immunity
in vivo was studied as a nested sub study within the 300BCG cohort. In the
300BCG study, approved by the Arnhem-Nijmegen medical ethical committee
(NL58553.091.16), performed in accordance with the declaration of Helsinki,
~300 healthy (male and female) adult volunteers of Western European ancestry
were included. Exclusion criteria were: use of systemic medication other than
oral contraceptives and acetaminophen, use of antibiotics three months before
inclusion, previous BCG vaccination, history of TB, any febrile illness four weeks
before participation, vaccination three months before participation, and a medical
history of immunodeficiency. After written informed consent was obtained, blood
was collected, followed by administration of a standard dose of 0.1 mL BCG Bulgaria
(InterVax) intradermally in the left upper arm. Additionally blood was collected in
the morning two weeks as well as three months after vaccination.
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Volunteers participating in the 300BCG trial were vaccinated in the morning (between
8am and 12pm), but a subset of 18 (seven male and eleven female) volunteers was
vaccinated between 6pm and 6.30pm. All participants, including the volunteers
participating in the morning-evening sub study, donated blood for immunological
assessments during the morning visit. For the analysis, each volunteer vaccinated
in the evening was age- and sex-matched with two participants vaccinated in the
morning between 8am and 9am, resulting in 36 matched controls. A schematic
overview of the nested morning-evening study can be found in figure 1A.

PBMC isolation and stimulation
PBMCs were isolated from EDTA whole blood with Ficoll-Paque (GE healthcare, UK)
density gradient separation. PBMCs were washed twice with phosphate buffered
saline (PBS) and counted with a Sysmex hematology analyzer (XN-450). Cell were
suspended in Dutch modified RPMI 1640 medium (Roswell Park Memorial Institute,
Invitrogen, CA, USA), supplemented with 50 µg/mL gentamicin, 2 mM Glutamax
(GIBCO) and 1 mM pyruvate (GIBCO). 5 x 105 PBMCs were cultured in a final volume
of 200 μL/well in round bottom 96-well plates (Greiner) and stimulated with
RPMI (medium control), heat killed, and bead beated Mycobacterium tuberculosis
(Mtb) HR37v (5 ug/mL), or heat killed Staphylococcus aureus (S. aureus) (106CFU/
mL, clinical isolate) as a non-specific stimulus and incubated on 37˚C. After 24
hours and 7 days, supernatants were collected and stored at -20˚C until analysis.
Cytokines were determined with ELISA (IL-1β, IL-6, and TNF-α (R&D Systems)) in 24
hours supernatants and IFN-γ (Sanquin, Amsterdam) in 7 days supernatants with
Luminex (ProcartaPlex ThermoFischer), according to the manufacturers’ protocol. To
minimize batch effects during measurements, samples were sorted per stimulus. All
time points belonging to one volunteer were measured on the same plate.

In vitro training experiments
In vitro training experiments were performed according to the previously described
experimental in vitro trained immunity model (21). Healthy volunteers donated blood
at 8am (fasting) and at 6pm (fasting from 1pm) on the same day. PBMCs were isolated
from EDTA whole blood with Ficoll-Paque density gradient separation. Percoll (SigmaAldrich, St 120 Louis, MO, USA) isolation of monocytes was performed according to
the previously described protocol (21). Cells were suspended in Dutch modified RPMI
medium, supplemented with 50 µg/mL gentamicin, 2 mM Glutamax and 1 mM pyruvate
and counted with a Sysmex hematology analyzer (XN-450). As an additional purification
step 1 x 105 isolated Percoll monocytes were plated on polystyrene flat bottom plates
(Corning, NY, USA) and incubated for 1 hour at 37˚C, after which non-adherent cells
were washed away with warm PBS. Adherent monocytes were primed with either
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RPMI (negative control) or BCG Bulgaria (5 ug/ml) for 24 hours in the presence of 10%
human pooled serum. Cells were washed after 24 hours, and fresh medium (RPMI
supplemented with 10% human pooled serum) was added. Medium was refreshed
once after three days. After 6 days, cells were restimulated with RPMI (negative control)
or (LPS) (10 ng/ml). IL-6, TNF-α and IL-10 concentrations were determined with ELISA
in harvested culture supernatants according to the manufacturer’s instructions. All
conditions belonging to one volunteer were measured on the same plate.

Complete blood count
Complete blood counts were performed on EDTA whole blood and PBMC fractions
after Ficoll isolation on a Sysmex XN-450 haematology analyzer.

Serum cortisol measurements
Serum cortisol was analyzed by LCMSMS after protein precipitation and solid-phase
extraction as described previously (33), with the following additional compound
specific configurations and characteristics. Internal standard (13C3)-cortisol (Isoscience,
King of Prussia, PA) was used. Retention time was 1.46 min. A 9-point calibration curve
was used (Sigma). Two transitions (qualitative and quantitative) were monitored.
Transitions (Q1>Q3) were m/z 363.4 > 121.1 (25kEV) and m/z 363.4 > 97.1 (34 kEV) for
cortisol; m/z 366.4 > 124.1 (25 kEV) and m/z 366.4 > 100.1 (35 kEV) for 13C3-cortisol.
Dwell time was 100 ms. The method was linear assessed by CLSI EP6 protocol. Recovery
was within 96.5 – 102%. Total CV for cortisol is 3.6% at 301 nmol/L and 3.1% at 1092
nmol/L. LOQ was 1.91 nmol/L (13.4% CV).

Statistical analysis
Raw cytokine values were first log-transformed, and then corrected for batch effects
using a linear regression model. These data conversions were performed using the
statistical programming language R. Corrected cytokine values were converted to
fold changes from baseline. Mann-Whitney U test was used to compare fold changes
between morning and evening vaccinated groups. Kruskal-Wallis test with Dunn’s
multiple comparison test was used to test for differences in the four different vaccinated
subgroups divided by time of vaccination in the 300BCG cohort. Wilcoxon matchedpairs signed rank test was used to compare fold changes of in vitro trained samples
belonging to the same volunteer. Complete blood count values were converted to
fold changes from baseline. Mann-Whitney U test was used to compare fold changes
between morning and evening vaccinated groups. Kruskal-Wallis test with Dunn’s
multiple comparison test was used to test for differences in the four different morning
vaccinated subgroups in the entire 300BCG cohort. A two-sided p-value of < 0.05 was
considered statistically significant.
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Results
Study population morning-evening sub study 300BCG cohort
Eighteen healthy volunteers (eleven females, seven males) of Western-European
ancestry were included in the nested sub study. Each volunteer vaccinated in the
evening was retrospectively age- and sex-matched with two individuals from the
300BCG cohort, who were vaccinated between 8am and 9am, resulting in a subgroup
of 36 age and sex-matched morning vaccinated controls. The median age of both
groups was 26 years. All volunteers developed a scar after BCG vaccination and the
average scar size did not differ significantly between groups (0.44 cm in morning
vaccinated individuals, 0.41 cm in evening vaccinated individuals). An overview of
participant characteristics is presented in figure 1B.
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Figure 1
Two groups of healthy volunteers were vaccinated with BCG at two time points: 18 volunteers
between 18.00 and 18.30pm, while 36 (1:2 ratio) sex and age-matched controls were vaccinated
between 8am and 9am (A). Blood was collected in the morning at baseline, two weeks, and three
months after BCG vaccination. Characteristics of morning and evening vaccinated volunteers (mean
± SD) (B). Fold changes (compared to baseline) of whole blood complete blood counts and leukocyte
differential (neutrophil, lymphocyte and monocyte counts) of morning vaccinated individuals versus
evening-vaccinated individuals (C). (Mean ± SEM, morning n = 36, evening n = 18, * p < 0.05, MannWhitney U test).
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Complete blood counts
Complete blood counts were measured on EDTA blood samples. Baseline
concentrations of whole blood leukocyte counts, monocyte, lymphocyte or
neutrophil counts did not differ between the morning and evening vaccinated
subgroups (data not shown). Comparing calculated fold changes in leukocyte
counts before and after vaccination revealed a moderately higher fold change in
lymphocyte counts two weeks after vaccination in evening vaccinated individuals
compared to morning vaccinated individuals. Complete blood counts, monocyte
counts, as well as neutrophil counts did not differ between groups two weeks or
three months after BCG vaccination (figure 1C).

Cytokine production
BCG vaccination in de morning induced trained immunity, resulting in significantly
enhanced S. aureus-induced IL-1β, IL-6 and TNF-α production two weeks (figure
2A-C) and three months after BCG vaccination (figure 2D-F). Overall, no induction
of trained immunity was observed in the evening vaccinated subgroup (figure 2AF). Compared to evening vaccinated individuals, BCG vaccination in the morning
resulted in a significantly higher fold increase in S. aureus-induced IL-1β and IL-6
two weeks after vaccination, as well as TNF-α three months after vaccination
(figure 2A-F). Fold changes in IL-1β and IL-6 production after 24h Mtb stimulation
did not differ significantly between groups (supplementary figure 1). However,
a significant upregulation of IL-1β production upon Mtb stimulation two weeks
after BCG vaccination was only apparent in de evening vaccinated group, whereas
Mtb-induced IL-6 production was upregulated in both group after two weeks
(supplementary figure 1). Notably, three months after vaccination, Mtb-induced
IL-1β and IL-6 production were significantly higher compared to baseline in the
morning vaccinated group, whereas in the evening vaccinated subgroup cytokine
concentrations returned to baseline production. Mtb-specific IFN-γ responses were
significantly higher in morning vaccinated individuals three months after BCG
vaccination (figure 2G). In contrast to BCG administration in the morning, BCG
vaccination in the evening did not elicit an increased IFN-γ response upon Mtb
restimulation (figure 2G).
Changes in cytokine production after BCG vaccination were not explained by altered
percentages of monocytes or lymphocytes in the PBMC fraction after Ficoll isolation,
since those remained stable between time points and did not differ between groups
(figure 2H).
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Figure 2
Fold changes (compared to baseline) of IL-1β, IL-6 and TNF-α, production to S. aureus stimulation
two weeks (A-C) and three months (D-F) after BCG vaccination and fold changes of IFN-γ to Mtb
stimulation two weeks and three months after vaccination (G) of morning versus evening vaccinated
individuals. (Mean ±SEM, n=36 morning vaccinated, n=18 evening vaccinated, *** p < 0.001, ** p <
0.01, * p < 0.05, Mann-Whitney U test). (H) Fold changes (compared to baseline) of monocyte and
lymphocyte percentages within PBMC fraction. (Mean ± SEM, morning n = 36, evening n = 18, MannWhitney U test).

Subsequently we assessed whether BCG administration at different time points
during the morning (between 8am and 12pm) within the entire 300BCG cohort
(figure 3A), comprising of 302 (171 female and 132 male) volunteers, would affect
the induction of trained immunity in terms of cytokine production. Participant
characteristics of the entire 300BCG cohort can be found in supplementary table
S1. Interestingly, significant differences in fold changes were found between the
early morning vaccinated group (8am-9am, n=68) and late morning vaccinated
group (11am-12pm, n=66) for S. aureus-induced IL-1β and TNF-α, and between 8am9am and 10am-11am (n=8) subgroups for S. aureus-induced IL-6 two weeks after
vaccination in favour of the early morning vaccinated group (figure 3B-D). After
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three months, S. aureus-induced IL-1β and TNF-α remained significantly higher in
the early morning vaccinated group (figure 3B-D). No significant differences were
observed between different morning vaccinated subgroups in Mtb-induced IFN-γ
responses at two weeks and three months after vaccination (figure 3E).

Figure 3
302 healthy volunteers were BCG vaccinated between 8am and 12pm and blood was collected
before, two weeks after and three months after BCG vaccination (A). Fold changes (compared to
baseline) two weeks and three months after BCG vaccination of PBMC derived IL-1β (B), IL-6 (C) and
TNF-α (D) production to S. aureus stimulation, and IFN-γ production to Mtb stimulation (E). (Mean ±
SEM, n=68 vaccinated between 8am-9am, n=80 vaccinated between 9am-10am, n=84 vaccinated
between 10am-11am, n=66 vaccinated between 11am-12pm, *** p < 0.001, ** p < 0.01, * p < 0.05,
Kruskal-Wallis test, Dunn multiple comparison test).

In contrast to baseline S. aureus-induced IL-6 and TNF-α responses, which did not differ
between groups, baseline S. aureus-induced IL-1β responses were significantly higher in
the late morning (11am-12pm) vaccinated individuals, compared to those vaccinated
between 8am and 11am (supplementary figure 3A-C). Mtb-induced IFN-γ responses
did not differ between morning subgroups (supplementary figure 3D). We found a
modest but significant inverse correlation between percentages of lymphocytes in
the isolated PMBC fraction at baseline and time of BCG administration, and a positive
correlation between percentages of monocytes in isolated PBMCs at baseline and time
of BCG administration (figure 4A-B). Thus, on average, the earlier the moment of blood
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collection during the morning, the higher the lymphocyte percentages and lower
monocyte percentages. Nevertheless, fold changes of lymphocytes and monocytes
percentages did not significantly differ between the different morning subgroups
(figure 4C-D). After correction for monocyte percentages within the PBMC fraction,
differences between morning vaccinated subgroups remained apparent on the level of
IL-1β, IL-6 and TNF-α production to S. aureus stimulation (supplementary figure 4).
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Figure 4
Spearman correlation plot of lymphocyte percentages (A) and monocyte percentages (B) within
the PBMC fraction against time of blood collection at baseline visit. Comparisons of fold changes
in lymphocyte (C) and monocyte percentages (D) between morning vaccinated subgroups. (Mean
± SEM, n=68 vaccinated between 8am-9am, n=80 vaccinated between 9am-10am, n=84 vaccinated
between 10am-11am, n=66 vaccinated between 11am-12pm, *** p < 0.001, * p < 0.05, Kruskal-Wallis
test, Dunn multiple comparison test).

Cell intrinsic effect of circadian rhythm on induction of trained immunity
There are two main mechanisms that could explain the differential induction of
trained immunity by morning or evening BCG vaccination: i. changes in circulating
modulators of immune responses, and ii. cell-intrinsic circadian changes. The most
obvious candidate for circulating modulators affected by circadian rhythm are
corticosteroid hormones (34). As expected, circulating corticosteroid levels were
significantly higher in the early morning compared to later during the morning
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(supplementary figure 5). We did not find significant correlations between
circulating corticosteroid concentrations and ex vivo PBMC-derived S. aureus
induced IL-1β, IL-6 or TNF-α responses, or Mtb-induced IFN-γ responses (data not
shown). Moreover, addition of morning-derived serum to freshly isolated Percoll
monocytes during 24 hour priming with BCG had an inhibitory effect on in vitro
BCG-induced trained immunity compared to serum collected from volunteers in the
evening (figure 5A-C).
The differential response to the BCG vaccine could also be explained by cell-intrinsic
circadian changes. Indeed, when monocytes were collected and isolated in the
morning, they displayed an increased capacity to mount a trained immunity
response (higher proinflammatory cytokine production after LPS restimulation) in
an experimental in vitro model, compared to cells isolated in the evening (figure 5A,
D-E). No significant differences were found in the production of the anti-inflammatory
cytokine IL-10 (figure 5F).

Figure 5
Blood was collected from healthy volunteers for isolation of serum and Percoll monocytes during
the morning (8am) and evening (6pm) on the same day (A). Fold changes (compared to medium
primed – LPS restimulated conditions) of IL-6 (B) and TNF-α (C) production of BCG primed monocytes
supplemented with morning-derived serum versus evening-derived serum. Fold changes (to
medium primed – LPS restimulated conditions) of IL-6 (D), TNF-α (E), and IL-10 (F) production after
LPS restimulation of BCG trained monocytes derived after morning blood donation versus evening
blood donation. (Mean ± SEM, n = 18 morning evening serum, n = 23 morning evening monocytes,
** p < 0.01, * p < 0.05, Wilcoxon matched-pairs signed rank test).
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Discussion
An increasing amount of evidence during the last few years showed that BCG
vaccination elicits a non-specific innate immune memory phenotype (15-19).
This could explain decreased overall mortality and mortality after neonatal BCG
vaccination due to reduced incidence and severity of non-mycobacterial infections
(7-10). However, the immunological effects of BCG vaccination in both children and
adult volunteers are highly variable (7, 18, 19, 35), and understanding the source
of this variation could be of great importance for attempts to improve the effects
of vaccination. Circadian rhythms play an important role in modulation of immune
function (25, 36, 37), and we hypothesized that the time of BCG administration
might be an important factor to explain the variability of the immunological effects
and protective efficacy of the vaccine. In line with this hypothesis, the present study
demonstrates that timing of BCG administration is an important factor influencing
both Mtb specific, but especially the induction of trained immunity after vaccination.
Early morning vaccination was superior in induction of cytokine responses upon
ex vivo restimulation with related (Mtb) and non-related pathogens (S. aureus)
compared to evening vaccination. Strikingly, both the non-specific trained innate
immunity as well as Mtb-specific adaptive responses were practically absent in the
volunteers vaccinated in the evening. Furthermore, the earlier volunteers were
vaccinated in the morning, the stronger the training phenotype at the level of
cytokine production.
The findings from our study confirm previous observations in mice showing an effect of
timing of BCG administration on immune function. For example, neutrophil migration
in mice implemented with BCG-impregnated cell traps displayed a circadian rhythm
(38, 39). In an experimental BCG inflammation mouse model, a diurnal inflammatory
response was noticed at the site of inoculation thirty days after BCG administration
(40). In another study, circadian oscillations have been observed in non-specific
protection of BCG treated mice at different times during the day and subsequent
Ehrlich ascites carcinoma challenge (41). Interestingly, the magnitude of the protozoan
Leishmania infection, of which one of its causative species Leishmania braziliensis is a
potent inducer of in vitro trained immunity (Dos Santos et al. submitted), is shown to
be modulated by a circadian clock in immune cells (42).
Recently we have shown the longevity of BCG-induced trained immunity in humans
is explained by an imprint on hematopoietic stem and progenitor cells (HSPCs), as
demonstrated by a bias towards myelopoiesis and upregulated myeloid function on
transcriptional level of HSPCs (Cirovic, de Bree et al. submitted). The results of the
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current study suggest that the impact of BCG on bone marrow progenitors depends
on the time of day when the vaccine was administered. There are several hypotheses
how the priming of bone marrow precursors could be under influence of a circadian
rhythm. Firstly, a molecular intrinsic clock within monocytes and their progenitors
could contribute towards the observed effects. This hypothesis is supported by
the experiments performed here showing that monocytes isolated from healthy
volunteers in the morning mount a stronger trained immunity phenotype if exposed
ex vivo to BCG. Similarly, we demonstrated that monocyte production of IL-1β was
partially influenced by the time of the day. These data could explain our findings
that BCG administration time influences trained immunity in vivo, as well as that
the time of blood drawing determines the efficacy in induction of in vitro trained
immunity. Regulators for cytokine secretion and pathogen recognition receptors are
examples of genes which have been shown to oscillate on transcriptional level in a
circadian manner in macrophages (24).
Secondly, an intrinsic neutrophil timer might be involved in the time-dependent
induction of trained immunity by BCG in vivo. Interestingly, mouse studies have
shown neutrophils, and not dendritic cells or macrophages, transfer live BCG bacilli
to draining lymph nodes (43). In an intradermal Modified Vaccinia Ankara (MVA)
vaccination mouse model, CD8 memory responses were surprisingly elicited in
the bone marrow compartment, mediated by neutrophils trafficking MVA from the
dermis to the bone marrow (44). Recently, a neutrophil timer has been discovered
which coordinates immune defense (23). One of the core clock proteins BMAL1,
as well as the chemokine CXCR2, has been shown to regulate tissue migration
and neutrophil clearance (23). However, it remains to be proved by future studies
that neutrophils play a role in the circadian effects of BCG vaccination. Thirdly, the
rhythmic circulation of hematopoietic stem cells between the bone marrow and
peripheral blood (45, 46), cells known to express pathogen recognition receptors
as well (47, 48), may also influence the trained immunity phenotype of myeloid
progeny. Another hypothesis is that the circadian rhythm induction of trained
immunity is mediated by IL-1β, one of the key cytokines in BCG-induced trained
immunity in vivo (18), of which the production has lately been shown to be under
control of the circadian clock protein BMAL1 (49).
Finally, a humoral rather than cellular substrate of circadian effects may be
hypothesized, since multiple hormones and lipids display diurnal variations in
concentration in the circulation (34). Among them, one of the prime candidates
for a modulatory role during the circadian rhythm are steroid hormones.
Steroid hormones have long been known to display a circadian rhythm of their
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concentration in the blood (34), and their immunomodulatory effects are also
well documented (50). However, a role for steroid hormones is unlikely as they are
known immunosuppressive factors, yet their highest circulating concentration is
in the morning, when induction of trained immunity is most effective. Moreover,
incubation of monocytes with serum collected in the morning did not result in an
increased induction of trained immunity in an in vitro model, arguing that a soluble
factor is unlikely to be responsible for the circadian effects of BCG vaccination.
Nevertheless, we do not exclude possible involvement of other circulating factors
which are under control of circadian rhythm.
In conclusion, in the present study we demonstrate the importance of timing for
the administration of BCG vaccine, with a preference for vaccination in the early
morning to induce both trained immunity and Mtb-specific adaptive responses. This
effect was most likely mediated by an intrinsic circadian clock of innate immune
cells, rather than soluble factors in the circulation that display circadian rhythms.
Future studies should test whether optimized timing of BCG administration
results in increased protection after challenge with non-related pathogens in vivo.
Moreover, deciphering the mechanism behind the influence of time of vaccination
on induction of trained immunity and Mtb-specific responses could lead to possible
targets to increase BCG efficacy. Since this study focused exclusively on individuals
of Western-European ancestry, our findings should be validated in cohorts
with a different environmental setting and genetic background. At last, time of
administration of novel and already existing vaccines should be taken into account
when testing specific and non-specific vaccine efficacy. Our findings may have
important implications, as it opens the opportunity to enhance BCG efficacy in TB
protection, as well as overall non-specific protection against non-related infections,
by simply applying BCG vaccination in the early morning.
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Supplementary data

Supplementary figure 1
Fold changes (compared to baseline) of IL-1β and IL-6 production to Mtb stimulation two weeks
(A-B) and three months (C-D) after BCG vaccination are compared between morning and evening
vaccinated individuals. (Mean ±SEM, n=36 morning vaccinated, n=18 evening vaccinated, *** p <
0.001, ** p < 0.01, * p < 0.05, Mann-Whitney U test).

Supplementary figure 2
Fold changes (compared to baseline) two weeks and three months after BCG vaccination of PBMC
derived IL-1β (A) and IL-6 (B) production to Mtb stimulation are compared between subgroups of
healthy volunteers vaccinated 8am and 12pm. (Mean ± SEM, n=68 vaccinated between 8am-9am,
n=80 vaccinated between 9am-10am, n=84 vaccinated between 10am-11am, n=66 vaccinated
between 11am-12pm, *p < 0.05, Kruskal-Wallis test, Dunn multiple comparison test)
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Supplementary figure 3
Log transformed PBMC derived S. aureus-induced IL-1β (A), IL-6 (B) and TNF-α (C) production, and (D)
Mtb-induced IFN-γ production at baseline (before BCG vaccination) is compared between morning
subgroups vaccinated between 8am and 12pm. (Median, n=68 vaccinated between 8am-9am, n=80
vaccinated between 9am-10am, n=84 vaccinated between 10am-11am, n=66 vaccinated between
11am-12pm, *** p < 0.001, * p < 0.05, Kruskal-Wallis test, Dunn multiple comparison test).

Supplementary figure 4
Comparisons of fold changes of IL-1β (A), IL-6 (B) and TNF-α (C) concentrations corrected for
monocyte percentages within the PBMC fraction between morning vaccinated subgroups. (Mean
± SEM, n=68 vaccinated between 8am-9am, n=80 vaccinated between 9am-10am, n=84 vaccinated
between 10am-11am, n=66 vaccinated between 11am-12pm, *** p < 0.001, * p < 0.05, Kruskal-Wallis
test, Dunn multiple comparison test).

Supplementary figure 5
Baseline cortisol concentrations are compared between morning vaccinated subgroups (Mean ±
SEM, n=68 vaccinated between 8am-9am, n=80 vaccinated between 9am-10am, n=84 vaccinated
between 10am-11am, n=66 vaccinated between 11am-12pm, *** p < 0.001, ** p < 0.01, Kruskal-Wallis
test, Dunn multiple comparison test).
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Abstract
Induction of innate immune memory (trained immunity) by the anti-tuberculosis
vaccine Bacillus Calmette-Guérin (BCG) contributes to protection against heterologous
infections and reduces overall infant mortality. Interestingly, BCG vaccination has also
been associated with a reduced incidence of auto-immune and allergic diseases. We
aimed to investigate the impact of BCG (Bulgaria, InterVax) vaccination on systemic
inflammation in a cohort of 303 healthy volunteers. BCG vaccination elicited a surprising
reduction in overall inflammation two weeks and three months after BCG vaccination.
The decrease of several circulating inflammatory mediators by BCG vaccination was
validated in three independent cohorts. In addition, baseline circulating inflammatory
markers influenced the effects of BCG vaccination on cytokine responses after ex
vivo restimulation of peripheral blood mononuclear cells. Circulating proteins mainly
influenced the cytokine responses induced by non-specific stimuli two weeks after
BCG vaccination. In contrast, a clear dichotomy was found for M. tuberculosis-induced
cytokine responses: a negative association between several circulating inflammatory
proteins and innate cytokine responses, and positive associations between other
inflammatory biomarkers and IFN-γ responses. The unique combination of its capacity
to enhance microbial responsiveness and at the same time dampening overall
inflammation should be further explored in order to define target populations who
might benefit from BCG vaccination.
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Introduction
The traditional view on vaccines is that they protect against a particular infection by
induction of long-lasting specific adaptive immune memory. The discovery of the
induction of non-specific innate immune memory (also termed trained immunity) by
the anti-tuberculosis vaccine Bacille Calmette-Guérin (BCG) has led to a paradigm
shift in our understanding of our immune system (1, 2). BCG vaccination can
induce epigenetic modifications and metabolic rewiring of monocytes, resulting in
increased cytokine responses upon subsequent non-related pathogen challenge, up
to one after vaccination (3-6). The cellular substrate of this effect is reshaping the
hematopoietic landscape, by epigenetic and functional rewiring of bone marrow
myeloid cell progenitors (Cirovic, de Bree et al., submitted). BCG vaccination was
shown to reduce Plasmodium falciparum parasitemia in a controlled human malaria
infection model (3), as well as yellow fever vaccine viremia following yellow fever
vaccination (4), strongly suggesting that BCG-induced trained immunity also
contributes to enhanced overall protection of infants after BCG vaccination (5-10).
However, BCG-induced specific (11, 12) and non–specific (5, 13) protective effects
vary across different settings, as does BCG-induced trained immunity in healthy
volunteers (3, 4, 14). Understanding this variability may improve or help identify
individuals that will specifically benefit from BCG vaccination or other interventions
aimed at induction of trained immunity (2, 15). Pre-vaccination inflammatory
status might possibly contribute towards observed variability in immune responses
after BCG vaccination, as was recently shown for hepatitis B (16), and yellow fever
vaccination (17). In addition, while inflammation may affect induction of trained
immunity, at the same time induction of trained immunity could lead to changes in
systemic inflammation. Studies so far suggest that BCG vaccination elicits enhanced
activation only upon restimulation or experimental infection, rather than induction
of systemic inflammation in homeostasis (3, 4). However, concerns remain that
BCG may promote a pro-inflammatory environment facilitating the development
of inflammatory mediated diseases such as atherosclerosis (18-20), auto-immune
and auto-inflammatory diseases (21, 22), although epidemiological studies suggest
that BCG vaccination reduces the risk of atopy and asthma (23-25). Previous proofof-principle trials on BCG-induced trained immunity were too small to determine
the overall impact of BCG vaccination on the steady-state inflammatory status (4,
26, 27). Therefore, in this study we aimed to investigate the interaction between
inflammation and BCG vaccination by assessing a comprehensive set of circulating
inflammatory biomarkers before and after BCG vaccination in a cohort of
approximately 300 healthy volunteers.
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Methods
Study design and patient cohorts
To study the immunological effects of BCG vaccination, 303 healthy (male and
female) adult volunteers of Western-European ancestry were included in the 300BCG cohort between April 2017 and June 2018. The study was approved by the
Arnhem-Nijmegen Medical Ethical Committee (NL58553.091.16) and performed
in accordance with the declaration of Helsinki. After written informed consent was
obtained, blood was collected, followed by administration of a standard dose of
0.1 mL BCG (BCG Bulgaria, InterVax) intradermally in the left upper arm. Two weeks
and three months after BCG vaccination, additional blood samples were collected.
Exclusion criteria were use of systemic medication other than oral contraceptives
and acetaminophen, use of antibiotics three months before inclusion, previous
BCG vaccination, history of TB, any febrile illness four weeks before participation,
any vaccination three months before participation, and a medical history of
immunodeficiency.
Three studies conducted at the Radboud university medical center, all in BCG-naïve
participants, were used for validation of the effects observed. In validation cohort 1,
approved by the Arnhem-Nijmegen Medical Ethical Committee (NL55825.091.15),
fifteen subjects (age 18–50 years) received a standard dose BCG vaccination (BCG
Bulgaria, InterVax) between January 2017 and April 2017 (Cirovic, de Bree, et al.,
submitted). Blood was drawn before, two weeks, and three months after vaccination.
In validation cohort 2, approved by the Central Committee on Research Involving
Human Subjects (CCMO NL56222.091.15), ten healthy (male and female) volunteers
(age 18–35 years) received a standard dose BCG vaccination (BCG Bulgaria, InterVax)
in August 2016 (3). Blood was drawn at baseline and five weeks after vaccination. In
validation cohort 3, approved by the Arnhem-Nijmegen Medical Ethical Committee
(NL50160.092.24), fifteen male volunteers (age 19-37 years) received a standard
dose of BCG vaccination (Denmark, SSI) between February 2015 and November 2015
(4). Blood for was drawn at baseline and four weeks after vaccination.

Peripheral blood mononuclear cell isolation and stimulation
Peripheral blood mononuclear cells (PBMCs) were isolated from EDTA whole blood
with Ficoll-Paque (GE healthcare, UK) density gradient separation. PBMCs were washed
twice with phosphate buffered saline (PBS) and counted with a Sysmex hematology
analyzer (XN-450). Complete blood counts were performed on EDTA whole blood
and PBMC fractions after Ficoll isolation on a Sysmex XN-450 hematology analyzer.
Cell were suspended in Dutch modified RPMI 1640 medium (Roswell Park Memorial
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Institute, Invitrogen, CA, USA), supplemented with 50 µg/mL gentamycine, 2 mM
Glutamax (GIBCO) and 1 mM pyruvate (GIBCO). 5 × 105 PBMCs were cultured in a
final volume of 200 μL/well in round bottom 96-well plates (Greiner) and stimulated
with RPMI (medium control), heat-killed Mycobacterium tuberculosis (M. tuberculosis)
HR37v (5 µg/mL, specific stimulus), or heat-killed Staphylococcus aureus (S. aureus)
(106 CFU/mL, non-specific stimulus). Supernatants were collected after 24 hours and
7 days of incubation at 37˚C and stored at -20˚C until analysis. Cytokine levels were
measured in 24 hours (IL-1β, IL-6, and TNF-α) and 7 days (IFN-γ) supernatants.

Proteomics – proximity extension assay
Circulating plasma inflammatory markers were measured before, two weeks,
and three months after BCG vaccination using the commercially available Olink
Proteomics AB (Uppsala Sweden) Inflammation Panel (92 inflammatory proteins),
using a Proceek © Multiplex proximity extension assay (28). In this assay proteins are
recognized by pairs of antibodies coupled to cDNA strands, which bind when they
are in close proximity and extend by a polymerase reaction. Detected proteins are
normalized and measured on a log2-scale as normalized protein expression values.

Statistics
All computational analyses were performed in R 3.3.3. Proteins were excluded
from the analysis when the target protein was detected in less than 75% of the
samples. Protein concentrations under the detection threshold were replaced with
the proteins lower limit of detection. Protein circulation concentrations were then
correlated with blood counts using Spearman’s Rank-Order correlation. Protein
concentrations were compared between baseline and two weeks as well as three
months after BCG vaccination using Wilcoxon matched-pairs signed rank tests.
A false discovery rate (FDR) based on Benjamini-80 Hochberg procedure of less
than 0.05 was considered significant. Subsequently, fold changes between blood
counts were compared using the Wilcoxon matched-pairs signed rank test. And
finally, raw cytokine values from the PBMC stimulation experiments were first logtransformed, and then corrected for batch effects using a linear regression model.
Corrected cytokine production was converted to fold changes from baseline. Fold
changes were compared using the Wilcoxon matched-pairs signed rank test. These
fold changes were thereafter correlated with baseline inflammatory markers using
Spearman’s Rank-Order correlation. A two-sided p value of less than 0.05 was
considered statistically significant.
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Results
BCG vaccination down-regulates the circulating concentration of
inflammatory markers
A total of 307 healthy volunteers were included in the 300BCG cohort. Four
participants were excluded from further analysis due to medication use, resulting in
303 volunteers who completed the first visit. 56% of the participants were female,
with a mean age of 26 years (range 18-71), and mean body mass index (BMI) was
22.5 (± 2.6 SD) kg/m2. BCG scars (data available for 285 volunteers) developed in
272 individuals (95 %), with a mean size of 0.42 cm (± 0.17 SD) three months after
vaccination.
Inflammatory markers were measured at baseline (n=301), two weeks (n=292),
and three months (n=277) after BCG vaccination. The quality of the measurement
was high, with 99% of the samples passing quality control. Overall, 73 of the 92
(79%) proteins were detected in at least 75% of the plasma samples and included
in the analysis. Most baseline circulating inflammatory proteins showed a positive
correlation with baseline whole blood counts of immune cell subsets (figure 1AB), as exemplified by the association of circulating oncostatin M concentrations
and neutrophil counts (figure 1C) or circulating IL-6 concentrations and monocyte
counts (figure 1D). Surprisingly, one third of the proteins (25 out of 73) showed a
significant decrease two weeks after BCG vaccination (figure 2A); such examples are
sirtuin 2 (SIRT2), adenosine deaminase (ADA), cytokines IL-7 and IL-18, C-X-C motif
chemokines CXCL5, CXCL6 and CXCL11, and monocyte chemoattractant protein 2
(MCP2). Only two proteins (IL-17C and fibroblast growth factor-21 (FGF-21)) were
significantly higher two weeks after BCG vaccination. Of 25 proteins with significantly
reduced concentrations at two weeks, 10 remained lower at three months after BCG
vaccination (figure 2B), such as tumor necrosis factor ligand superfamily member
12 (TWEAK) and sirtuin 2 (SIRT2) (figure 2C-D). Axin-1 was the only protein to be
significantly reduced three months after vaccination, but not at the two weeks’ time
point. No circulating protein was found to be significantly increased three months
after BCG vaccination. An overview of fold changes in circulating inflammatory
proteins can be found in supplementary table 1.
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Figure 1. Correlations between baseline inflammatory markers and baseline whole blood
counts
Spearman correlations between absolute whole blood counts (monocytes, total white blood cells,
neutrophils, lymphocytes, eosinophils, basophils, platelets, red blood cells and hemoglobin) and
circulating inflammatory markers at baseline (before BCG vaccination). Positive correlations are
depicted in red, negative correlations in blue (n = 302) (A). Spearman correlations between whole
blood neutrophil counts and circulating oncostatin M (OSM) (B), Spearman correlations between
whole blood monocyte counts, and circulating IL-6 (C) as examples of positive correlations (n = 300).
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Figure 2. Inflammation after BCG vaccination
Fold changes of circulating inflammatory markers of visit 2 (day 14) versus visit 1 (baseline) (A) and
visit 3 (day 90) versus visit 1 (baseline) (B). Significant changes compared to baseline are depicted
in red, non-significant changes are depicted in. Fold changes of TWEAK (C) and sirtuin 2 (D) as
examples of significantly decreased circulating inflammatory markers after BCG vaccination. (n = 290
fold change visit 2 versus visit 1, n = 275 fold change visit 3 versus visit 1, FDR < 0.05 is considered
significant).

To validate our findings, this identical set of proteins was determined in plasma
samples before and after BCG vaccination of volunteers from three independent BCG
vaccination trials. Even within these small study groups, we were able to validate
our findings regarding reduced concentrations of ADA, TWEAK, delta and notch-like
epidermal growth factor-related receptor (DNER), and neurotrophin-3 (NT-3), and
enhanced concentration of IL-17C after BCG vaccination (figure 3).
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Figure 3. Validation of changes in circulating proteins after BCG vaccination
Fold changes of circulating inflammatory markers (IL-17C, TWEAK, DNER, ADA and NT-3) after BCG
vaccination compared to baseline, validated in at least one of the three validation cohorts. The blue
line represents cohort 1 (n = 15), the green line cohort 2 (n = 9) and the red line cohort 3 (n = 15)
(Median plus range, Wilcoxon matched-pairs signed rank test, * p < 0.05).

Effect of BCG vaccination on whole blood cell counts and correlation of
inflammatory proteins with ex-vivo cytokine production
To check if the observed differences in inflammatory status post BCG vaccination
could be explained by changes in cell subsets, whole blood counts were compared
before and after BCG vaccination (supplementary table 2). Although total white
blood counts remained stable after vaccination, BCG vaccination induced a slight
increase in both lymphocyte and monocyte counts at the two weeks’ time point,
which returned to baseline between two weeks and three months after vaccination.
In addition, red blood cell counts and hemoglobin levels showed a slight reduction,
eosinophil counts showed a slight increase at two weeks, and platelet counts a mild
reduction three months after vaccination.
We next examined how inflammatory protein profiles correlated with ex vivo PBMCderived cytokine production before and after BCG vaccination: the adaptive and
innate memory responses. Two weeks and three months after the BCG vaccination,
both M. tuberculosis- and S. aureus-induced production of pro-inflammatory
cytokines was upregulated (figure 4A-E). Adaptive immune memory responses, as
assessed by specific stimulation of IFN-γ production with M. tuberculosis (figure 4F),
were upregulated by BCG vaccination. Heterologous immunity measured as S. aureusinduced IFN-γ production was only significantly upregulated three months after
BCG vaccination (figure 4G). No changes in lymphocyte or monocyte percentages
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within the PBMC fraction could be observed after BCG vaccination (supplementary
table 3). Numerous pre-vaccination inflammatory proteins correlated with trained
innate immune responses after two weeks (e.g. circulating CCL4 and CD6 were
positively associated with ex vivo IL-1β and IL-6 production, whereas plasma IL-7 and
ST1A1 were negatively associated with ex vivo IL-1β and IL-6 production), but only a
few after three months (e.g. circulating CXCL11 correlated negatively with ex vivo IL-6
production) (figure 5A). Interestingly, some circulating proteins including IL-18 and
oncostatin M showed a negative correlation with increased M. tuberculosis-induced IL1β and IL-6 production following BCG vaccination, whereas other circulating proteins,
such as IL-10, IL-12B and CXCL10, showed a positive correlation with an increase in M.
tuberculosis-induced IFN-γ production after BCG vaccination (figure 5B).
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Figure 4. Ex vivo PBMC-derived cytokine production
Fold changes compared to baseline of ex vivo PBMC-derived S. aureus-induced IL-1β, IL-6 and TNF-α
responses (A-C) and M. tuberculosis-induced IL-1β and IL-6 responses (D-E), M. tuberculosis-induced
IFN-γ and S. aureus-induced IFN-γ responses (G) of visit (day 14) versus visit 1 (baseline) and visit 3
(day 90) and visit 1 (baseline) (n = 289 fold change visit 2 versus visit 1, n = 275 fold change visit 3
versus visit 1. Median plus range, Wilcoxon matched-pairs signed rank test, * p < 0.05, **p < 0.01,
*** < 0.001).
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Figure 5. Association between baseline inflammation en fold changes of PBMC-derived
cytokine responses after BCG vaccination.
Spearman correlations between baseline inflammatory proteins and fold changes of S. aureusinduced (A) and M. tuberculosis-induced (B) PBMC-derived cytokine responses. Positive correlations
(rho > 0) are depicted in red, negative correlations (rho < 0) in blue. (Correlations between fold
changes cytokines visit 2 versus visit 1 n = 289, Correlations between fold changes cytokines visit 3
versus visit 1 n = 275).

Discussion
Earlier studies have shown that in addition to preventing tuberculosis, BCG
vaccination also has important non-specific effects by protecting against other
infections (5-10), being effective against bladder cancer (29), and preventing allergic
and auto-immune diseases (23-25, 30, 31). However, while earlier studies have
reported an upregulation of responses to ex vivo restimulation (trained immunity),
the impact of BCG vaccination on steady-state levels of inflammation was largely
unknown. In this study performed in a large cohort of healthy volunteers, we show
that BCG vaccination indeed enhances the capability of innate immune cells to
respond with a pro-inflammatory response, but surprisingly it mostly reduced the
circulating concentrations of pro-inflammatory proteins. This modulatory effect on
systemic inflammation may explain some of the beneficial effects of BCG vaccination
in inflammatory diseases.
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Induction of trained immunity by endogenous stimuli is believed to contribute to the
development of atherosclerosis (18-20, 32), auto-immune and auto-inflammatory
diseases (21, 22), and due to the induction of trained immunity by BCG, one might
hypothesize that BCG vaccination is a risk factor for these conditions. However,
our results argue against a potentiating effect of BCG vaccination on inflammatory
diseases such as atherosclerosis, and rather suggest that it may actually protect
against inflammatory conditions. In support of this hypothesis, BCG vaccination
in mice reduced the levels of circulating pro-inflammatory cytokines (33), lowered
plasma cholesterol, and delayed the formation (34) and size of atherosclerotic
lesions (33). Prospective studies have demonstrated beneficial effects of BCG
vaccination in patients with auto-immune diseases such as multiple sclerosis (35-37)
and type 1 diabetes mellitus (38, 39). Other studies have shown BCG can prevent the
development of diabetes in mice (40, 41). The reduction in circulating inflammatory
markers following BCG vaccination might as well contribute to the lower reported
incidence of atopy and allergy after BCG vaccination (23, 24). Though a large
prospective BCG vaccination trial in Danish newborns showed no effect on the
incidence of atopy on the age of 13 months (42), a protective effect against atopic
dermatitis was observed (30), in line with previous findings from a Dutch trial (31).
It remains unknown how BCG reduces overall inflammation while at the same time
improving myeloid cell responsiveness to microbial challenges. Earlier studies have
reported especially the gene sets that are up-regulated during BCG vaccination in
human myeloid cells. It is imperative that future studies extend these investigations
in two directions: to evaluate the genes sets that are eventually silenced by BCG
vaccination on the one hand, and to investigate the effects of BCG vaccination on
non-immune cells as well, which could also contribute to the release of inflammatory
mediators.
A second important finding from this study is that the pre-vaccination circulating
inflammatory status alters both specific and non-specific immune responses after
BCG vaccination. Circulating inflammatory proteins mostly seem to potentiate shortterm non-specific effects of BCG vaccination (trained immunity responses two weeks
post-vaccination), but not the long-term induction of trained immunity. In addition,
baseline inflammation also impacts the longer-term effects of BCG vaccination on
the induction of specific M. tuberculosis-induced cytokine responses. Effects of prevaccination inflammatory status have recently been found for hepatitis B vaccination
(16); a higher frequency of activated innate immune cells and pro-inflammatory
cytokines both correlated with lower neutralizing antibody titers following HBV
vaccination (16). Similarly, after yellow fever vaccination, baseline numbers of
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activated CD8+ T cells and B cells and proinflammatory monocytes resulted in lower
neutralizing antibody titers following vaccination (17). We found a clear dichotomy
in the associations between baseline inflammatory status and M. tuberculosisinduced cytokine responses after BCG vaccination: a predominantly negative
association between several circulating inflammatory proteins and innate cytokine
responses, and exclusively positive associations between circulating inflammatory
markers and IFN-γ responses. Our data are in line with previous observations that
lower pre-vaccination inflammation enhances vaccine immunogenicity (16, 17),
which holds in our case specifically true for induction of innate immune memory
responses. For specific adaptive responses, higher baseline concentrations of IL-10,
IL-12B and CXCL10 (also known as interferon-gamma-induced protein 10), which
has previously shown to be important in mycobacterial outgrowth and identified as
possible novel marker of trained immunity (43), resulted in increased M. tuberculosisinduced IFN-γ responses.
Our study is limited by the fact that we have approached the study of inflammation
using a focused proteomics platform. Future studies should expend these
investigations by studying the effect of BCG vaccination at a broader level by
untargeted proteomics. Moreover, longitudinal studies should focus on the risk of
developing inflammatory diseases after BCG vaccination.
The findings from this study confirm the immunomodulatory properties of BCG
vaccination, but also demonstrate a clear effect of inflammation on (non-)specific
immunogenicity of (BCG) vaccination. More studies are needed to increase
our understanding of the interaction between inflammation, and epigenetic
reprogramming and cellular metabolism of innate immune cells during induction
of trained immunity. Such understanding may help optimize vaccine efficacy and
explore novel applications of BCG vaccination.

Author contributions
MN, LCJdB and VACMK designed the study. VPM, VACMK, SJCFMM, LCJdB, HL and
HD conducted the cohort study and performed the experiments. LCJdB, JW, BC and
RJWA conducted the trials used as validation cohorts. VACMK and LCJdB analyzed
the data. MN, RvC, LABJ and CB supervised the analysis and interpretation of results.
LCJdB and VACMK wrote the manuscript which was critically reviewed and approved
by all authors.

BCG vaccination inhibits systemic inflammation in healthy individuals | 161

Acknowledgements
We would like to thank all volunteers from the 300-BCG cohort for participation in
the study. We thank Trees Jansen for her help with labeling of all study materials.
MGN was supported by a Spinoza grant of the Netherlands Organization for Scientific
Research and an ERC Advanced Grant (TRAIN-OLD nr. 833247).

7

162 | Chapter 7

Supplementary tables
Supplementary table 1. Overview of fold changes in 73 detectable circulating inflammatory
proteins after BCG vaccination.
Available upon request (charlotte.debree@radboudumc.nl)
Supplementary table 2. Changes in whole blood counts after BCG vaccination.
Cell type

Median
visit 1

visit 2

p-values
visit 3

visit 2 : visit 1

visit 3 : visit 1

White blood cells (10^9/L)

5,75

5,9

5,7

0,3333

0,8035

Red blood cells (10^12/L)

4,83

4,68

4,82

6,77E-1-

0,4118

Hemoglobin (mmol/L)

8,8

8,6

8,9

3,60E-09

0,6634

Platelets (10^9/L)

267

259

257

0,6432

0,0005334

Neutrophils (10^9/L)

3.04

3,13

2,97

0,7801

0,4143

Lymphocytes (10^9/L)

1,87

1,97

1,93

0,009187

0,1263

Monocytes (10^9/L)

0,47

0,48

0,47

0,002844

0,4958

Eosinophils (10^9/L)

0,13

0,14

0,15

2,86E-07

0,002225

Basophils (10^9/L)

0,03

0,03

0,03

0,2177

0,2994

Supplementary table 3. Changes in lymphocyte, monocyte and neutrophil percentages within
the PBMC fraction after BCG vaccination.
Cell type

Median

p-values

visit 1

visit 2

visit 3

visit 2 : visit 1

visit 3 : visit 1

Lymphocytes (%)

75,1

75,1

74,8

0,905

0,889

Monocytes (%)

23,5

23,4

23,3

0,893

0,857

Neutrophils (%)

0,7

0,6

0,6

0,820

0,604
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Abstract
Avian influenza A of the subtype H7N9 has been responsible for almost 1600
confirmed human infections and more than 600 deaths since its first outbreak in
2013. Although sustained human-to-human transmission has not been reported
yet, further adaptations to humans in the viral genome could potentially lead to
an influenza pandemic, which may have severe consequences due to the absence
of pre-existent immunity to this strain at population level. Currently there is no
influenza A (H7N9) vaccine available. Therefore, in case of a pandemic outbreak,
alternative preventive approaches are needed, ideally even independent of the
type of influenza virus outbreak. Bacillus Calmette-Guérin (BCG) is known to induce
strong heterologous immunological effects, and it has been shown that BCG protects
against non-related infection challenges in several mouse models. BCG immunization
of mice as well as human induces trained innate immune responses, resulting in
increased cytokine responses upon subsequent ex-vivo PBMC restimulation. We
investigated whether BCG (SSI-Denmark)-induced trained immunity may protect
against a lethal avian influenza A/Anhui/1/2013 (H7N9) challenge. Here we show that
isolated splenocytes as well as peritoneal macrophages of BCG-immunized BALB/c
mice displayed a trained immunity phenotype resulting in increased innate cytokine
responses upon ex-vivo restimulation. However, after H7N9 infection, no significant
differences were found between the BCG immunized and the vehicle control group
at the level of survival, weight loss, pulmonary influenza A nucleoprotein staining,
or histopathology. In conclusion, BCG-induced trained immunity did not result in
protection in an oseltamivir-sensitive influenza A/Anhui/1/2013 (H7N9) challenge
mouse model.
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Introduction
Since its first outbreak in China in 2013 until December 2017, avian influenza A (H7N9)
has been responsible for 1565 confirmed human cases, including 612 deaths (1).
Infections are characterized by a high incidence of pneumonia, respiratory failure, and
acute respiratory distress syndrome. Avian influenza A (H7N9) is transmitted after contact
with live poultry or exposure to contaminated environments. Apart from some small
reported clusters, sustained human-to-human transmission is rare (2). Nevertheless,
because immunity to this strain at population level is negligible, public authorities fear
that possible additional mutations and reassortment with circulating other humanadapted influenza viruses may enable human-human transmission and infection, which
could potentially lead to a severe H7N9 influenza pandemic (3).
Vaccine development is part of pandemic preparedness strategies. Although numerous
inactivated and live attenuated H7 vaccines are being developed, the immunogenicity
of non-adjuvanted or aluminum hydroxide adjuvanted candidate H7 vaccines is low (4,
5). Therefore, novel approaches for protection against influenza A (H7N9) are needed.
Adjuvanted (MF59 or AS03) vaccines have shown to elicit enhanced immunogenicity
against H7N9 (6-8). An alternative approach is to make use of non-specific beneficial
effects of already existing vaccines, via the induction of the newly described process
of trained immunity. Bacillus-Calmette Guérin (BCG) immunization confers broad
heterologous protection after vaccination. Thereby, BCG could potentially offer directly
available protection in case of an outbreak, independent of the type of influenza virus
outbreak.
BCG, the widely used live attenuated vaccine against tuberculosis, has long been
known for its immune modulatory effects. Upon its introduction in Sweden in 1932, the
Swedish physician Carl Näslund observed a strong decrease in childhood mortality in
the first year of life in the provinces in which BCG was introduced (9). This improvement
could not be explained by prevention of tuberculosis alone. Similar observations were
made several times upon introduction of BCG vaccination in other countries, and
were validated in randomized controlled trials (10, 11). Non-specific beneficial effects
after BCG immunization have been demonstrated in several mouse studies, such as
Plasmodium (12-14), Schistosoma (15), and disseminated Candida infection models (16).
Moreover, it has been shown that BCG administration improves the outcome of a lethal
challenge with the seasonal influenza A/Puerto Rico/8/34 (H1N1) in an experimental
mouse model (17). The heterologous protective effects of BCG vaccination are at least
partially explained by the induction of trained immunity: monocytes of BCG vaccinated
individuals display increased immune responsiveness, such as enhanced cytokine
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production upon restimulation with unrelated pathogens and Toll-like receptor (TLR)
ligands, a process which is dependent on epigenetic and metabolic rewiring of myeloid
cells (16, 18). In epidemiological studies the non-specific effects of BCG vaccination
are most pronounced in the first year of life, suggesting that trained immunity is
most strongly activated during this first year (10, 19) This is in line with the study of
Kleinnijenhuis et al, showing one year duration for trained immunity.(20). Moreover, BCG
vaccination resulted in heterologous Th1 and Th17 immune responses and enhanced
immunogenicity after subsequent influenza vaccination in healthy volunteers (20, 21).
Recently, we have shown that BCG vaccination resulted in reduced peak viremia after
subsequent yellow fever vaccination of healthy volunteers, a process depending on the
induction on monocyte responses, rather than T-cell heterologous immunity (22).
We therefore hypothesized that BCG vaccination may induce non-specific protection
against influenza A (H7N9) infection, a strategy that may offer important public health
benefits. In this study, we assessed the effects of BCG immunization in an experimental
lethal avian influenza A/Anhui/1/2013 (H7N9) infection in BALB/c mice.

Materials and methods
H7N9 influenza virus stock preparation and TCID50 determination
A/Anhui/1/2013 (H7N9) seed virus was obtained from the National Institute for
Biological Standards and Control (UK). A new influenza A/Anhui/1/2013 (H7N9) virus
stock was obtained after propagation in 11-day old embryonic chicken eggs for 32
hours at 37°C. Aliquots were stored at <-70°C and were confirmed to be negative for
endotoxin and mycoplasma. No novel mutations were introduced in the hemagglutinin
and neuraminidase segments. The homology compared to the reference amino acid
sequence (GenBank) was >99%. For the 50% tissue culture infectious dose (TCID50) assay,
Madin-Darby Canine Kidney (MDCK) cells (ATCC CCL-34) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, Life technologies) with Glutamax (Gibco, Life
technologies), 10% fetal calf serum (FSC) (Lonza, Switzerland), supplemented with 100
U/ml penicillin, 100 µg/ml streptomycin (Gibco, Life technologies) and 1x non-essential
amino acids (Gibco, Life technologies) at 5% CO2 and 37°C. One day prior to the start of
the assay, 30.000 cells per well were seeded in 96-wells flat-bottom plates (Corning) and
incubated overnight (37°C, 5% CO2). The cells were washed, and incubated with serial
dilutions of the influenza virus in culture medium (DMEM + glutamax, supplemented
with100U/ml penicillin, 100 µg/ml streptomycin, 0.0004% trypsin-EDTA). After 7 days of
incubation at 34°C, wells were scored for the cytopathic effect (CPE). The TCID50 titer was
calculated using the Reed-Muench method (23).
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Animal ethics statement
Animals experiments were performed in accordance with the guidelines of
the European Communities (Directive 2010/63/EU) and Dutch legislation (The
experiments on Animals Act, 1997) The animal experimental protocols were
approved by an independent Animal Ethics Committee (TNO, Zeist, the Netherlands
under project license 3387, and performed in the AAALAC accredited animal facility
of Triskelion. All animals were housed in a temperature and light-cycle controlled
facility with unlimited access to food and water. All procedures involving live H7N9
viruses, including the animal experiments, were carried out in a biosafety level 3 (BSL3) containment facility at Triskelion. The animals were monitored for clinical signs
of influenza disease twice daily with intervals of at least 5 hours. All observations,
including behavioural aspects were recorded. If lethargy was observed longer than
48 hours, the animal was euthanized. (humane endpoint).

Influenza challenge model
Female BALB/cAnNCrl (BALB/c) mice were obtained (Charles River, Germany) and
maintained under SPF-conditions. At commencement of the experiments, animals
were 6-8 weeks old. All experiments were performed with 8-10 mice per group. On
day 0, mice were challenged intranasally (i.n.) with influenza A/Anhui/1/2013 (H7N9)
diluted in 50 µl PBS under anesthesia with ketamine/xylazine (50 and 5 mg/kg,
respectively). To determine the 50% mouse lethal dose (MLD50), six groups of eight
animals were challenged with either 7.31, 6.17, 5.02, 3.87, 2.73 or 1.58 log10 TCID50
per mouse and monitored until they succumbed to infection or until scheduled
sacrifice 14 days post-infection. The MLD50 was calculated using the SpearmanKärber method. Throughout the experiment, clinical signs were monitored twice
daily and body weight was recorded once daily until death or scheduled sacrifice.
As a reference control for the lethal challenge model, two additional groups
received the neuraminidase inhibitor Oseltamivir phosphate (Tamiflu®; Roche,
Switzerland dissolved in sterile water (Fresenius Kabi, the Netherlands) and stored
at 2-10°C until use). One group of animals was treated with 100 mg/kg twice daily
per os (p.o.) starting one hour prior to the challenge on day 0 continuing until day
4, while another group received oseltamivir on days 1 to 5. The control group was
treated with vehicle phosphate buffered saline (PBS) (Gibco, Life technologies) p.o.
on days 0 to 4. For evaluation of the effect of BCG, animals received either 750 μg
BCG (Danish strain 1331; Statens Serum Institut (SSI), Denmark) dissolved in 200
µl PBS intravenously (i.v.), containing 2-8x106 colony forming units, or PBS i.v. on
day ‑7. To demonstrate induction of trained innate immune responses after BCG
vaccination, five animals per group were sacrificed prior to the influenza challenge
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on day 0, after which splenocytes and peritoneal macrophages were isolated for
ex-vivo restimulation experiments. On day 0, the animals were challenged with a
4MLD50 dose influenza A/Anhui/1/2013 (H7N9) and monitored until they succumbed
to infection or until scheduled sacrifice at 21 days post-infection. Three days after
viral challenge, 8 animals per group were sacrificed, and lungs were collected and
prepared for histopathological analysis.

Ex-vivo stimulations of splenocytes and peritoneal macrophages
Spleen cells were isolated by gently squeezing spleens in a sterile 200 μM
filter chamber. After washing with sterile PBS (1200 rpm, 5 min, 4°C), cells were
resuspended in 4 ml RPMI 1640 culture medium (Roswell Park Memorial Institute
medium; Invitrogen, CA, USA) supplemented with 10% FCS. Cells were counted
and concentrations were adjusted to 1x107 cells/ml. Cells were cultured in 24-wells
plates (Greiner, the Netherlands) at 5×106 cells/well, in a final volume of 1000 μl
and stimulated in duplo with RPMI, Escherichia coli LPS (10 ng/ml, Sigma-Aldrich),
phytohemagglutin (PHA) (10 μg/ml from Phaseolus vulgaris, Sigma-Aldrich). Poly
I:C (50 μg/ml, Invivogen), heat-killed Candida albicans (1x106 microorganisms/ml,
strain UC820), heat-killed Salmonella typhi (1x107 microorganisms/ml) or heat-killed
Staphylococcus aureus (1x107 microorganisms/ml). After 2 days of incubation, 500 μL
supernatant was collected and the plates were incubated for another 3 days before
the remaining supernatants were harvested. The supernatants were stored at -80°C
until levels of TNF-α, IFN- α, IFN-y, IL-17 and IL-22 were determined.
Peritoneal macrophages were isolated by injecting 5 ml of ice-cold sterile PBS in the
peritoneal cavity. After centrifugation and washing, cells were resuspended in RPMI
supplemented with 10 μg/ml gentamicin, 10mM Glutamax, and 10mM pyruvate.
Cells were counted using a Z1 Coulter Particle Counter (Beckman Coulter, the
Netherlands) and adjusted to 1x106 cells/ml. Cells were cultured in 96-well roundbottom microtiter plates (Costar, Corning, the Netherlands) at 1x105 cells/well, in a
final volume of 200 μL. After 24 hours of incubation with above mentioned stimuli
in duplo (plus Pam3Cys (10 μg/ml, EMC microcollections (L2000)) instead of PHA) at
37°C in air and 5% CO2, the plates were centrifuged at 1400 x g for 8 minutes, and
the supernatants were collected and stored at -20°C until levels of TNF-α, IL-1α, IL-1β,
IL-6 and IL-10 were determined.
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Quantification of cytokine concentrations
Cytokine concentrations were determined in supernatants using commercial ELISA
kits according to instructions of the manufacturer. TNF-α, (R&D systems, MN, USA),
IL-1α, IL-1β, IL-6, IL-10, IFN-α and IFN-y (Sanquin, the Netherlands) were determined
in supernatants harvested after 2 days of culture. IL-17 and IL-22 (R&D systems) were
determined in supernatants after 5 days of incubation.

Histopathology and immunohistochemistry
For histopathological examination, the lungs of both BCG and PBS treated animal
groups were isolated three days post-challenge. Formalin fixed lung tissues were
embedded in paraffin wax, sectioned at 4 µm and stained with haematoxylin and
eosin. Per animal, 3 consecutive HE-stained lung sections were semi-quantitatively
scored for the presence of signs of inflammation, epithelial damage and repair.
Influenza nucleoprotein (NP) was visualized by immunohistochemistry using antiinfluenza A NP antibody (Millipore, clone H16-L10-4R5, mouse IgG2a) as a measure
for the amount of virus present in cells in the lung according to the protocol
described in Rimmelzwaan et al (24). NP-stained sections were semi-quantitatively
scored for the presence of viral protein. All parameters were scored as absent (0),
minimal (1), moderate (2) or marked (3).

Statistical analysis
Data were analyzed using Graphpad Prism 5.0 (La Jolla, CA, USA). * = p-value < 0.05, **
= p-value < 0.01. Cytokine data are shown as mean ± SEM. The survival proportion at
day 21 after treatment was compared to the vehicle control group using a Fisher exact
2-sided test, corrected for multiple comparisons. Survival times after viral challenge
of the groups were compared using a log-rank test. Change in body weight was
summarized as area under the curve (AUC) in which the last observed body weight
was carried forward if a mouse died / was euthanized during the study. Briefly, the
weight per mouse at day 0 was used as baseline and weight change was determined
relative to baseline. The AUCs for each group were summarized as mean, standard
deviation, and adjusted p-value for comparison to the vehicle control group.
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Results
Determination of Tissue Culture Infective Dose and 50% Mouse Lethal
Dose
Based on the CPE observed in the MDCK cells incubated with the dose formulation
of A/Anhui/1/2013 (H7N9), a TCID50 of 6.11 log10 TCID50/ml was calculated (data not
shown). To assess the potency of BCG vaccination in vivo, we established a lethal
A/Anhui/1/2013 (H7N9) influenza challenge model in female BALB/c mice, by
inoculating groups of mice i.n. with a dose of 7.31, 6.17, 5.02, 3.87, 2.73 or 1.58 log10
TCID50/mouse. During the subsequent mouse lethal dose experiment, progress of
infection the body weights correlated with an increase in the number and severity
of the clinical signs. Recovery of the animals was demonstrated by an increase in
body weight and a decrease in clinical signs. Intranasal administration of influenza
A/Anhui/1/2013 (H7N9) was lethal to female (BALB/c) mice, which has been shown
previously (25). The MLD50 determined for the A/Anhui/1/2013 (H7N9) influenza was
calculated at 4.45 Log10 TCID50. The infectious dose for the subsequent experimental
challenge infection study was set at 4 MLD50, a dose where 0-10% of the animals
were expected to survive the intranasal challenge with the virus (Figure 1A-B).

Assessment of oseltamivir sensitivity of A/Anhui/1/2013 (H7N9)
challenge model
To determine the sensitivity of the challenge model, we tested the efficacy of the
most widely used anti-influenza virus drug, the neuraminidase inhibitor oseltamivir
phosphate, as a reference control. Animals were challenged with an intranasal dose
of 4MLD50 influenza A/Anhui/1/2013 (H7N9). The control group (n=10) was treated
with PBS twice daily p.o. for five days, starting from day 0. Eight animals were treated
twice daily with 100mg/kg oseltamivir p.o. for five days, starting one hour before
challenge at day 0. Another eight mice started on day 1 with 100mg/kg oseltamivir
treatment twice daily for the duration of five days. Figure 2A presents the KaplanMeier survival curve. In the animals of the vehicle control group 10% survival was
observed after influenza A/Anhui/1/2013 (H7N9) challenge. Treatment with 100
mg/kg oseltamivir twice daily p.o. from day 0 to day 4 resulted in 100% survival,
which was significantly improved compared to the vehicle control group (p-value
< 0.01) (Table S1 in supplementary material). Although treatment with 100 mg/kg
oseltamivir twice daily p.o. from day 1 to day 5 also resulted in an increased survival
proportion of 25%, this was not statistically different from the control group (Table S2
in supplementary material). Nevertheless, survival time was significantly increased
in both oseltamivir treated groups (treatment day 0-4 p-value < 0.01, treatment day
1-5 p-value < 0.05) (Table S2 in supplementary material). Oseltamivir treatment
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Figure 1. Virulence of influenza A/Anhui/1/2013 (H7N9) in BALB/c mice.
Female BALB/c mice (n=8 per group) were i.n. inoculated with serial dilutions of the A/Anhui/1/2013
(H7N9) influenza virus on day 0 and survival was monitored for 14 days. Kaplan-Meyer survival curve
(A) and mean body weight change is depicted (B). The MLD50 was calculated using the Reed-Muench
method.
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Figure 2. Efficacy of oseltamivir in a lethal BALB/c mouse model.
Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on
day 0. Mice received 100 mg/kg twice daily p.o. Oseltamivir treatment from days 0-4 or 1-5 (n=8 per
group) or the vehicle control (n=10) from days 0-4. Kaplan-Meyer survival curve (A) and mean body
weight change (B) are depicted. Survival proportion in the oseltamivir treated groups was analyzed
using a Fisher’s exact two-sided test with Bonferroni correction for multiple comparisons. The effect of
oseltamivir treatment on body weight was analyzed by comparing the area under curve of treatment
groups with vehicle and was analyzed using a two-way ANOVA with Bonferroni correction. Error bars
depict SEM. ***p<0.001, ****p<0.0001.
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starting from day 0 showed a significantly reduced body weight loss compared to
the control group (p-value < 0.001), while initiating oseltamivir treatment one day
post challenge, did not reduce the body weight loss compared to the control group
(Figure 2B and Table S3 in supplementary material).

BCG vaccination prior to H7N9 infection challenge
In order to test the effect of BCG against lethal influenza challenge, a total of 13
mice were BCG immunized and 13 mice were injected with PBS one week prior to A/
Anhui/1/2013 (H7N9) challenge.

Cytokine responses after
macrophage restimulation

ex-vivo

splenocyte

and

peritoneal

To assess the systemic trained immunity responses, splenocytes as well as peritoneal
macrophages (5 mice per group) were isolated 7 days after BCG immunization.
Both cell suspensions were restimulated with several TLR-ligands and pathogens.
Cytokines were determined by ELISA in collected supernatants. TNF-α production
was significantly increased in the BCG vaccinated group after restimulation of
splenocytes with all stimuli except RPMI medium control (p-value < 0.01 for all stimuli)
(Figure 3A). Splenocyte-derived IFN-y responses were significantly upregulated
after LPS (p-value <0.01), Candida albicans (p-value <0.05) and Salmonella typhi
(p-value <0.05) restimulation (Figure 3B). No significant differences were found
on splenocyte-derived IL-17 and IL-22 responses (Figure 3C and 3E). IFN-α was
only determined in supernatants of splenocytes restimulated with RPMI and poly
I:C. Restimulation with poly I:C resulted in a small but statistically significantly
higher IFN-α response in the BCG-vaccinated group (p-value < 0.05) (Figure 3D).
Significantly higher TNF-α production in the BCG immunized mice was found when
peritoneal macrophages were restimulated with Salmonella typhi (p-value < 0.05)
and Staphylococcus aureus (p-value < 0.05) (Figure 3F). Although a consistent trend
in increased IL-6 production was observed when peritoneal macrophages of the
BCG vaccinated group were restimulated with all pathogens and TLR ligands, only
stimulation with Candida albicans resulted in a statistically significant increase in
comparison to the control group (p-value < 0.05) (Figure 3G). IL-1α, IL-1β, and IL-10
responses (Figure 3H-J) did not differ between groups.
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Figure 3. BCG-induced trained immunity cytokine responses.
To demonstrate increased innate immune response after BCG vaccination, spleen cells and peritoneal
macrophages were isolated 7 days after administration of either BCG or PBS. Concentrations of TNF-α,
IFN-α, IFN-y, IL-17 and IL-22 determined by ELISA in supernatants of restimulated splenocytes with
RPMI, LPS, PHA, Poly I:C, C. albicans, S. typh, S. aureus are shown (A-E). Concentrations of IL-1α, IL-1β,
IL-6, IL-10 and TNF-α determined by ELISA in supernatants of restimulated peritoneal macrophages
with RPMI, LPS, Poly I:C, C. albicans, S. typh and S. aureus are shown (F-J). Data are shown as mean ±
SEM, n = 5 per group, *P < 0.05, **P < 0.01 Mann Whitney-U (two-sided).

BCG vaccination does not protect mice during H7N9
influenza infection
No survival (0%) was observed in the animals of vehicle control group eleven days after
A/Anhui/1/2013 (H7N9) challenge. Despite the heterologous induction of trained
immunity responses, as reported above, vaccination with BCG did not result in a
statistically significant improvement in survival proportion compared to the vehicle
control group (12.5% survival in BCG treated group) (Table S1 in supplementary
material). Furthermore, BCG vaccination did not result in a statistically significant
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improvement in survival time compared to the vehicle control group (p-value =
0.82) (Figure 4A and Table S2 in supplementary material). The percentage body
weight change per animal was determined relative to day 0. Similar to the vehicle
control group, all animals in the BCG vaccinated displayed a steep reduction in
bodyweight starting from day 1 until day 11. The single surviving animal in the BCG
treated group started to recover after day 11. BCG vaccination did not result in a
significant difference in body weight loss compared to the vehicle control group
(p-value = 0.15) (Figure 4B and Table S3 in supplementary material). From day 0
onwards, the severity of influenza infection was graded as a clinical score based
on the observation of one or multiple clinical signs typical for influenza infection.
The mean clinical scores did not differ between the vehicle control group and BCG
immunized group (Figure S1 in supplementary material).

Figure 4. BCG-vaccination does not protect mice during H7N9 influenza infection.
Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on day
0. Mice received 750 μg BCG or the vehicle control (PBS) i.v. on day -7. Kaplan-Meyer survival curve
(A) and mean body weight change (B) are depicted. Survival proportion in the BCG treated group
was statistically analyzed using a Fisher’s exact two-sided test. Survival time was statistically analyzed
using a Mantel & Cox Log-Rank test. The effect of BCG treatment on body weight was analyzed by
comparing the area under curve of treatment groups with vehicle and was statistically analyzed using
a two-way ANOVA with Bonferroni correction. Data are shown as mean ± SEM, n = 8 per group.
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Figure 5. BCG vaccination does not lead to reduction of histopathological damage and
inflammation.
Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on
day 0. Mice received 750 μg BCG or vehicle control (PBS) i.v. on day -7 (n=8 per group). Three days
after viral challenge, lungs were fixed in formalin. Paraffin-embedded tissue sections were then
stained for haematoxylin and eosin. Representative histopathological image of vehicle versus BCG
treated mice are depicted (A, B). Lung sections were scored from absent to marked: score ‘0‘ (absent),
score ‘1’ (minimal), score ‘2’ (moderate) and score ‘3’ (marked) for epithelial necrosis (damage) (C),
inflammation markers (D) and inflammatory cell types (E). Results were statistically analyzed using
the Cochran Mantel Haenszel-test. Data are shown as mean ± SEM.

8

182 | Chapter 8

BCG vaccination does not reduce histopathological damage,
inflammation or viral replication
Three days after challenge infection, histopathological lung examination was
performed in a subgroup of both vehicle control and BCG vaccinated mice. The
pathological changes observed in the lungs isolated from these mice corresponded with
acute lung injury, characterized by epithelial necrosis and infiltration of macrophages,
lymphocytes and granulocytes (Figure 5A-B). In addition, squamous metaplasia
was observed. No differences in pathological changes between the lungs of the BCG
vaccinated and vehicle control mice were observed at day 3 after challenge infection
(Figure 5C-D). Histological scores for the amount of granulocytes, macrophages
and lymphocytes were similar between the BCG immunized and control group
(Figure 5E). Although BCG did not have an effect on pulmonary tissue inflammation or
immune cell composition, we wanted to determine the effect of BCG immunization on
local influenza infection and replication (by scoring of influenza infected cells). Lung
tissue sections slides were stained with influenza NP to determine the quantity of
influenza virions (Figure 6A-B). The scores of NP stained small bronchi, large bronchi
or alveoli did not differ between groups (Figure 6C). This indicates that intravenous
BCG administration did not reduce influenza A (H7N9) infection or replication in mice.

Discussion
The avian influenza A (H7N9) virus appears to have become more virulent during
recent epidemics in China, underlining the risk of a global human pandemic in the
absence of specific immunity. In case of an outbreak in the absence of available
specific vaccines, BCG might contribute to control of avian influenza through its
non-specific protective effects, which are probably related to its capacity to induce
trained immunity in monocytes. In this study we tested the effect of intravenous
BCG against a lethal influenza A/Anhui/1/2013 (H7N9) infection in mice.
We were able to reproduce previous findings regarding induction of systemic trained
immunity after BCG administration in mice (16). Intravenous BCG immunization
resulted in significantly increased cytokine responses upon ex-vivo restimulation
with unrelated TLR-ligands and pathogens, both in splenocytes (TNF-α, IFN- α. and
IFN-y), and peritoneal macrophage (TNF-α and IL-6). However, increased ex-vivo
cytokine production was not associated with differences in experimental avian
influenza A/Anhui/1/2013 (H7N9) infection in terms of survival, clinical scores or
pulmonary inflammation.
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B

C
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Figure 6. Nucleoprotein staining of bronchi and alveoli indicates that BCG does not reduce
influenza virus replication.
Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on
day 0. Mice received 750 μg BCG or the vehicle control (PBS) i.v. on day -7 (n=8 per group). Three
days after viral challenge, lungs were fixed in formalin. Paraffin-embedded tissue sections were then
stained for influenza nucleoprotein (NP). Representative images of influenza A NP-stained lungs of
mice treated with vehicle versus BCG treated mice are depicted (A,B). NP-staining was scored from
absent to 3: score ‘0‘ (absent), score ‘1’ (minimal), score ‘2’ (moderate) and score ‘3’ (marked) (C). Results
were statistically analyzed using the Cochran Mantel Haenszel-test. Data are shown as mean ± SEM.
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A recent study demonstrated that low dose BCG (TICE strain) administration protects
against mouse-adapted influenza virus A/Puerto Rico/8/34 (PR8) (H1N1) strain by
increased efferocytosis of alveolar phagocytes, but only after intranasally and not
after subcutaneously administration of BCG (26). Similar observations were reported
previously; intranasally BCG (strain unspecified) immunized mice showed enhanced
protection against influenza A (H1N1) PR8 challenge compared to intraperitoneally
immunized mice (17). This suggests the route of BCG administration might be
important in case of protection against influenza. In the study of Mukherjee (26)
mice were inoculated with a lower dose of BCG compared to the administered dose
in our study, pointing out that not only the route of administration, but maybe also
the dose and inherent dose dependent kinetics might be crucial for heterologous
protection. For several TLR-ligands it has been shown that the dose during initial
priming determines if monocytes will either become trained or tolerized during the
in vitro trained immunity model (27). One could hypothesize that induction of either
training or tolerance may be different per cell and tissue type as well. Although
in vivo dose response studies of BCG priming in the context of trained immunity
have not been performed yet, these in vitro data indicate the initial dose might be
discriminative between being protective or not. That being said, a similar dose,
route of administration as well as BCG strain were nevertheless protective against
a lethal Candida albicans challenge infection in severe combined immunodeficient
mice, resulting in enhanced survival, decreased kidney yeast burden and ex-vivo
trained immunity responses (16). This may suggest that the beneficial effects of BCG
vaccination have specificity, and thus induce protection against some, but not all,
infections.
As reviewed by Kuiken et al. (28), the innate immune system plays an important
role in the first line defense against influenza infections. Influenza recognition by
TLR and RIG-1 signaling leads to production of pro-inflammatory cytokines and
type I interferons. Especially type I interferons are known to exert antiviral activity.
Nevertheless, an imbalanced cytokine response or so-called cytokine storm could
be detrimental for the host. Compared to seasonal strains, severe infections with
highly pathogenic H5N1 and 1918 H1N1 are more frequently associated with a
dysregulated cytokine response (29, 30). Likewise, severe cases of H7N9 infections
are complicated by hypercytokinemia (3, 31, 32). In the study of Mukherjee et al.,
intranasal BCG inoculation resulted in decreased TNF-α mRNA and increased IL-10
mRNA expression in alveolar macrophages two days post PR8 (H1N1) infection (26).
We did not study the local pulmonary mucosal cytokine responses after intravenous
administration of BCG, but our findings regarding cytokine responses of ex-vivo
restimulated splenocytes and peritoneal macrophages are pointing towards priming
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in a different direction, with potentiation of cytokine responses. Future studies
should focus on the role of alternative cell types like alveolar macrophages.
One unavoidable limitation for the conclusions of this study is that it investigated
the effect of BCG vaccination in mice. Anti-mycobacterial as well as anti-influenza
responses are different in mice and humans, and it is conceivable to hypothesize
that BCG vaccination may exert stronger beneficial effects in humans, including
against influenza infection. Recently, we have shown that BCG vaccination in healthy
human volunteers protects against experimental yellow fever vaccine viremia,
while the protective serological response retains intact (22). The absence of IL-1β
upregulation after BCG vaccination by splenocytes and peritoneal macrophages
in the current study can be explained by the differences between the human
and murine immunological responses. Humans have an increased IL-1β response
compared to mice and mice lack important regulators of the IL-1 pathway such as
IL-37 (33).
Another limitation of the study is represented by the particularities of the BCG
vaccination in mice, compared to humans. Earlier studies done in mice have shown
that systemic trained immunity by BCG is induced after intravenous administration,
rather than intradermal administration (34). In line with this, an earlier study
by Spencer et al. showed protection against Influenza A (H1N1) infection after
intraperitoneal vaccination with BCG, indicating that systemic administration of
BCG was protective against influenza (17). Furthermore, the administered dose of
BCG the animals received and the timing of seven days before the experimental
avian influenza A/Anhui/1/2013 (H7N9) infection were equivalent to our previous
intravenous BCG vaccination experimental protocols and comparable to the
intraperitoneal BCG vaccination of mice (16-18). We hypothesized that in BCG
vaccinated mice, the infiltration of trained immune cells in the lungs during the
experimental avian influenza A/Anhui/1/2013 (H7N9) infection would result in
increased clearance of the influenza infection. While our data clearly demonstrate
that this BCG vaccination model does not protect against H7N9 influenza infection,
we cannot exclude that the different route of BCG administration in humans may
have an effect.
Partial protection of BCG vaccination has been observed in a human controlled
malaria infection model as well, in which decreased parasitemia correlated with
accelerated immune activation and trained immunity in vivo upon blood stage
parasitemia (Walk, de Bree et al, submitted). A previous randomized controlled
trial has shown BCG vaccination prior to trivalent influenza vaccination resulted in
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enhanced immunogenicity of the influenza vaccine, resulting in increased antibody
response and seroconversion against the 2009 pandemic influenza A (H1N1) strain
(21). Future studies should explore if BCG could function as an adjuvant to avian
influenza vaccines as well.
In conclusion, intravenous administration of BCG enabled the induction of trained
immunity, but this was not protective in a lethal influenza A/Anhui/1/2013 (H7N9)
challenge infection in BALB/c mice. Future studies are needed to evaluate the antiinfluenza effects of BCG vaccination in humans.
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Supplementary data

Figure S1. BCG vaccination did not reduce clinical signs after influenza infection.
Mean clinical signs after BCG vaccination following treatment i.n. infection with 4MLD50 influenza A/
Anhui/1/2013 (H7N9) on day 0.
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Treatment

Survival proportion
%

Adjusted p-value for comparison
with control group

Vehicle p.o. day 0-4

10

-

Oseltamivir p.o. day 0-4

100

0.0004

Oseltamivir p.o. day 1-5

25

1

Vehicle i.v.

0

-

BCG i.v.

12.5

1

Table S1. Survival proportion.
The treatment effect in the influenza challenge model was assessed by comparing the survival
proportions at day 21 of each treatment group to the vehicle control group, using a Fisher’s exact
two-sided test, with Bonferroni adjustment for multiple comparisons. A p-value <0.05 was considered
as statistically significant.

Treatment

Mean survival time (days)

P-value

Vehicle p.o. day 0-4

8.3

-

Oseltamivir p.o. day 0-4

21.0

0.0004

Oseltamivir p.o. day 1-5

15.0

0.03

Vehicle i.v.

8.9

-

BCG i.v.

9.8

0.82

Table S2. Survival time.
The treatment effect in the influenza challenge model was assessed by comparing the survival times
to the vehicle control group using a Mantel & Cox Log-Rank test with Bonferroni adjustment for
multiple comparisons. A p-value <0.05 was considered as statistically significant. The survival time of
an animal was defined as the last study day on which it was alive.

Treatment

Mean AUC

SD

P-value

Vehicle p.o. day 0-4

-115.64

14.67

-

Oseltamivir p.o. day 0-4

-52.90

10.74

<0.0001

Oseltamivir p.o. day 1-5

-116.35

21.14

1

Vehicle i.v.

-128.59

16.63

-

BCG i.v.

-115.11

18.62

0.15

Table S3. Area under curve body weight.
The treatment effect in the influenza challenge model was assessed by comparing the AUCs of each
treatment group to the negative vehicle control group using a one-way analysis of variance, tested
two-sided, with Bonferroni adjustment for multiple comparisons. Last observed body weights were
carried forward. A p-value <0.05 was considered as statistically significant.

BCG prior to influenza A(H7N9) infection | 191

8

Chapter 9

Outcomes of Controlled
Human Malaria Infection
after BCG vaccination
L. Charlotte J. de Bree*, Jona Walk*, Wouter Graumans, Rianne Siebelink-Stoter,
Geert-Jan van Gemert, Marga van de Vegte-Bolmer, Karina Teelen, Cornelus C.
Hermsen, Rob J.W. Arts, Marije C. Behet, Farid Keramati, Simone J.C.F.M. Moorlag,
Annie S.P. Yang, Reinout van Crevel, Peter Aaby, Quirijn de Mast, André J.A.M. van der
Ven, Christine Stabell Benn, Mihai G. Netea, Robert W. Sauerwein

*Equal contribution.

Nature communications. 2019;10(1):874

194 | Chapter 9

Abstract
Recent evidence suggests that certain vaccines, including Bacillus Calmette-Guérin
(BCG), can induce changes in the innate immune system with non-specific memory
characteristics, termed ‘trained immunity’. Here we present the results of a randomized,
controlled phase 1 clinical trial in 20 healthy male and female volunteers to evaluate
the induction of immunity and protective efficacy of the anti-tuberculosis BCG vaccine
against a controlled human malaria infection. After malaria challenge infection, BCG
vaccinated volunteers present with earlier and more severe clinical adverse events,
and have significantly earlier expression of NK cell activation markers, and a trend
towards earlier phenotypic monocyte activation. Furthermore, parasitemia in BCG
vaccinated volunteers is inversely correlated with increased phenotypic NK cell and
monocyte activation. The combined data demonstrate that BCG vaccination alters
the clinical and immunological response to malaria , and form an impetus to further
explore its potential in strategies for clinical malaria vaccine development.
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Introduction
With nearly 200 million clinical cases and nearly half a million deaths in 2015 (1),
malaria remains a major global health problem and there is pressing need for a
highly efficacious vaccine. RTS,S (Mosquirix®, GlaxoSmithKline), the only registered
malaria vaccine, confers only modest, short-term protection (2). It is clear that novel
and improved malaria vaccine strategies are required for eradication.
To date malaria vaccine research has focused primarily on the induction of strong
antibody or T cell responses. However, recent evidence suggests that certain vaccines,
including the Bacillus Calmette-Guérin (BCG) developed against tuberculosis, can
induce long-term changes in the innate immune system with non-specific memory
characteristics. This BCG-induced ‘trained immunity’ (3) increases pro-inflammatory
cytokine responses to other pathogens (4,5) and is mediated by epigenetic changes
in innate immune cells(6,7). The clinical relevance of trained innate immunity has
been demonstrated in mice, where it reduced mortality of Staphylococcus aureus
sepsis (6) and Candida albicans infection (8).
There is also evidence that BCG administration reduces parasitemia in rodent malaria
models (9,10,11,12), and in endemic areas BCG vaccination has been associated with
reduced malaria-specific mortality (13). However, any direct evidence for protective
efficacy of BCG-induced trained immunity against malaria, or any clinically relevant
pathogen, in humans is lacking.
Here we show that a subset of BCG vaccinated healthy volunteers have accelerated
NK cell and monocyte activation that correlates with reduced parasitemia after
controlled human malaria infection (CHMI). These findings are consistent with
the possibility that BCG vaccination may induce trained immunity with functional
activity against another human pathogen in vivo.

9

196 | Chapter 9

Results
BCG vaccination alters the clinical course of P. falciparum infection
In a single-blind, randomized controlled clinical trial, 10 healthy BCG- and malarianaïve volunteers received an intradermal BCG vaccination, while 10 control volunteers
received no intervention. A single volunteer was excluded post-vaccination due to
a concomitant Epstein-Barr virus infection. Five weeks after vaccination, 9 BCGvaccinated and 10 control volunteers underwent a Controlled Human Malaria
Infection (CHMI) by exposure to bites of five P. falciparum (Pf) infected female
Anopheles mosquitoes (supplementary figure 1). Randomization was stratified by
gender in order to ensure an equal distribution of male and female volunteers. Other
baseline characteristics were similar between groups (supplementary table 1).
Study primary endpoints were 1) Frequency and magnitude of adverse events and
2) Time to blood stage parasitemia detectable by qPCR. Study secondary endpoints
were 1) Changes in cellular (innate and adaptive) immune responses and 2) Changes
in plasma cytokine levels.
All volunteers developed parasitemia as detected by qPCR after challenge infection.
Blood samples from 8 out of 9 BCG vaccinated and all controls exceeded the
predetermined threshold of 100 parasites per milliliter blood on day 7, which was
followed by a curative treatment with atovaqone/proguanil. One BCG vaccinated
volunteer became positive on day 9. Interestingly, the variation in day 7 parasitemia
was much higher in the BCG vaccinated group (geometric mean: 752 Pf/mL, 95%
CI: 217-2602 Pf/mL) than in the controls (geometric mean: 813 Pf/mL, 95% CI 4811373 Pf/mL) (Levene’s test for equality of variances: p=0.005, figure 1A-B).
BCG-vaccinated volunteers developed clinical symptoms of malaria infection at an
earlier time point and reported a higher frequency of moderate or severe clinical
symptoms than control volunteers (Gehan-Breslow-Wilcoxon Test, p=0.01, figure 1C;
supplementary table 2). The moderate and severe adverse event frequency in
the BCG vaccinated group was also significantly higher than in historical controls
(supplementary figure 2). In line with this finding, BCG vaccinated volunteers
presented with a more significant decrease in platelet count (mean relative change
BCG group: 0.689, 95% CI: 0.637-0.741; control group: 0.778, 95% CI: 0.703-0.853;
student’s t test: p=0.05, supplementary figure 3). Moreover, in a subset of BCG
vaccinated volunteers, circulating platelets, lymphocytes and neutrophils dropped
earlier (figure 1D-F). There was no significant difference in temperature during
follow-up (supplementary figure 4).
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Figure 1. Parasitemia, clinical symptoms and laboratory abnormalities after CHMI.
Parasitemia was measured by daily qPCR from day 6 after CHMI until the third day after antimalarial
treatment. (A) The Kaplan-Meier survival curve shows percent of volunteers remaining untreated. 8/9
BCG vaccinated (green) and 10/10 control volunteers (grey) surpassed the treatment threshold of
100 parasites per milliliter, and were treated on day 7 after challenge. 1/9 BCG vaccinated volunteers
remained below 100 Pf/mL until day 9. (B) All volunteers did have parasitemia detectable by qPCR on
day 7 after CHMI. The graph shows log parasites per milliliter on day 7 post CHMI for BCG vaccinated
(green) and control (grey) volunteers. (C) Adverse events were collected daily. The Kaplan-Meier
curve shows the percentage of volunteers experiencing one or more moderate or severe, solicited,
symptoms during follow-up, BCG vaccinated volunteers (green) compared to controls (grey).
(D-F) Absolute platelet, lymphocyte and neutrophil differentiation counts were determined by
daily hemocytometry starting on day 6 post challenge. Graphs show relative change in cell counts
compared to pre-challenge values in both BCG vaccinated (n=9, each colored dot shows and
individual volunteer, colors consistently represent the same volunteers across each graph) and nonBCG vaccinated controls (n=10, grey dots).

BCG vaccinated volunteers show memory-like immune responses
To study the kinetics of the immune response to CHMI, whole blood flow cytometry
was performed to determine lymphocyte, monocyte and neutrophil activation.
Post-BCG vaccination but prior to CHMI and during parasite liver stage (day 5 postchallenge), there was no activation of peripheral blood leukocytes in either group
as measured by the expression of the early activation marker CD69 in lymphocytes,
or the expression of CD16, the antigen presenting molecule HLA-DR, and the costimulatory molecule CD86, in monocytes (figure 2A-G). On day 7, coinciding
with the first appearance of blood stage parasites, there was a marked increase in
the proportion of CD56dim NK cells expressing CD69 in half of the BCG vaccinated
volunteers, absent in the control group (Mann-Whitney U test of vaccinated versus
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controls: p=0.03, figure 2A). Instead, control volunteers primarily showed immune
activation only after treatment. CD69 expression on gamma-delta (γδ) T cells, NKT
cells and alpha-beta (αβ) T cells followed a similar pattern, with the same subgroup
of BCG vaccinees showing activation on day 7 post-challenge (figure 2B-D). There
was no significant increase in CD69 expression on CD56bright NK cells after challenge
(supplementary figure 5).
Next, the expression of CD16, HLA-DR and CD86, were determined on CD14+
monocytes (figure 2E-G), markers previously shown to increase with monocyte
activation during CHMI (14). The percentage of activated neutrophils, those lacking
CD62L with high CD11b expression, was also analyzed (figure 2H). On day 7 after
challenge, the same subgroup of BCG vaccinated volunteers showed increased
expression of HLA-DR and CD86 on CD14+CD16- monocytes, which was absent in
controls.
The 3 BCG vaccinees with the strongest lymphocyte and monocyte activation also
responded with early increases in plasma interferon-gamma (IFN-γ) or granzyme B,
and inflammatory C-reactive protein (CRP) concentrations (figure 2I-K).

> Figure 2. in vivo activation of lymphocytes, monocytes and neutrophils after CHMI.
In vivo leukocyte activation was determined by direct staining of fresh whole blood with fluorescent
antibodies every two days post challenge. Lymphocytes were defined based on forward scatter and
sideward scatter characteristics, and duplet events were excluded. (A) NK cell activation was defined
as the percentage of CD3-CD56dimCD16+ live cells expressing CD69. (B) γδT cell activation was defined
as the percentage of CD3+γδTCR+ live cells expressing CD69. (C) NKT cell activation was defined as the
percentage of CD3+γδTCR-CD56+ live cells expressing CD69. (D) αβT cell activation was defined the
as percentage of CD3+γδTCR-CD56- live cells expressing CD69. (E) Monocytes were defined based on
forward and side scatter characteristics, and the as HLA-DR+CD14+. Within the monocyte population,
cells were then divided into CD16- and CD16+ monocytes. (F-G) Within the CD16- monocyte population,
the relative change in mean fluorescent intensity of HLA-DR and CD86 compared to pre- malaria
challenge values was determined. (H) Neutrophils were defined based on forward and side scatter
characteristics, and then defined as HLA-DR-CD14-CD16+CD11b+. Activated neutrophils were defined
as CD62LdimCD11bhigh. (I-J) IFN-γ and granzyme B were measured by Luminex assay in citrate plasma
taken ever two days. Circulating cytokine levels are corrected for baseline levels (pre-BCG vaccination
time point) at each time point. In all graphs the grey dots represent non-BCG vaccinated control
group volunteers (n=10), and each colored dot shows an individual BCG vaccinated volunteer (n=9).
Statistical analysis are between BCG vaccinated and control volunteers at a single time point, and
p-values are the results of Mann-Whitney U test. *p<0.05. (K) Circulating CRP levels were measured in
citrate plasma are shown for each BCG vaccinated volunteer (colors consistently represent the same
volunteers across each graph).
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BCG-induced trained immunity correlates with lower parasitemia
We next evaluated whether this altered innate immune phenotype had
consequences for control of parasitemia. While at group level this primary endpoint
was not statistically met, we identify a subgroup of approximately half of BCG
vaccinated volunteers with lower levels of parasitemia after challenge. These effects
were correlated with changes in the immune parameters defined as secondary
endpoints. Indeed, the subset of BCG-vaccinated volunteers with early lymphocyte
and monocyte activation were also those with lower parasitemia within the BCG
group (figure 3A-B and supplementary figure 6), and early NK cell CD69 expression
and monocyte HLA-DR expression were correlated with decreased parasitemia.
In contrast, increased neutrophil activation in BCG vaccinated volunteers was not
associated with decreased parasitemia (supplementary figure 7).

BCG augments P. falciparum-induced cytotoxic lymphocyte responses
NK cells stimulated with P. falciparum-infected red blood cells (PfRBC) in vitro showed
no difference in degranulation (defined by CD107a staining), IFN-γ or granzyme B
production in BCG vaccinated versus controls prior to challenge infection (figure 4).
However, 37 days after challenge infection, NK cells from BCG vaccinated volunteers
produced significantly more granzyme B (Mann-Whitney U test: p=0.03) with a
tendency towards increased degranulation, compared to controls.
The induction of T cell responses after CHMI was also analyzed in both groups
(supplementary figure 8). Again, there were no measurable differences between
the groups after BCG vaccination and prior to malaria infection. However, postCHMI there were more P. falciparum-specific CD4+ T cells producing granzyme B in
BCG vaccinated volunteers (Mann-Whitney U test: p=0.02). Furthermore, there were
trends towards increased degranulation and granyzme B production in γδT cells.
Finally, the induction of P. falciparum-specific antibody responses was analyzed in both
groups. There were no differences in antibody responses to the immunodominant
Circumsporozoite protein (CSP) expressed on sporozoite stages, the Liver Stage
Antigen (LSA) expressed on liver stages or total lysate of asexual blood stages
(supplementary figure 9A-C). Furthermore, BCG vaccination did not influence the
ability of antibodies to block sporozoite invasion into the HC04 hepatoma cell line
(supplementary figure 9D).
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Figure 3. Early NK cell and monocyte activation correlates with decreased parasitemia.
Correlations between (A) NK cell CD69 expression and log parasitemia on day 7 after challenge
infection, and (B) increase in monocyte HLA-DR MFI and log parasitemia on day 7 are shown for BCG
vaccinated (n=9, green) and control (n=10, grey) volunteers. Lines show the result of linear regression
analysis for both groups.

Figure 4. BCG vaccination increases NK cell responses against P. falciparum.
(A) Percentage of total NK cells staining positive for IFN-γ after 24 hours of stimulation with PfRBC
before, and 37 days after malaria challenge infection as compared to baseline (pre-BCG vaccination
time point), each dot represents an individual BCG vaccinated (n=9, green) or control volunteers
(n=10, grey). (B) Percent NK cells staining positive for the degranulation marker CD107a. (C) Percent
NK cells staining positive for granzyme B. Lines and error bars show median and interquartile range.
P values are the result of Mann-Whitney U test. *p<0.05. Stimulation was performed in duplo, with
replicates combined for flow cytometry analysis.
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Discussion
Here we provide in vivo evidence suggestive of the induction of functional trained
immunity by BCG vaccination against a heterologous, clinically relevant human
pathogen. The existence of trained immunity after BCG vaccination has been
previously demonstrated in vitro (4,5,15) and in murine models (6,8). However,
translation of such findings into equivalent human responses in vivo has so far been
limited to a single study where BCG reduced viremia after vaccination with the nonpathogenic, live attenuated yellow fever vaccine (16).
The vaccinated volunteers develop early clinical symptoms and laboratory
abnormalities, and earlier and stronger inflammatory responses in a subset of
volunteers are associated with lower parasitemia. This altered course of immune
activation in BCG-vaccinated individuals sharply contrasts with CHMIs in control
volunteers of this and previous studies, where innate immune activation is only
detectable just prior to microscopic parasitemia (17,18,19), i.e. at 3-4 days after
parasites emerge from the liver. In addition, the course of clinical symptoms is
strikingly different from that seen in other, similar CHMI studies at our center, where
symptoms are typically absent on day 7 post-challenge (20,21,22). The prompt
activation of NK cells in BCG vaccinated volunteers apparently represents a true
memory phenotype rather than persistent inflammation, as immediately prior to
CHMI there was no difference in activation of peripheral blood lymphocytes between
the control and test groups.
Interestingly, the earlier and stronger immune activation markers in half the BCG
vaccinated volunteers correlated with a reduced parasitemia in early infection,
whereas those with higher parasitemia had no immune activation on day 7 after
challenge. This may be due to either reduced release of parasites emerging from the
liver or by rapid clearance of blood stage parasites. Indeed, IFN-γ produced by liver
lymphocytes in mice suppresses schizont development and subsequent parasitemia
(23,24). In this study we neither detect peripheral blood leukocyte activation, nor
increases in circulating IFN-γ or CRP during the liver stage. However, the contribution
of undetected local inflammatory processes in the liver cannot be excluded. More
sensitive techniques such as (single-cell) transcriptomic analysis may be needed to
study peripheral blood responses during the liver stage. Alternatively, the observed
reduction of parasite load after BCG vaccination may be the result of efficient asexual
clearance as previously shown in C57BL/6 mice infected with P. yoelii (12). In the
current CHMI, estimation of asexual parasite multiplication has not been possible
since curative treatment was administered at very low parasite densities. In future
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studies, this might be addressed by allowing longer duration of parasitemia, or
alternatively, by using a blood stage challenge infection with a low inoculum, which
would allow for even longer exposure to blood stage parasites.
The changes in the clinical and parasitological outcomes in BCG vaccinated
volunteers are also associated with P. falciparum-specific elicited cellular immune
responses after CHMI, including an improved P. falciparum-induced NK cell granzyme
B production and a trend towards increased degranulation. Such memory-like NK
cell responses after CHMI have been described previously (25), and found to be
T cell dependent. In addition, the number of granzyme B producing CD4+ T cells
in response to P. falciparum is also increased with a trend towards increased CD4+
T cell IFN-γ production and γδT cell granzyme B production and degranulation. The
combined data do suggest that the altered kinetics of immune cell activation in BCG
vaccinated volunteers may improve their ability to generate P. falciparum-specific
responses as has been shown in relation to other vaccines (26). However, a CHMI with
5 mosquito bites is not likely to induce significant cellular or humoral immunity, and
this hypothesis should be tested in a study combining BCG with a malaria vaccine.
A recent study examined the epigenetic and transcriptomic changes in monocytes
of healthy volunteers vaccinated with BCG (16), showing genome-wide changes in
histone H3 acetylation at lysine 27 (H3K27ac) in ‘responding’ volunteers. Our study
finds functional changes in NK cells as well, confirming previous in vitro observations
(15). This may be the result of increased monocyte activation, as NK cell activity against
malaria is partially dependent on monocytes (27). Whether BCG induces epigenetic
changes in NK cells as well should be subject of a future study.
This study is limited by its small sample size and the subsequent lack of sufficient power
for comprehensive statistical analysis of all immune responses. However, the fact that
strong correlations can be found in such a small sample size is encouraging. It is striking
that there is such clear dichotomy between volunteers, with 4 out of 9 ‘responders’,
showing accelerated immune responses and a relative decrease in parasitemia.
Interestingly, the ‘non-responders’ in this cohort seem to have increased parasitemia
compared to the controls. Other studies with BCG induced trained innate immunity
have also identified significant variability in responses between individuals (28). The
small size of this study, however, does prohibit a clear identification of the factors that
predict the effect of BCG vaccination, and future larger cohort studies are needed to
explore the factors underlying this variation.
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For this study, the observation period of five weeks was chosen based on evidence
of BCG induced protection against malaria in mice at 1-2 months post vaccination
(9,10,11,12) and BCG induced trained innate immunity in humans at 2 weeks and 3
months post vaccination (5). Since the observation period is limited to five weeks, it
will be important in future studies to determine the duration of this effect, even more
so as the in vitro effects seem to persist up to a year after vaccination (4).
Yet even in the possible absence of longer term effects, these findings may still have
clinical implications for malaria as BCG vaccination may improve immunity to malaria,
before sufficient adaptive immune responses have been generated to prevent (severe)
disease. Although its immune modulatory properties have been known for decades
(29), BCG is currently facing renewed interest after randomized controlled trials
have shown it decreases neonatal mortality due to sepsis and respiratory infections
(30,31). There is limited data on BCG and the incidence of malaria from observational
studies, with one study showing a reduction in malaria mortality in BCG vaccinated
infants (13). Non-specific beneficial clinical effects of BCG vaccination might be
explained by trained innate immunity (32,33), supporting the further exploration
of these effects to better inform the place of BCG in vaccination regimens. Though
BCG vaccination is common practice in malaria endemic countries as part of the
WHO Expanded Programme on Immunization, potential efficacy against malaria and
other pathogens underscores the need for investment in timely and correct BCG
administration. Epidemiological data and randomized trials suggest revaccination
with live-attenuated vaccines such as BCG confers additional protection against all
cause mortality (34). It will be important to determine whether BCG revaccination
induces non-specific beneficial effects against malaria. Although BCG revaccination
did not reduce malaria morbidity in one study in Guinea-Bissau (35) potential
confounding effects of other vaccines, including DTP with known interference with
the overall non-specific effects of BCG (36) was not taken into account.
In conclusion, BCG vaccination alters some of the the clinical, immunological and
parasitological outcomes of malaria infection in a subset of volunteers. Earlier NK
cell and monocyte activation in this subset of vaccinated volunteers is consistent
with the possibility that induction of trained innate immunity in vivo may have
functional activity against a heterologous pathogen in humans. These findings may
open perspectives and pathways for clinical vaccine development.
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Methods
Clinical trial
This single-center, single-blinded randomized controlled trial was conducted at the
Radboud university medical center (Nijmegen, The Netherlands) from August 2016 until
February 2017. Prior to inclusion, study volunteers were medically screened as described
previously (37) and provided written informed consent. The trial was approved by the
Central Committee on Research Involving Human Subjects (CCMO NL56222.091.15) of
the Netherlands, performed according to the Declaration of Helsinki and Good Clinical
Practice and prospectively registered at ClinicalTrials.gov (NCT02692963).
Twenty healthy, BCG-naive volunteers (age 18–35 years) without a history of malaria or
residence in a malaria-endemic area in the 6 months before study entry were included
and randomly assigned to two groups. Male and female volunteers were allocated
separately, to ensure an equal distribution between groups. Volunteers had not received
any other vaccinations within three months of enrollment. Ten subjects received
standard dose (0.1mL of the reconstituted vaccine) of intradermal BCG vaccination
(BCG Bulgaria, Intervax) five weeks prior to challenge infection. Ten controls (group 2)
received no vaccination.
Five weeks after BCG vaccination, both groups (BCG vaccinated, n = 9; 1 excluded
after BCG vaccination and controls, n = 10) were exposed to bites of five Plasmodium
falciparum NF54 strain infected Anopheles stephensi mosquitoes (sporozoite challenge).
Details on the challenge infection are provided in supplementary table 3. Subjects
and investigators were not blinded, whereas those performing the qPCR analysis
were blinded until after the last qPCR data had been collected. qPCR was performed
prospectively, once daily from day 6 after CHMI until day 3 after antimalarial treatment,
according to previously published protocols (22,38,39). All volunteers were treated with
a curative regimen of antimalarial drugs (atovaquone/proguanil) once the treatment
threshold of 100 parasites/ml blood was exceeded detected by qPCR or presumptively
on day 21 after challenge if qPCR remained below treatment threshold.

Recording of adverse events
Subjects recorded clinical symptoms in a diary, from the time of BCG vaccination until 37
days after the CHMI. Both solicited and unsolicited adverse events were recorded after
questioning by the investigators at set time points: prior to BCG vaccination, prior to the
CHMI, daily from day 6 after infection until 3 days after antimalarial treatment, and on day
37 post CHMI (21,40). Adverse events were graded according to criteria defined in the
Clinical Trial Protocol: mild (grade 1): awareness of symptoms that are easily tolerated and
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do not interfere with usual daily activity; moderate (grade 2): discomfort that interferes
with or limits usual daily activity; severe (grade 3): disabling, with subsequent inability
to perform usual daily activity, resulting in absence or required bed rest. Relatedness
was assessed by the investigator, also on the bases of pre-defined criteria: probable:
an adverse event that follows a reasonable temporal sequence from the challenge
procedure and cannot be reasonably explained by the known characteristics of the
subject’s clinical state; possible: an adverse event for which insufficient information
exists to exclude that the event is related to the study procedure; not related: an event
for which sufficient information exists to indicate that the aetiology is unrelated either
because of the temporal sequence of events or because of the subject’s clinical state or
other therapies.
Oral temperature was measured by volunteers and recorded in the symptom diary every
morning and more frequently during symptoms. Tympanic temperature was measured
by the study physician at every follow-up visit. Fever was scored as follows: mild (grade
1): 37.6-38.0°C; moderate (grade 2): 38.1-39.0°C; severe (grade 3): ≥39.1°C.

Whole blood flow cytometry
100µL (lymphocytes) or 50µL (monocytes and neutrophils) of fresh EDTA blood was
stained directly with antibodies. For lymphocyte analysis samples were stained with
CD3-AlexaFluor700 (Biolegend; clone OKT3; catalogue number 317340; final dilution
1:640), pan-γδTCR-PE (Beckman Coulter; clone IMMU510; catalogue number COIM1349;
final dilution 1:160), CD56-Brilliant Violet(BV)421 (Biolegend; clone HCD56; catalogue
number 318328; final dilution 1:320), CD16-APC-eFluor780 (eBiosciences; clone CB16;
catalogue number 47-0168-42; final dilution 1:640), CD69-PerCP-Cy5.5 (Biolegend;
clone FN50; catalogue number 310926; final dilution 1:640). For monocyte analysis,
samples were stained with a lineage mix containing CD3-PerCP-Cy5.5 (Biolegend; clone
HIT3a; catalogue number 300328; final dilution 1:400), CD19-PerCPCy5.5 (Biolegend;
clone HIB19; catalogue number 302230; final dilution 1:200) and CD56-PerCP-Cy5.5
(Biolegend; clone HCD56; catalogue number 318322; final dilution 1:100), CD14-FITC
(Biolegend; clone HCD14; catalogue number 325604; final dilution 1:80), CD16-PE-Cy7
(Biolegend; clone 3G8; catalogue number 302016; final dilution 1:1280), HLA-DR-APCCy7 (Biolegend; clone L243; catalogue number 307618; final dilution 1:160) and CD86PacificBlue (Biolegend; clone IT2.2; catalogue number 305423; final dilution 1:100). For
neutrophil analysis samples were stained with CD14-PerCP (Biolegend; clone HCD14;
catalogue number 325632; final dilution 1:30), HLA-DR-APC (Biolegend; clone L243;
catalogue number 307610; final dilution 1:80), CD16-APC-eFluor780 (eBiosciences; clone
CB16; catalogue number 47-0168-42; final dilution 1:1280), CD62L-PE-Cy7 (eBioscience;
clone DREG-56; catalogue number 25-0629-42; final dilution 1:1280) and CD11b-BV510
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(Biolegend; clone ICRF44; catalogue number 301334; final dilution 1:180). Samples were
stained for 30 minutes at 4° Celsius (C) in the dark. After staining, erythrocytes were
lysed for 5 minutes at 4°C with 1mL BD FACS Lysis buffer, followed by centrifugation.
Cell pellets were washed once with 1mL FACS buffer (0.5% Bovine Serum Albumin
(BSA) in PBS) and resuspended in PBS with 1% paraformaldehyde (PFA) and analyzed
on a Gallios flow cytometer (Beckman Coulter) the same day. Flow cytometry data was
analysed using Flow Jo software (version 10.0.8 for Apple OS). The gating strategy and
representative plots are shown in supplementary figure 10.

PBMC isolation, cryopreservation and thawing
Blood samples for peripheral blood mononuclear cell (PBMC) isolation were collected at
inclusion (incl), prior to challenge (C−1) and 37 and 121 days after challenge infection
(C+37, C+121). PBMC were isolated by density gradient centrifugation from citrate
anti-coagulated blood using vacutainer cell preparation tubes (CPT; BD Diagnostics).
Following four washes in ice-cold phosphate buffered saline (PBS), cells were counted
and cryopreserved at a concentration of 10×10⁶ cells/ml in ice-cold fetal calf serum
(Gibco)/10% DMSO (Merck) using Mr. Frosty freezing containers (Nalgene). Samples were
stored in vapour-phase nitrogen. Immediately prior to use, cells were thawed, washed
twice in Dutch-modified RPMI 1640 (Gibco/Invitrogen) and counted in 0·1% Trypan blue
with 5% Zap-o-Globin II Lytic Reagent (Beckman Coulter) to assess cell viability.

PBMC restimulation
For lymphocyte responses, PBMCs taken at inclusion, C-1, C+37 and C+121 were
stimulated with purified NF54 strain schizonts or uninfected erythrocytes. Cells
were cultured in RPMI 1640 (Dutch Modification; Gibco) with 5mg/ml gentamycin
(Centraform), 100mM pyruvate (Gibco), 200mM glutamax (Gibco), supplemented with
10% heat-inactivated pooled human A+ serum (obtained from Sanquin Bloodbank,
Nijmegen, The Netherlands). Anti-CD107a-Pacific Blue antibody (Biolegend; clone
H4A3; catalogue number 328624; final dilution 1:400) was added throughout coculture. Brefeldin A (10µg/mL; Sigma-Aldrich) and monansin (2µM; eBioscience) were
added after 20 hours. After an additional 4 hours of stimulation, cells were washed and
stained with a fixable viability dye labeled with eFlour780 (eBioscience) for 30 minutes
at 4 degrees Celsius. After washing cells were stained with antibodies against surface
markers: CD3-ECD (Beckman Coulter; clone UCHT1; catalogue number A07748; final
dilution 1:100), CD4-FITC (BD Biosciences; clone SK3; catalogue number 340133; final
dilution 1:20), CD8-AlexaFluor700 (Biolegend; clone HIT8A; catalogue number 300920;
final dilution 1:2000), pan-γδTCR-PE (Beckman Coulter; clone IMMU510; catalogue
number COIM1349; final dilution 1:160), and CD56 PerCP-Cy5.5 (Biolegend; clone
HCD56; catalogue number 318322; final dilution 1:100), for 30 minutes at 4 degrees.
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Cells were washed and fixed with Foxp3 fixation/permeabilization buffer (eBioscience)
for 30 minutes at 4 degrees. After washing with permeabilization buffer (eBioscience)
cells were stained for intracellular cytokines with IFN-γ-PE-Cy7 (Biolegend; clone
4S.B3; catalogue number 502528; final dilution 1:200) and granzyme B-AlexaFluor647
(Biolegend; clone GB11; catalogue number 515406; final dilution 1:200) for 30 minutes
at 4 degrees. After washing with permeabilization buffer cells were taken up in PBS with
1% PFA. Cells stimulated PMA (10ng/mL; Sigma) and ionomycin (1µg/mL; Sigma) for 4
hours were used as a positive control.
Samples were analyzed on a Gallios flow cytometer (Beckman Coulter) the same day.
Flow cytometry data was analysed using Flow Jo software (version 10.0.8 for Apple OS).
CD107a and cytokine responses to PfRBC were corrected for uRBC at every time point
(thus, defined as percent increase over background), and then corrected for baseline
(pre-vaccination) responses. Gating strategy and representative plots are shown in
supplementary figure 11.

Circulating cytokines and granzyme B
Plasma concentrations of TNF-α, IL-1β, (detection range 0,98- 4000 pg/mL) IL-6 (0,361500 pg/mL) , IL-8 (0,62-2500 pg/mL), IL-10, (2,92-12000 pg/mL) IFN-γ (1,22-5000 pg/
mL) and granzyme B (2-10.000 pg/mL) were measured in citrate plasma using a Luminex
assay according to the manufacturer’s instructions (Milliplex, Merck Millipore, Billerica,
MA, USA).

High sensitivity C-reactive protein
Automated hsCRP measurements were performed on citrated plasma samples
with immunonephelometry with a Behring Nephelometer Analyzer following the
manufacturers’ instructions, using reagents and calibrators speciﬁcally designed for
high sensitivity measurements. The detection limit was 0.16 mg/l.

Malaria specific antibody ELISA
Malaria specific antibody levels were determined by standardized ELISA as described
previously (41). In short, plates were coated with circumsporozoite protein (CSP), Liver
Stage Antigen-1 (LSA1) protein or lysed ring stage parasites. Citrated plasma from
volunteers was diluted 50x and 150x and analyzed in duplicate. A standard curve was
generated by serial 2-fold dilutions of serum from a pool of 100 Tanzanian adults living
in an endemic area (HIT serum). ELISA data analysis was performed with Auditable Data
Analysis and Management System for ELISA (ADAMSEL, version 1.1). Post-challenge
plasma samples were corrected for pre-challenge responses.
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Sporozoite invasion assay
HC-04 human hepatoma cells (obtained from MR4) were seeded in collagen coated 96well plates (coated with 0.056mg/mL for 1 hour; Collagen from Rat Tail, Sigma-Aldrich)
at 50,000 cells per well. Sixteen hours after seeding, NF54 P. falciparum sporozoites were
pre-incubated on ice for 30 minutes with 10% heat-inactivated pre- or post-challenge
citrate plasma from volunteers and 10% heat-inactivated serum from non-immune adult.
Sporozoites incubated with 10% heat-inactivated serum from highly immune Tanzanian
adults and 10% non-immune serum, or 20% non-immune serum served as positive and
negative control, respectively. Following pre-incubation, 50,000 sporozoites were added
per well in triplicate. Plates were centrifuged at 3,000 rpm for 10 minutes (Eppendorf
Centrifuge 5810R) and incubated for 3 hours on 37°C, 5% CO2.
After three hours, wells were washed three times with PBS to remove medium,
antibodies and non-invaded sporozoites. Subsequently, cells and any extracellular
adherent sporozoites were dissociated by incubating with 0.05% trypsin with EDTA
(ThermoFisher) for 5 minutes at 37°C, followed by neutralization with an equal volume
10% heat-inactivated human serum in PBS. Cells were transferred into 96 well V-bottom
plates, spun down at 1700 rpm for 4 minutes at 4°C.
Cells were washed with PBS and fixed with Foxp3 fixation/permeabilization buffer
(eBioscience). After washing with permeabilization buffer (eBioscience), intracellular
sporozoites were stained with FITC-labeled 3SP2 antibody (monoclonal antibody against
CSP, published previously (42)) for 30 minutes at 4°C. After washing in permeabilization
buffer cells were taken up in 1% paraformaldehyde and analyzed on a Gallios flow
cytometer (Beckman Coulter) the same day.
Flow cytometry data was analyzed using Flow Jo software (version 10.0.8 for Apple
OS). Live cells were gated based on forward scatter/sideways scatter characteristics and
percent invasion was defined as percentage of live cells positive for FITC. Post-challenge
samples were compared to pre-challenge samples.

Data availability
The datasets used and/or analysed during the current study are available from the
corresponding author upon request. A reporting summary for this article is available
as a supplementary information file.
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Supplementary figure 1. Clinical trial flow chart.
BMI = Body Mass Index; EBV = Epstein-Barr Virus
Supplementary table 1. Baseline characteristics of study subjects.
BCG vaccinated (n=10)

Controls (n=10)

Total (n=20)

21.2 ± 2.1

23.0 ± 3.2

22.1 ± 2.8

Female

7 (70)

6 (60)

13 (65)

Male

3 (30)

4 (40)

7 (35)

10 (100)

9 (90)

19 (95)

0 (0)

1 (10)

1 (5)

Age (years) ± SD
Sex (n (%))

Race (n (%))
Caucasian
Afro-Caribbean
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Pre-treatment
BCG

Post-treatment
Control

BCG

Control

Headache

5 (56%)

2 (20%)

8 (89%)

4 (40%)

grade 1

4 (44%)

2 (20%)

5 (56%)

2 (20%)

grade 2

1 (11%)

0 (0%)

3 (33%)

2 (20%)

grade 3

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Malaise/chills

1 (11%)

0 (0%)

1 (11%)

1 (10%)

grade 1

0 (0%)

0 (0%)

0 (0%)

1 (10%)

grade 2

1 (11%)

0 (0%)

1 (11%)

0 (0%)

grade 3

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Fever

3 (33%)

1 (10%)

5 (56%)

3 (30%)

grade 1

2 (22%)

0 (0%)

3 (33%)

2 (20%)

grade 2

1 (11%)

1 (10%)

2 (22%)

0 (0%)

grade 3

0 (0%)

0 (0%)

0 (0%)

1 (10%)

Myalgia/arthalgia

2 (22%)

1 (10%)

3 (33%)

3 (30%)

grade 1

2 (22%)

1 (10%)

2 (22%)

3 (30%)

grade 2

0 (0%)

0 (0%)

1 (11%)

0 (0%)

grade 3

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Nausea/vomiting

4 (44%)

0 (0%)

5 (56%)

1 (10%)

grade 1

1 (11%)

0 (0%)

3 (33%)

0 (0%)

grade 2

0 (0%)

0 (0%)

1 (11%)

0 (0%)

grade 3

3 (33%)

0 (0%)

1 (11%)

1 (10%)

Abdominal pain

0 (0%)

1 (10%)

1 (11%)

1 (10%)

grade 1

0 (0%)

1 (10%)

1 (11%)

0 (0%)

grade 2

0 (0%)

0 (0%)

0 (0%)

1 (10%)

grade 3

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Diarrhoea

1 (11%)

0 (0%)

3 (33%)

1 (10%)

grade 1

1 (11%)

0 (0%)

3 (33%)

1 (10%)

grade 2

0 (0%)

0 (0%)

0 (0%)

0 (0%)

grade 3

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Fatigue

3 (33%)

1 (10%)

5 (56%)

0 (0%)

grade 1

1 (11%)

0 (0%)

4 (44%)

0 (0%)

grade 2

1 (11%)

1 (10%)

1 (11%)

0 (0%)

grade 3

1 (11%)

0 (0%)

0 (0%)

0 (0%)

Supplementary table 2. Adverse events reported by BCG vaccinated and control volunteers.
Solicited adverse events were collected from day 6 after the malaria infection until day 3 after
antimalarial treatment. Below the number and percent of BCG vaccinated or control volunteers
reporting a specific adverse event is listed, for adverse events occurring before antimalarial treatment
and adverse events reported after antimalarial treatment.

Percent with moderate
or severe symptoms
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100

BCG (n=9)
Controls (n=10)

80
60

Historical controls
(n=35)

40
20
0

5

6

7

days post
challenge

1

2

3

days post
treatment

Log-rank (M antel-Cox) Test
BCG vs. Controls

BCG vs. Historical

Controls vs. Historical

p=0.014

p<0.0001

p=0.72

Supplementary figure 2. Clinical symptoms in BCG and control volunteers versus historical controls.
Adverse events were collected daily. The Kaplan-Meier curve shows the percentage of volunteers
experiencing one or more moderate or severe, solicited, symptoms during follow-up on day 5-7 after
challenge and day 1-3 after antimalarial treatment. BCG vaccinated volunteers (green) experienced
earlier and more moderate/severe symptoms than controls (blue). 35 volunteers participating in
other CHMI studies using the same parasite strain and the same treatment criteria (grey) also differed
significantly from the BCG vaccinated volunteers but not the controls.
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Supplementary figure 3. Platelet decreases during infection in BCG and control volunteers.
Graph shows the relative change in circulating platelets between baseline and the lowest
measurement during follow-up in BCG vaccinated (green) versus control (grey) volunteers. P-value is
the result of a student’s t-test.
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Temperature (Celcius)

39
38
37.6
37
36
35
34

prechallenge

6

7

days post
challenge

Treatment

1

2

3

days post
treatment

Supplementary figure 4. Temperature in BCG vaccinated and control volunteers.
Tympanic temperature was measured daily and at moment of antimalarial treatment in BCG
vaccinated (green) and control (blue) volunteers. The graph shows temperature on day 6 and 7 post
infection, at treatment and on day 1-3 post treatment for all volunteers.

Supplementary figure 5. In vivo activation of CD56brightCD16- NK cells.
In vivo leukocyte activation was determined by direct staining of fresh whole blood with fluorescent
antibodies every two days post challenge. Lymphocytes were defined based on forward scatter and
sideward scatter characteristics, and duplet events were excluded. NK cell activation was defined as
the percentage of CD3-CD56brightCD16- live cells expressing CD69. The grey dots show the non-BCG
vaccinated control group volunteers (n=10) and each colored dot shows an individual BCG vaccinated
volunteer (n=9). Lines and error bars show the median and interquartile range of each group.
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Supplementary figure 6. BCG vaccinated volunteers with accelerated immune activation had
lower parasitemia.
(A) Correlations between CD69 expression in different lymphocyte subset and log parasitemia on
day 7 after challenge infection, (B) percentage CD16+ monocytes and increase in CD16-monocyte
CD86 MFI and log parasitemia on day 7 are shown for BCG vaccinated volunteers (green) and control
volunteers (grey). Lines show the result of linear regression analysis, p-values are shown if p<0.05.
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Supplementary figure 7. Neutrophil activation and parasitemia in BCG vaccinated volunteers.
Correlations between neutrophil activation, defined as percentage of neutrophils that are CD62LCD11bhi, and log parasitemia on day 7 after challenge infection are shown for BCG vaccinated (n=9,
green) and control (n=10, grey) volunteers. Lines show the result of linear regression analysis for
both groups.
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Supplementary figure 8. P. falciparum-specific T cell responses in BCG and control volunteers.
Percentage of cells staining positive for (A) CD107a, (B) granzyme B and (C) IFN-γ after 24 hours of
stimulation with PfRBC before, and 37 and 121 days after malaria challenge infection as compared to
baseline (pre-BCG vaccination time point) in BCG vaccinated (green) and control volunteers (grey).
Lines and error bars show median and interquartile range. P-values are the result of Mann-Whitney
U test.
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Supplementary figure 9. BCG vaccination does not affect Pf-specific antibodies.
(A) Antibody titers to circumsporozoite protein (CSP), (B) liver stage antigen (LSA) and (C) total asexual
parasite lysate 37 and 121 days post challenge in BCG vaccinated versus controls. Values are corrected
for pre-CHMI levels and shown as percentage of positive control (serum from Tanzanian adults in a
highly endemic area). (D) Percentage inhibition of sporozoite invasion in HC04 hepatoma cells by
plasma taken 37 days post CHMI, controlled for pre-CHMI plasma in BCG vaccinated versus controls.

Mosquito infectivity

BCG group
Control group

Percent

# Sporozoites
per mosquito

100%

160,500

Infection
Number of sessions
median (range)

# Infected bites
median (range)

# Uninfected bites
median (range)

1 (1-3)

5

0 (0-1)

1 (1-2)

5

0 (0-1)

Supplementary table 3. Data on mosquito infection and controlled human malaria infection.
All volunteers were infected with the same batch of P. falciparum infected Anopheles stephansi
mosquitoes. Batch infectivity and mean sporozoite load was determined by dissection of a sample
of 10 mosquitoes one day before the challenge infection. All volunteers received exactly 5 bites from
infected mosquitoes. Most volunteers required only one or two sessions for a sufficient number of
infected mosquito bites, with a single exception who required a third session.
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Supplementary figure 10. Gating strategy for whole blood flow cytometry of lymphocytes (A),
monocytes (B) and neutrophils (C).
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Supplementary figure 11. Gating strategy ex vivo P. falciparum lymphocyte stimulation.
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Summary and discussion
The discovery of vaccines is one of the most important breakthroughs in medicine.
It is estimated that between two to three million deaths are prevented by vaccines
each year (1, 2). Regardless of this great success, infections are still the leading
cause of death among children under the age of five in low-income countries (3). At
the same time, with a worldwide increased life expectancy, aging populations are
suffering from immunosenescence, resulting in increased morbidity and mortality
from infectious diseases (4). In addition, the intensified use of immunosuppressive
therapies enhances the susceptibility to infections of various patient groups
(5). Vaccines play a pivotal role in prevention of infection-related morbidity and
mortality in these vulnerable populations.
Vaccination is based on the induction of specific immunological memory that
enhances adaptive immune responses in lymphocytes upon subsequent infection
with a similar pathogen. As discussed extensively in this thesis, a growing body of
literature is suggesting that widely used vaccines, including the live-attenuated antituberculosis vaccine bacillus Calmette-Guérin (BCG), could induce heterologous
protective ‘non-specific effects’ that reduce overall mortality (6-11). BCG vaccination
has been shown to induce trained immunity, a non-specific enhanced innate
immune memory response to unrelated stimuli up to one year after vaccination (12,
13). Initiated via nucleotide-binding oligomerization domain-containing protein
2 (NOD2) activation and nuclear factor-κB signaling, BCG vaccination induces
epigenetic modifications in monocytes, as shown by the increase in open chromatin
marks H3K4me3 at promoters of IL-6 and TNF-α genes, and H3K37ac at enhancers
and promoters, at a genome-wide level (12, 14). Induction of trained immunity is
also accompanied by a metabolic shift towards increased glycolysis, glutamine and
mevalonate metabolism pathways, all regulated by the Akt-mTOR pathway (15, 16).
In this thesis, I studied heterologous immunological and clinical effects after BCG
vaccination, and focused on the identification of factors contributing towards
variability in immune responses after BCG vaccination. In this final chapter I
summarize and discuss the study findings.
In chapter 2, we reviewed the literature concerning non-specific beneficial effects
after vaccination with the live-attenuated vaccines BCG, oral polio vaccine and
measles vaccine. Evidence from observational (17-23), nationwide cohort studies
(24-28), as well as randomized trials (9-11, 29-33) indicates that these vaccines are all
capable to elicit a certain level of non-specific protection. The effects seem to vary
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across countries with different burdens of infectious diseases, as BCG vaccination
was found to reduce neonatal mortality rates after BCG vaccination in GuineaBissau (9-11), but not in Danish newborns were BCG only lowered hospitalization
rates in a subgroup of infants from BCG vaccinated mothers (34). Results from a
large randomized trial investigating hospital admission rates after BCG vaccination
in Australian newborns are currently awaited (ClinicalTrials.gov NCT01906853).
Studies about the underlying mechanism, so far only conducted for BCG, suggest
that induction of trained immunity contributes to the observed overall protection.
This review stresses the importance to be aware of potential non-specific effects of
vaccines, discusses the future research agenda, and highlights potential novel clinical
implications of trained immunity. Hopefully, scientists and clinicians, pharmaceutical
companies, vaccine developers and immunization policy makers will now consider
overall morbidity and mortality as crucial primary outcome measurements in all
future phase III and IV vaccination trials and analyze these outcomes per sex.
The effects of BCG on innate immune cells have been documented up until one year
after vaccination (13). This is surprising considering the short life span of myeloid cells
in the circulation (35). In chapter 3, I describe the results of a randomized placebocontrolled proof-of-principle trial in healthy human volunteers performed to test
whether BCG induces a long-lasting non-specific innate memory via modulation
of hematopoietic progenitor cells. We vaccinated 15 healthy volunteers with BCG
and 5 with solvent and collected blood before, two weeks, and three months after
vaccination, and bone marrow aspirate before and three months after vaccination.
Previous findings of enhanced cytokine production upon ex vivo PBMC stimulation
after BCG vaccination were validated within our cohort, especially the increased
production of the key monocyte-derived cytokine IL-1β. These functional changes
could not be attributed to changes in composition of peripheral blood mononuclear
cell fraction or bone marrow derived mononuclear cell fraction, since the numbers
of immune cell populations remained stable after BCG vaccination. In contrast,
RNAseq analysis of FACS-sorted hematopoietic stem and multipotent progenitor
cells revealed that BCG vaccination induces changes on transcriptional level in
the progenitor bone marrow compartment, biasing towards myelopoiesis and
induction of transcription factors connected to myeloid function. These findings are
in line with recent studies in mice, showing that systemic BCG vaccination induces a
myeloid differentiation bias at the level of hematopoietic stem cells within the bone
marrow compartment of mice (36). We also identified several transcription factors
upregulated in hematopoietic stem and progenitor cells after BCG vaccination,
especially hepatic nuclear factors (HNF1 and HNF2). Interestingly, circulating levels
of alpha-1 antitrypsin (AAT) protein, which is encoded by SERPINA1, a target gene
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of HNF1, correlated with increased cytokine responses after BCG vaccination. In
addition, transcriptomic HSPC remodelling was epigenetically conveyed to peripheral
CD14+ monocytes. Taken together, we have shown transcriptomic, epigenomic and
functional reprogramming of both HSPCs and peripheral monocytes is pivotal in
human in vivo BCG-induced trained immunity. This opens the avenue for future
targeted therapeutic interventions by induction of trained immunity at the level of
hematopoietic progenitor cells.
In an attempt to unravel a possible mechanism contributing towards observed
sex-differential non-specific effects of vaccines (37-43), I examined the role of
sex hormones estrogen and dihydrotestosterone (DHT) on in vitro training of
monocytes (44) in chapter 4. Estradiol and DHT inhibited BCG-induced production
of proinflammatory cytokines, but did not influence the induction of trained
immunity by BCG. In addition, estradiol or DHT did not induce training or tolerance
in monocytes themselves. We concluded that these sex hormones are unlikely to
explain the sex-differential effects after BCG vaccination. Future studies should focus
on the investigation of alternative mechanisms as an explanation for sex-differential
nonspecific effects of BCG vaccination.
In contrast to beneficial effects after live BCG vaccination (9-12, 14), vaccination with
the non-live diphtheria-tetanus-pertussis containing vaccine may exert detrimental
non-specific effects (42, 45-49). It has been hypothesized that these effects may
lead to increased overall morbidity and mortality, especially in girls. In chapter 5
we examined non-specific immunological effects after tetanus-diphtheria-acellular
pertussis inactivated polio booster vaccination (Tdap), and interactions with
concomitant or subsequent BCG vaccination. In an explorative randomized trial in
75 adult women, Tdap vaccination led to short-term (1 and 4 days after vaccination)
potentiation and long-term (two weeks and three months after vaccination)
repression of monocyte-derived cytokine responses, and short-term as well as longterm repression of T-cell reactivity to unrelated pathogens. BCG vaccination resulted
in short-term and long-term potentiation of monocyte-derived cytokine responses.
BCG administered together with Tdap, or three months after Tdap, partially abrogated
the immunosuppressive effects of Tdap vaccination. Future studies should address
whether diphtheria-tetanus-whole cell pertussis (DTwP) vaccine, used to induce
primary immune response in infants, will have similar immunological effects, since
it is this DTwP vaccine which is associated with overall increased mortality and
morbidity. Moreover, Tdap contains inactivated polio vaccine as well, which could
obviously have contributed to the observed effects. Finally, studying the effect
of repetitive doses should be addressed, since (at least) four doses of diphtheria-
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tetanus-pertussis vaccine are implemented in routine immunization schedules in
children under the age of five. A relatively simple change in current vaccination
schedules and implementation of additional doses of existing live-attenuated
vaccines (measles containing vaccines, but possibly also BCG booster vaccination)
could possibly prevent a large number of deaths in infants (50, 51). The results
from this trial should encourage further research into implications of changes in
the order of vaccine administration, since we have demonstrated that sequential
or concomitant administration of vaccines may result in opposite immunological
imprints.
Various host and environmental factors have been shown to influence cytokine
responses (52-54), but previous BCG vaccination trials have been too small to study
possible causes of variation in induction of trained immunity (12-14). Understanding
variability in induction of trained immunity is of major importance and may ideally
provide insights in how to increase its efficacy or identify individuals that may or
may not benefit from future novel applications of BCG-induced trained immunity.
In order to study variability in BCG-induced trained immunity we set up a cohort of
~300 healthy volunteers, who donated blood before, two weeks, and three months
after BCG vaccination. In chapter 6 and 7, I focused on two aspects which might
affect the magnitude of BCG-induced trained immunity.
Considering the role of circadian rhythms in physiology, 24-hour patterns observed
at every biological level to adapt to daily variation in the environment due to the
earth’s rotation, time of BCG administration might one of many possible confounders.
Although the role of circadian rhythms in immune function is becoming more and
more acknowledged (55-57), very few studies have focused on timing of vaccination
(58-60). Therefore, we investigated the effect of time of BCG administration on
induction of trained immunity (chapter 6). As a nested study within our 300BCG
cohort, 18 healthy adult volunteers were BCG vaccinated between 6 and 6.30pm,
and compared with 36 age and sex-matched controls from the same cohort who
were vaccinated between 8 and 9am. Interestingly, we found a clear effect of time
of BCG administration on both specific (Mycobacterium tuberculosis induced IFN-γ)
responses and non-specific (S. aureus induced IL-1β, IL-6 and TNF-α) responses
two weeks and three months after BCG vaccination, all in favor of the morning
vaccinated subgroup. To test whether we could detect an effect of time of BCG
vaccination within our entire cohort, we divided our 300 BCG cohort (excluding
the evening subgroup) into four subgroups (vaccinated between 8am-9am, 9am10am, 10am-11am, and 11am-12pm). Within these subgroups, a notable effect of
time was again observed in favor of the early morning vaccinated subgroup, with
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significant differences in non-specific innate immune responses in favor of the early
morning vaccinated group. As cytokine production capacity may change during the
day (61, 62), we checked whether we could observe an effect of time on cytokine
production at baseline (pre-vaccination). Only S. aureus-induced IL-1β production
differed significantly between the morning subgroups, with higher production in
the late morning. Although we found a significantly inverse correlation between
lymphocyte percentage within the PBMC fraction and time, and a significantly
positive correlation between monocyte percentage within the PBMC fraction and
time, correction of cytokine concentrations for percentages of cell populations did
not change the pattern in time effect on induction of trained immunity. Remarkably,
the effect of time on monocytes was further validated in an ex vivo trained immunity
model: larger training effects were found in monocytes isolated in the morning
compared to monocytes isolated in the evening. All together, these results indicate
an important role for circadian rhythms in induction of trained immunity.
In chapter 3, we have shown the longevity of human BCG-induced trained immunity
is explained by an imprint on hematopoietic stem and progenitor cells. There are
several hypotheses how the priming of bone marrow precursors could be under
the influence of the circadian rhythm. Firstly, a molecular intrinsic clock within
monocytes could contribute towards observed effects, which could explain our
findings that BCG administration time influences trained immunity in vivo, as well
as that the time of blood drawing determines the efficacy in induction of in vitro
trained immunity. Secondly, there might be a role for an intrinsic neutrophil timer
which might be involved in induction of BCG trained immunity in vivo depending
on the time of the day. Interestingly, mouse studies have shown that neutrophils,
not dendritic cells or macrophages, transfer live BCG bacilli to draining lymph
nodes (63). In an intradermal Modified Vaccinia Ankara (MVA) vaccination mouse
model, CD8 memory responses were surprisingly elicited in the bone marrow
compartment, mediated by neutrophils trafficking MVA from the dermis to the bone
marrow (64). Recently, a neutrophil timer has been discovered which coordinates
immune defense (65). One of the core clock proteins BMAL1 has been shown to be
involved in neutrophil aging, regulating tissue migration and neutrophil clearance
(65). Thirdly, the rhythmic circulation of hematopoietic stem cells between the bone
marrow and peripheral blood (66, 67), cells known to express pathogen recognition
receptors as well (68, 69), could possibly influence the training phenotype of myeloid
progeny. Our findings may have important implications for the entire vaccination
field, resulting in an opportunity to enhance BCG efficacy in TB protection as well
as overall non-specific protection against non-related infections by simply applying
BCG vaccinating in the early morning.
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Trained immunity may have beneficial effects but may also be involved in
atherosclerosis (70-72), auto-immune and auto-inflammatory diseases (16, 73). One
might hypothesize that BCG vaccination induces a pro-inflammatory environment
facilitating inflammatory diseases such as atherosclerosis. On the other hand, prevaccination inflammatory status may influence vaccine immunogenicity as recently
shown for hepatitis B vaccination (74). In chapter 7, we studied the interaction of BCG
vaccination and inflammation, as assessed by a comprehensive set of inflammatory
biomarkers in the circulation before and after the vaccination. Remarkably, BCG
vaccination seems to broadly reduce the overall inflammatory status, which would
argue against a potentiating effect on inflammatory diseases such as atherosclerosis
and rather suggest that it may actually protect against inflammatory conditions. In
addition, baseline circulating inflammatory markers influenced the effects of BCG
vaccination on cytokine responses after ex vivo restimulation of peripheral blood
mononuclear cells. Circulating proteins mainly influenced the cytokine responses
induced by non-specific stimuli two weeks after BCG vaccination. In contrast, a clear
dichotomy was found for M. tuberculosis-induced cytokine responses: a negative
association between several circulating inflammatory proteins and innate cytokine
responses, and positive associations between other inflammatory biomarkers and IFN-γ
responses. The regulatory mechanisms responsible for the observed dampening of
the overall inflammatory status, despite the improvement in myeloid cell responsivity
upon microbial challenge, remain to be investigated.
In the last two chapters, I have focused on protective efficacy of BCG vaccination
against two heterologous pathogens. Hypothetically, BCG may be used as a novel
vaccination approach in case of outbreaks with pathogens for which no specific
vaccine exists. Avian influenza viruses are examples of zoonosis currently lacking
specific vaccines. These viruses could, after further viral adaptations, lead to human
to human transmission and pandemic outbreaks. Several outbreaks dating from
2013-2017 resulted in nearly 1600 laboratory confirmed cases and more than 600
deaths in humans infected with avian influenza A(H7N9) (75). In chapter 8 we
describe the effect of BCG immunization on a lethal influenza A(H7N9) challenge in
a Balb/C mouse model. BCG immunization induced trained immunity, as mirrored
by enhanced cytokine production of ex vivo stimulated splenocytes and peritoneal
macrophages upon unrelated restimulation. However, this trained immunity
phenotype did not result in differences in survival, weight loss, pulmonary influenza
A nucleoprotein staining, or histopathology compared to the vehicle control group.
These results suggest that heterologous protection after BCG vaccination is specific
for certain infections and cannot protect against any type of pathogen.
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In chapter 9, we studied the clinical relevance of BCG-induced trained immunity
in humans. Malaria remains a major global health problem (76), and with the lack
of a protective vaccine (77), novel strategies are required for malaria eradication.
In malaria rodent models, BCG has been shown to reduce parasitemia (78-81), and
in endemic areas the presence of a BCG scar has been associated with reduced
malaria-specific mortality (82). To test protective efficacy, safety and immunological
outcomes of BCG vaccination prior to Plasmodium falciparum challenge, we made
use of the safe, efficient and predictable controlled human malaria infection
(CHMI) model (83). After exclusion of one volunteer in the BCG treated group, 9
BCG vaccinated individuals and 10 placebo vaccinated volunteers were exposed to
the bites of five Plasmodium falciparum infected mosquitoes five weeks after BCG
vaccination. As detected by qPCR, all volunteers in both groups developed blood
stage parasitemia. However, there was a larger variation in the level of parasitemia
in the BCG treated group compared to the controls. Unusually, compared to the
controls of this trial and historical controls from CHMI trials previously performed
in the Radboudumc, BCG-treated volunteers presented with earlier and more severe
clinical adverse events, such as headache, nausea and vomiting. Furthermore, BCG
vaccinated individuals developed a significantly larger reduction in platelet counts,
and in a subset of BCG vaccinated volunteers, circulating platelets, lymphocytes and
neutrophils dropped earlier. While immune activation measured by flowcytometry
was absent post-BCG vaccination and during the parasite liver stage, directly
after emergence of parasites from the liver into the bloodstream BCG vaccinated
individuals presented with significantly earlier expression of early NK cell activation
marker CD69 and HLA-DR and CD86 on CD14 +CD16− classical monocytes, indicating
a non-specific innate memory phenotype instead of persistent immune activation
after BCG vaccination. CD69 expression on alpha-beta T cells, gamma-delta T cells
and NKT cells followed a similar pattern, with the same subgroup of BCG vaccinated
individuals showing activation on day 7 post challenge. Strikingly, only in the BCG
vaccinated volunteers we found an inverse correlation with increased NK cell and
monocyte activation and the level of parasitemia, suggesting trained immunity in
vivo results in actual decrease of parasitemia. This study clearly adds relevance to
the entire field of trained immunity, by showing trained innate immune memory
responses in vivo, early monocyte and NK cell activity upon non-related challenge
with Plasmodium falciparum, and its associations with decreased bloodstream
parasitemia, indicative of partial protection against in a clinically relevant human
disease. Although primary BCG vaccination is already common practice in malariaendemic countries, the question remains whether BCG revaccination would confer
any additional protection.
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General discussion
The future of trained immunity as novel approach to vaccination or therapy may lie
in the induction of stronger, stable and predictable responses, e.g. against cancer
or infection prevention, conceivably targeting NOD2 or Dectin-1 receptors (84, 85).
Until that time, BCG vaccination, with a global target population of around 128
million people (86) and being the most frequently administered vaccine worldwide
(87), has the advantage of an extremely well safety profile in immune competent
newborns, children and adults after being in use for almost a century.
Due to the poor specific efficacy in adults (88, 89) and the ongoing TB epidemic,
there is an urgent demand for a (candidate) vaccine which may boost the initial BCG
induced immune response, or eventually replace BCG when proven to be superior.
Despite decades of research, several candidate vaccines unfortunately failed to show
enhanced protective efficacy over BCG thus far. Although in general any candidate
vaccine for any target disease should be tested for non-specific effects and sexdifferential effects on overall morbidity and mortality, obviously, particularly BCG
boosting, or replacement strategies should be tested for these effects. In a recent
trial, a new H4:IC31 vaccine against TB was tested against BCG revaccination, and
noteworthy, BCG revaccination was associated an enhanced protection against TB
compared to the candidate vaccine, measured by 45.4% respectively 30.5% efficacy
against sustained QuantiFERON-TB Gold In-tube assay conversion. Additionally,
BCG vaccination was associated with non-specific protection against heterologous
infections, as indicated by a significant lower rate of upper respiratory infections in
the BCG revaccinated group compared with H4:IC31 or placebo group (2.1%, 9.4%,
and 7.9%, respectively; P<0.001 for both comparisons) (90, 91). MVA85A is another
candidate tuberculosis vaccine, consisting of a recombinant strain of Modified
Vaccinia Ankara (MVA) expressing the immune dominant Mycobacterium tuberculosis
protein 85A (92-94). Indicative for an opposite effect of this candidate TB vaccine on
the innate immune memory, are in vitro studies showing that the highly attenuated,
non-replicable MVA induced innate immune tolerance instead of training, resulting
in decreased cytokine release after non-related restimulation (95).
Although several questions concerning BCG-induced trained immunity have been
addressed in this thesis, many questions remain unanswered. How specific is the
heterologous innate immune memory? To what variety of pathogens can BCG
vaccination confer protection, and to which level? Which variables influence the
response to BCG vaccination? Are we able to predict responses and define correlates
of protection? Are there any downsides of BCG-induced trained immunity? Are there
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sex-differential effects in BCG-induced trained immunity? What are the mechanisms
contributing towards observed non-specific effects of other vaccines? Is there BCG
strain specificity in BCG-induced trained immunity? Are there possibilities to boost
BCG-induced trained immunity? Can we expect (non-specific) immunological effects
after BCG vaccination of the elderly? What cell types other than monocytes and NK
cells are involved in BCG-induced trained immunity?
To address concerns about BCG strain specificity with respect to their non-specific
effects on morbidity and mortality (96, 97), a BCG strain comparison trial, comparing
BCG-Russia and BCG-Japan, is currently being conducted in Guinea-Bissau
(ClinicalTrials.gov NCT03400878). Furthermore, we are awaiting results from a proof
of principle trial investigating induction of trained immunity after BCG vaccination
in elderly in Guinea Bissau (ClinicalTrials.gov NCT02953327). In the near future,
we will also investigate whether BCG revaccination is able to increase the initial
response after primary BCG vaccination, as there is evidence that boosting with
live-attenuated vaccines may increase overall beneficial effects (91, 98). Hopefully a
systems biology approach within our 300BCG cohort involving genetic, epigenetic,
proteomics, metabolomics and microbiome analysis will result in additional relevant
insights. Eventually, future correlates of induction of trained immunity should be
validated in human challenge infection models, and test whether they translate into
protection.
I hope that this thesis will contribute towards a better understanding of non-specific
effects after BCG vaccination, which might open the venue for novel vaccination
approaches and optimization of current immunization strategies.
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NEDERLANDSE SAMENVATTING
Niet-specifieke effecten van vaccinaties – het BCG vaccin
Vaccinatie is een van de belangrijkste doorbraken in de gezondheidszorg. Geschat
wordt dat jaarlijks tussen de 2 en 3 miljoen doden voorkomen worden door
vaccinaties. Desalniettemin zijn infecties in lage inkomenslanden nog steeds de
hoofdoorzaak van overlijden in kinderen onder de leeftijd van 5 jaar. Wereldwijd
ondervinden vergrijzende populaties de effecten van een verhoogde vatbaarheid
voor infecties. Ook zijn er als gevolg van het stijgende gebruik van afweer
onderdrukkende medicatie steeds meer patiëntengroepen toenemend vatbaar voor
infecties. In al deze kwetsbare groepen spelen vaccinaties een essentiële rol spelen
in bescherming tegen infectie gerelateerde ziekte en sterfte.
Het principe van vaccinatie is gestoeld op het induceren van een specifiek
immunologisch geheugen tegen een bepaalde ziekteverwekker, om zodoende
sneller te kunnen reageren wanneer het lichaam in aanraking komt met diezelfde
ziekteverwekker. Er is echter steeds meer bewijs voorhanden, dat vaccinaties ook
bescherming kunnen bieden tegen andere ziekteverwekkers dan waarvoor ze
ontwikkeld zijn. Na een ernstige mazelenepidemie in het West-Afrikaanse GuineeBissau in de jaren 80, werd het mazelen vaccin geïntroduceerd in dit land. Het viel
onderzoekers op, dat de kindersterfte in dat land vervolgens drastisch daalde, meer
dan men zou verwachten op basis van de bescherming tegen mazelen middels
vaccinatie. Sindsdien is het onderzoek naar de effecten van vaccinaties op algemene
kindersterkte in een stroomversnelling geraakt en heeft een onderzoeksgroep in
Guinee-Bissau vrijwel alle vaccins onder de loep genomen. In 2011 verschenen
de resultaten van een belangrijk gecontroleerd onderzoek met betrekking tot het
antituberculose vaccin Bacillus Calmette-Guérin (BCG). Hieruit bleek dat kinderen
met een laag geboortegewicht, in wie vaccinatie met dit levend verzwakte vaccin
normaliter uitgesteld wordt, een overlevingsvoordeel hadden wanneer zij direct
na de geboorte met BCG gevaccineerd werden. In deze groep stierven minder
kinderen aan luchtweginfecties (anders dan tuberculose) en de gevolgen van een
bloedvergiftiging. BCG is een van de oudste vaccins en wordt al sinds 1921 gebruikt
ter preventie van tuberculose. Het vaccin bestaat uit levend verzwakte runderentuberculose bacteriën en wordt in de regel als onderhuidse injectie aan pasgeboren
baby’s in gegeven in landen waar tuberculose voorkomt. Hoewel BCG vaccinatie
vanwege deze reden in Nederland niet nodig is, komt tuberculose wereldwijd helaas
zeer veel voor. Volgens schattingen van de Wereldgezondheidsorganisatie is BCG
wereldwijd het meest gegeven vaccin.
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Getrainde immuniteit
Vrijwel gelijktijdig met het constateren van de algemeen beschermende werking van
BCG vaccinatie in pasgeborenen in Guinee-Bissau, ontdekte onze onderzoeksgroep
dat het BCG vaccin het aangeboren immuunsysteem van gezonde vrijwilligers kon
‘trainen’. Klassiek wordt het afweersysteem onderverdeeld in een aangeboren en
een verworden immuunsysteem. Kenmerkend van het aangeboren immuunsysteem
werden altijd de snelheid van reageren en het ontbreken van een geheugen
geacht. Het trager werkende verworven immuunsysteem werd daarentegen als
enige in staat geacht een geheugen op te kunnen bouwen, om zodoende sneller
te kunnen reageren wanneer het lichaam nogmaals in aanraking zou komen met
eenzelfde ziekteverwekker. Het BCG vaccin bleek in gezonde vrijwilligers echter in
staat een zogenaamd niet-specifiek geheugen op te kunnen bouwen met behulp
van het aangeboren immuunsysteem. Na BCG vaccinatie bleken monocyten, witte
bloed cellen behorend tot het aangeboren immuunsysteem, meer signaalstoffen,
zogeheten cytokines, te produceren wanneer zij blootgesteld werden aan een scala
van ziekteverwekkers. Deze cytokines helpen het afweersysteem te activeren en de
ziekteverwekker te bestrijden. Het bleek dat BCG de afleesbaarheid van het DNA
beïnvloed, met als gevolg dat cellen gemakkelijker cytokines kunnen produceren.
We noemen dit fenomeen ‘getrainde immuniteit’.
In dit proefschrift heb ik de algemene effecten van BCG op de afweerrespons verder
onderzocht.
In hoofdstuk 2 heb ik allereerst een overzicht gegeven van algemene beschermende
effecten van het BCG vaccin, het mazelen vaccin en het orale polio vaccin.
Onderzoeken naar deze vaccins hebben aangetoond dat vaccinatie met al deze
levend verzwakte vaccins een bredere bescherming kan bieden. Afhankelijk van de
bestudeerde uitkomstmaat in deze onderzoeken resulteerde vaccinaties met deze
levend verzwakte vaccins in minder kindersterfte, ziektelast of ziekenhuisopnames
ten gevolge van infectieziekten. Onderzoeken waarin geprobeerd wordt het
mechanisme achter deze algemene beschermende werking te achterhalen, hebben
zich tot op heden alleen gefocust op het BCG vaccin. Het is aannemelijk dat getrainde
immuniteit van het aangeboren immuunsysteem door het BCG vaccin, wat leidt
tot verhoogde afgifte van cytokines wanneer immuun cellen in aanraking komen
met een niet verwante ziekteverwekker, een rol zou kunnen spelen in de algemene
bescherming van kinderen gevaccineerd met het BCG vaccin.
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In hoofdstuk 3 ben ik ingegaan op de vraag hoe het kan dat de effecten van BCG
vaccinatie op cellen van het aangeboren immuunsysteem maandenlang aan kunnen
houden, terwijl deze cellen, afkomstige uit het beenmerg als de kraamkamer van
de bloedcellen, slechts een aantal dagen in de bloedsomloop circuleren. Om deze
vraag te onderzoeken hebben we een placebo gecontroleerd onderzoek uitgevoerd,
waarbij we 15 gezonde volwassen vrijwilligers BCG gevaccineerd en 5 vrijwilligers
placebo gevaccineerd hebben. Na BCG vaccinatie zagen we duidelijke verschillen
op het niveau van de stamcellen en vroege voorloper cellen afkomstig uit het
beenmerg. Deze cellen lijken na BCG vaccinatie verantwoordelijk te zijn voor een
andere uitrijping van cellen van het aangeboren immuunsysteem. Dit onderzoek
heeft belangrijk inzichten verschaft ten aanzien van de oorzaak van de relatief lange
duur van BCG geïnduceerde getrainde immuniteit.
In de literatuur worden verschillen beschreven in niet-specifieke effecten van
vaccinaties tussen jongens en meisjes. Het algemeen beschermend effect van levend
verzwakte vaccins lijkt voor sommige vaccins sterker te zijn in meisjes. Daartegenover
lijken meisjes ook vaker de nadelige algemene effecten te ondervinden van vaccinatie
met niet levende vaccins. In een poging het mechanisme te ontrafelen achter deze
geslacht specifieke effecten, hebben we in hoofdstuk 4 onderzocht wat de effecten
van geslachtshormonen testosteron en oestrogeen zijn op getrainde immuniteit
door BCG. We vonden geen overtuigend verschil in BCG geïnduceerde getrainde
immuniteit wanneer we testosteron of oestrogeen toevoegden aan monocyten in
ons laboratorium model voor getrainde immuniteit. Hopelijk nodigt de aandacht
voor dit onderwerp uit verder onderzoek te verrichten naar mogelijke oorzaken van
geslacht specifieke effecten na vaccinaties.
Er is nog weinig onderzoek verricht naar algemene effecten van niet-levende
vaccins op het afweersysteem. In hoofdstuk 5 onderzochten wij de niet-specifieke
effecten van een difterie-kinkhoest-tetanus-polio (DKTP) bevattend vaccin op het
afweersysteem van gezonde vrouwelijke vrijwilligers. Om de effecten van een nietlevend vaccin als DKTP te kunnen vergelijken met een levend verzwakt vaccin als
BCG en de eventuele interactie tussen deze vaccins te kunnen onderzoeken, werden
in totaal 75 vrijwilligers, opgedeeld in drie gelijke groepen, gevaccineerd volgens
een verschillend schema. De eerste groep werd eerst met DKTP gevaccineerd en
drie maanden later met BCG. In de tweede groep werd gestart met BCG vaccinatie
gevolgd door DKTP drie maanden later. De laatste groep werd gelijktijdig zowel
met DKTP als BCG gevaccineerd. Wij constateerden dat het DKTP bevattende vaccin
een andere uitwerking op het afweersysteem had ten opzicht van BCG, waarbij de
afweerrespons tegen enkele niet-verwante ziekteverwekkers verminderd was twee
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weken na DKTP vaccinatie. Indien DKTP gelijktijdig met BCG toegediend werd, zagen
wij een gedeeltelijk herstel van de afweerrespons ten opzichte van DKTP alleen. BCG
vaccinatie drie maanden na DKTP resulteerde juist in een versterkte afweerrespons.
Deze resultaten onderstrepen het belang van aandacht voor niet-specifieke effecten
van vaccinaties en mogelijke verschillen tussen levend-verzwakte en niet-levende
vaccins, waarbij ook de volgorde van vaccinatie van belang lijkt te zijn voor het netto
effect op ons afweersysteem. Mogelijk zouden kleine aanpassingen in de volgorde
van bestaande routine vaccinatieschema’s gezondheidsvoordelen op kunnen
leveren op populatieniveau.
Er is veel variatie beschreven in de tuberculose specifieke en algemeen beschermende
werking na BCG vaccinatie. Ook immunologische reacties na BCG vaccinatie variëren
van individu tot individu. Het is bekend dat veel factoren, zoals ons DNA, leeftijd en
geslacht, van invloed zijn op het functioneren van ons immuunsysteem. Nog niet
eerder is er gekeken naar de invloed van factoren op BCG geïnduceerde getrainde
immuniteit. Een van de mogelijke factoren welke van invloed zou kunnen zijn BCG
training, is het tijdstip van vaccinatie. Veel biologische processen vertonen een
zogenaamd circadiaan ritme, oftewel een 24 uurs ritme. Deze ritmes stellen ons in
staat ons aan te passen aan een veranderende leefomgeving gedurende de dag. Ook
binnen het afweersysteem zijn vele voorbeelden te vinden van circadiane ritmes. Het
bestaan van deze ritmes in ons immuunsysteem zou evolutionair gezien voordelig
zijn, aangezien de blootstelling aan ziekteverwekkers verschillend is gedurende
de dag, en de afweerrespons daarop aangepast moet zijn. Als deelonderzoek
binnen een cohort van 300 BCG gevaccineerde vrijwilligers waarin we de oorzaken
van variatie in afweerreactie na BCG vaccinatie bestudeerden, vroegen we ons
af of training na BCG vaccinatie onderhevig zou zijn aan een circadiaan ritme. In
hoofdstuk 6 beschrijven we dit onderzoek, waarin we 18 vrijwilligers om 18.00 ’s
avonds gevaccineerd hebben en vergeleken met 36 vrijwilligers welke tussen 8.00
en 9.00 ’s ochtends gevaccineerd zijn. Het blijkt dat het tijdstip van vaccinatie van
invloed is op het induceren van getrainde immuniteit na BCG vaccinatie, waarbij ’s
ochtends vaccineren duidelijk beter is, wanneer men kijkt naar de cytokine respons.
Ook de specifieke afweerrespons tegen tuberculose, lijkt beter te zijn wanneer men
’s ochtends vaccineert. Wanneer we binnen het gehele cohort van 300 vrijwilligers
keken, zagen we eveneens dat hoe eerder op de ochtend vrijwilligers gevaccineerd
werden, hoe sterker de niet-specifieke afweerrespons. Deze bevindingen kunnen
belangrijke consequenties hebben voor het vaccinatieveld, waarbij ’s ochtends vroeg
vaccineren dus een relatief eenvoudig te implementeren en goedkope methode zou
kunnen zijn om zowel een betere bescherming tegen tuberculose als ook andere
infectieziekten te kunnen bieden.
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In hoofdstuk 7 hebben wij ons toegespitst op het basale ontstekingsniveau op
het moment van vaccineren als mogelijke factor welke van invloed zou kunnen zijn
op de afweerrespons na BCG vaccinatie. In ons cohort van 300 BCG gevaccineerde
vrijwilligers zagen wij dat het basale ontstekingsniveau inderdaad van invloed was
op de afweerreactie na BCG vaccinatie, waarbij mensen met lagere concentraties
ontstekingseiwitten in de bloedsomloop, een sterkere afweerrespons lieten zien
tegen de tuberculose bacterie. In mindere mate, vooral gedurende minder lange tijd,
lijkt het basale ontstekingsniveau de aspecifieke afweerrespons na BCG vaccinatie
te beïnvloeden. Interessant genoeg constateerden wij, dat het BCG vaccin zelf een
dempend effect heeft op de ontstekingseiwitten in de bloedsomloop. Zowel twee
weken als drie maanden na BCG vaccinatie werden verschillende ontstekingseiwitten
in een verlaagde concentratie aangetroffen. Daarmee lijkt BCG vaccinatie als
risicofactor voor ontwikkeling van ontstekingsziekten als aderverkalking en autoimmuunziekten, waarin getrainde immuniteit mogelijk ook een rol speelt, minder
waarschijnlijk.
Eerdere onderzoeken in muizen hebben laten zien dat BCG bescherming kan bieden
tegen allerlei infecties. Hypothetisch zou BCG vaccinatie ingezet kunnen worden om
het immuunsysteem te versterken wanneer er een uitbraak is met een potentieel
ernstige infectieziekte waarbij een specifiek vaccin niet (direct) voorhanden is.
Vogelgriepvirussen zijn een voorbeeld van een groep ziekteverwekkers waartegen
nog geen goede vaccins beschikbaar zijn en welke na het ondergaan van mutaties
in het virus epidemieën met ernstige gevolgen in mensen kunnen veroorzaken. In
hoofdstuk 8 hebben we ons gefocust op de mogelijke bescherming van het BCG
vaccin tegen een dodelijke variant van een vogelgriepvirus, influenza A(H7N9), een
virus wat tussen 2013 en 2017 voor ernstige uitbraken in China heeft gezorgd. De
muizen konden inderdaad getraind worden, resulterend in een hogere cytokine
respons, wanneer we cellen van deze muizen in een kweekschaal blootstelden aan
verschillende ziekteverwekkers. Deze getrainde immuniteit leidde echter niet tot een
betere bescherming van deze muizen tegen het dodelijke griepvirus. Dit onderzoek
heeft ons geleerd dat het BCG vaccin in ieder geval in muizen niet effectief lijkt te
zijn in bescherming tegen alle soorten ziekteverwekkers.
Onderzoeken hebben laten zien dat er op groepsniveau minder kinderen overlijden
na BCG vaccinatie en dat BCG het aangeboren immuunsysteem van gezonde
vrijwilligers kan trainen. De vraag of BCG vaccinatie mensen daadwerkelijk kan
beschermen tegen een potentieel ernstige infectieziekte, is nog niet eerder in
een gecontroleerde setting onderzocht. Om deze vraag te kunnen onderzoeken,
hebben we gebruik gemaakt van het humane gecontroleerde malaria infectie
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model. In dit model worden gezonde vrijwilligers blootgesteld aan beten van met
malaria parasieten geïnfecteerde muggen. De voorspelbaarheid van de infectie,
de effectiviteit van het induceren van infectie na blootstelling aan onbeschermde
vrijwilligers, de beschikking over technieken om malaria in een heel vroeg stadium
te detecteren, en een voor handen zijnde 100% effectieve behandeling, maakt dat
dit een veilig en effectief model is. In hoofdstuk 9 beschrijven wij de resultaten van
ons placebo gecontroleerde onderzoek, waarin we het effect van BCG vaccinatie
voorafgaand aan een dergelijke gecontroleerde malaria infectie hebben bekeken.
Hoewel zowel alle BCG gevaccineerden als de placebo gevaccineerden allemaal
malaria ontwikkelden, zagen we duidelijke verschillen tussen beide groepen. De
spreiding van het aantal parasieten in de bloedbaan was duidelijk groter in de BCG
gevaccineerde groep, waarbij de helft van de vrijwilligers een lager aantal parasieten
in het bloed had op moment van diagnose in vergelijking met de controle groep. De
BCG groep vertoonden eerder en vaker bijwerkingen als misselijkheid, spierpijn en
hoofdpijn. Interessant genoeg zagen wij dat de BCG gevaccineerden ook snellere
activatie van hun afweersysteem lieten zien. Alleen in de BCG vaccinatie groep
troffen we een verband aan tussen de activiteit van het afweersysteem en het aantal
parasieten. Hoe meer het afweersysteem was geactiveerd ten tijde van de actieve
infectie, hoe minder malaria parasieten we aantroffen in het bloed op moment van
diagnose. Deze bevindingen suggereren het bewijs voor getrainde immuniteit in een
levensechte situatie in mensen; BCG vaccinatie kan via een versterkte afweerreactie
tot minder malariaparasieten in het bloed leiden.
Concluderend dragen de bevindingen in dit proefschrift bij aan de kennis over
algemene immunologische effecten van BCG vaccinatie. Hopelijk nodigen de
opgedane inzichten uit tot verder onderzoek naar niet-specifieke effecten van
vaccinaties, met als uiteindelijke doel vaccinatie strategieën te optimaliseren.
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Dansk resume
En voksende forskningslitteratur tyder på, at en række hyppigt anvendte vacciner,
herunder den levende svækkede anti-tuberkulosevaccine bacillus Calmette-Guérin
(BCG), kan give heterolog beskyttelse, såkaldte ’uspecifikke effekter’, der påvirker
den samlede dødelighed. BCG-vaccination har vist sig at træne immunsystemet til
et ændret uspecifik medfødt immunsvar på ex vivo PBMC-stimuleringer med ikkerelaterede stimuli. Ved aktivering af immunsystemets receptor nucleotide-binding
oligomerization domain-containing protein 2 (NOD2) og medfølgende nuklear faktorκB signalering inducerer BCG vaccination epigenetiske forandringer i monocytter.
I denne afhandling studerede jeg heterologe immunologiske og kliniske effekter
af BCG-vaccination og fokuserede på identifikation af faktorer, som bidrager til
variation i immunrespons efter BCG-vaccination.
I kapitel 3 har vi vist, at transcriptomisk, epigenomisk og funktionel omprogrammering
af både hæmatopoietiske stamceller og perifere monocytter er afgørende for human in
vivo BCG-induceret trænet immunitet.
I kapitel 4 studerede vi tilsætning af kønshormonerne østrogen og dihydrotestosteron
til BCG i vores in vitro model af trænet immunitet og konkluderede, at disse
kønshormoner sandsynligvis ikke vil forklare kønsforskelle efter BCG-vaccination.
Som beskrevet i kapitel 5 fører ikke-levende stivkrampe-difteri-acellulær kighosteinaktiveret polio booster-vaccination (Tdap) til kortsigtet forøgelse og langvarig
dæmpning af monocyt-afledte cytokinsvar, og i et eksplorativt randomiseret forsøg
i kvindelige voksne til kortsigtet såvel som langsigtet undertrykkelse af T-celle
reaktivitet over for patogener ikke-relateret til Tdap vaccinen. BCG ophævede de
immunsuppressive virkninger af Tdap-vaccination, når BCG blev administreret
sammen med Tdap eller tre måneder efter Tdap.
I kapitel 6 fandt vi en klar døgnrytme i BCG vaccine-induceret trænet immunitet
såvel som de Mycobacterium tuberculosis-specifikke immunsvar i mennesker, med
forbedrede vaccine-svar hos (tidlige) morgenvaccinerede frivillige.
Som beskrevet i kapitel 7 påvirker inflammatorisk status før BCG vaccination de
Mycobacterium tuberculosis-specifikke immunsvar og kortvarige uspecifikke reaktioner
hos mennesker, mens BCG synes at sænke den samlede inflammatoriske status.
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I kapitel 8 demonstrerede vi at BCG-immunisering forøger cytokinproduktion af ex
vivo stimulerede splenocytter og peritoneale makrofager ved uspecifik re-stimulering
i en BALB/c musemodel. Imidlertid resulterede denne trænede immunitetsfænotype
ikke i overlevelsesfordele efter en infektion med dødelig influenza A (H7N9).
Resultater af BCG-vaccination forud for en kontrolleret human malariainfektion
blev præsenteret i kapitel 9. Kun hos BCG-vaccinerede frivillige fandt vi en invers
korrelation mellem på den ene side forøget NK-celle- og monocyt-aktivering og på
den anden side parasitæmi, hvilket tyder på at trænet immunitet in vivo resulterer i
faktisk nedgang af parasitæmi.
Samlet bidrager resultaterne i denne afhandling til en bedre forståelse af BCGinduceret trænet immunitet og uspecifikke virkninger efter BCG-vaccination.

Translated by Kristoffer Jarlov Jensen
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Dankwoord
Dit proefschrift was onmogelijk tot stand gekomen zonder hulp van velen. Middels
dit dankwoord wil ik enkelen in het bijzonder bedanken.
Promotoren, beste prof. dr. Netea, beste Mihai, het had weinig gescheeld, of ik had
als internist in opleiding onderzoek naar blaaskanker gedaan, maar op het laatste
moment kwam daar ook nog de mogelijkheid van mijn huidige onderwerp wat ik
met beide handen aangegrepen heb. Ik zal de oprechte gastvrijheid, vriendelijkheid
en het vertrouwen waarmee ik tijdens ons eerste kennismakingsgesprek werd
ontvangen nooit meer vergeten. Een gevoel van thuiskomen, wat me heeft doen laten
overstappen van opleidingsregio. Kort daarna ervoer ik pas hoe briljant, ongelofelijk
scherp, inspirerend en motiverend je was! Veel dank ook voor de peptalks, die keer
op het lab en via skype, wanneer ik beren op de weg zag. Dear prof. dr. Benn, dear
Christine, with endless energy you are drawing attention (countless high impact
publications, TEDx talk, documentaries, etc.) for non-specific effects of vaccines on
neonatal and child mortality. You are putting this extremely important message
on diverse agendas, from the WHO to national institutes for public health and the
environment including the Dutch RIVM. It is a pity Copenhagen and Nijmegen was
too far for supervision on a regular (face to face) base, but it was tremendously
inspiring, to have had you as my promotor. Beste prof. dr. van Crevel, beste
Reinout, last in het promotieteam, but not least! Veel dank voor je kritische blik met
oog voor relevantie en (waar mogelijk) translatie naar de klinische praktijk. Genoten
van je humor, relativeringsvermogen en luisterend oor. Dank voor je kritische blik
ten aanzien van de manuscripten en niet te vergeten je luisterend oor. Ik hoop nog
heel veel van je te mogen leren tijdens de differentiatie infectieziekten!
Beste prof. dr. Joosten, beste Leo, hartelijk dank voor het bieden van deze unieke
mogelijkheid van het doen van een PhD traject op jullie lab. De spontane overleggen
die ik met je had waren van onschatbare waarde. Jij was er altijd wanneer er zich een
probleem aandiende. Ik heb van de samenwerking genoten en niet te vergeten je
goede en veelal slechte grappen!
Lieve paranimphen, Jona, gedrevenheid, tomeloze passie en lekker (ok, vrij
extreem) eigenwijs; dat zijn de woorden die me onmiddellijk te binnen schieten
als ik aan jou denk. Wat hebben we veel onvergetelijke uren gespendeerd tijdens
de BCG-EHMI trial; info avonden, flyeren tot we erbij neer vielen, ‘challengen’,
weekenden lang cellen ontdooien om nog maar weer een experiment te kunnen
doen; er ging een wereld voor me open! Die malaria nood pakketten en avondjes
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PhD traject overdenken bij de pizzabakkers maakten het feest compleet. Heel tof
dat je nu ook mijn interne collega bent geworden. Valerie, wat geweldig om met jou
samen gewerkt te mogen hebben en wat was je een aanwinst voor het team! Super
intelligent, kritisch tot op het bot, altijd op zoek naar relevantie en kei gezellig; wat
ben je een goede onderzoeker en een fantastisch mens! Reizen, bloemencorso,
Lowlands, Brabant, er is zoveel meer naast onderzoek waar jouw hart sneller van
gaat kloppen. Jij vindt je weg wel . Bedankt voor ALLES!
Branko, team awesome! I’m sure you will never forget these crazy bone marrow
isolation and sorting days! What a machine! Hagelslag, kroketten and tompoucen
(and tiramisu, pizza and beer) kept you going! My visits to Bonn, your visits to
Nijmegen, and not to forget our skype sessions; it was such a great fun! Thanks a
million for our fantastic collaboration and all your input which resulted in our
beautiful manuscript and friendship. No doubt we will keep in touch. The Pisco is
waiting for the next reunion! See you in Heidelberg this time.
Beste prof. dr. Sauerwein, beste Robert, bedankt voor het vertrouwen mij in tijdens
de BCG-EHMI studie en het geven van een kijkje in jouw keuken van baanbrekend
malaria vaccine ontwikkeling onderzoek.
Dear prof. dr. Aaby, dear Peter, the true pioneer in the field of non-specific effects
of vaccines! If there is anything I have learned from you, it is to never stop once you
believe in something, no matter what you come across.
Dear prof. dr. Schlitzer, dear Andreas, thanks for all your input and endless energy,
which helped driving the bone marrow project to high ends!
Renoud, bedankt voor al jouw kennis wat betreft onderzoek bij muizen als influenza
onderzoek. Onze paden kruisten elkaar op het moment dat jij op het punt stond
vader van de tweede te worden, en op het moment dat ik moeder werd, werd onze
samenwerking beloond met een publicatie.
Vera, wat was je heerlijke nuchterheid een verademing te midden van alle tumult!
Daarnaast was niets jou ooit teveel. Bedankt voor je enorme hulp en gezelligheid, oa
tijdens 300BCG (en de vele momenten dat ik op jullie kamer mocht hangen!).
Simone, mooie herinneringen aan weekendjes Kopenhagen, met als hoogtepunten
natuurlijk ‘Distortion’.
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Kasia, labeling in the car from Nijmegen to Bonn, lunches and coffee in the Radboud
and at LIMES, cycling through the Ooijpolder; it was all great fun! I wish Nijmegen
and Bonn was even closer to each other. I hope our coffee sessions will somehow
continue!
Helga en Heidi, jullie zijn van onschatbare waarde geweest, niet alleen tijdens
ontelbare 300BCG isolatiedagen, maar ook tijdens luminex en ELISAs van 300BCG en
andere studies. Trees, ook jij heel erg bedankt voor al je hulp; eindeloos stickeren,
interferon gamma’s meten en hulp bij revisie experimenten tijdens m’n verlof. Cor,
Kiki, Anneke, Liesbeth en Liesbeth, jullie ook bedankt voor al jullie hulp.
Q-roomies, Megan, de rust die je uitstraalde al was het van binnen soms een
wervelwind, je humor, nuchterheid en niet te vergeten je carnavalsoutfits; genoten
van jou als q-roomie! Heel tof dat je je opleiding in het Radboud af gaat maken!
Siroon, je schudde me wakker dat ik dit promotie onderzoek toch niet kon laten
lopen, op het moment dat ik me eigenlijk al verzoend had met het eerste onderwerp
van BCG en blaaskanker. Dank daarvoor! Je was een super gezellige roomie die
me wegwijs maakte in de wondere wereld van het lab en de wetenschap in het
algemeen. Martin, van jouw gezelschap, gemütlichkeit en kennis gedurende mijn
hele PhD periode mogen genieten. Stephan, Andreea, Michelle, Laszlo, Mariolina,
Diletta, thanks for all the coffees, (beers), laughs and dinners!
Bas, ik had wel met je te doen, mij als ultiem lab groentje in te hebben moeten
werken! Bedankt voor je geduld! Wat heb je gebuffeld tijdens je studies en met name
die eindeloze BCG-DKTP; die vrijwilligers bleven maar komen (op onchristelijke
tijden…). Heel veel succes met je opleiding tot internist en afronden van het
onderzoek!
Rob A, work hard play hard, een motto welke je op het lijf geschreven is! Super tof
om met je gewerkt te hebben (en dat gaat in de nabije toekomst weer gebeuren in
de kliniek). Een eer om jouw paranimph geweest te mogen zijn!
Lowlanders, Anne, Marlies, Rob, wat een gave ervaring was het om met jullie ons
koud waterbad experiment uit te denken en neer te zetten op Lowlands! Eén om
niet meer te vergeten!
Yvette, kort na elkaar starten we aan ons grote lab avontuur. Bedankt voor alle
gezellige momenten samen, etentjes, spelletjes avonden en niet te vergeten je
luisterend oor. Ook jouw finish is in zicht!
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Jorge, I still hear you whispering, ‘don’t let the boat sink’, during my first lab
experiences. Well, I didn’t! Muchas gracias por el tiempo que hemos compartido! (In
tegenstelling tot jouw Nederlands is mijn Spaans er niet veel beter op geworden)
Mark, wat was het altijd genieten van jouw verschijning in het lab. Jouw aanwezigheid
kon nooit onopgemerkt blijven (andersom merkte je over mij vaak hetzelfde op, met
mijn lach). Je was een explosie aan kennis waar veel (PhD) studenten toch maar al te
graag gebruik van maakten.
Charlotte, er was een tijd (met name ook in de weekenden) dat het aantal Charlotte’s
bijzonder goed vertegenwoordigd was op ons lab :). Bedankt voor al onze fijne
gesprekken!
Amazing mothers of the lab, Anna, mama Fadlan, Maartje, Viola, Marije, Janna,
Helga, Heidi, Trees, Liesbeth, Anneke, thanks for the moments we have shared about
pregnancies and child raising when other people got bored.
All my lab AIG collegues: Anaisa, Ajeng, Alex, Alexander, Anca, Anna, Anouk,
Berenger, Charlotte, Clementine, Collins, Dennis, Ekta, Fadel, Floor, Freek, Godfrey,
Guus, Hanne, Hedwig, Indri, Inge G, Inge vd M, Jacqueline, Jelle, Jelmer, Jessica,
Julia, Kathrin, Katrin, Leonie, Lian, Lisa, Mariska, Matthijs, Michelle, Nico, Rinke, Roel,
Rosanne, Ruiqi, Rutger, Ruud, Sam, Tania, Thalijn, Vicky, Vesla, Wouter, thanks you
very much for the amazing time inside and outside the lab!
Lieve vrienden, in het bijzonder de Bollekes, Alei, Marijke, Dokters hoogh, Marije,
Sifra, Derk en Anna, Koen en Lieske, Bertje, Wendie en Eduardo, wat is het geweldig
om jullie, velen al zo lang, tot mijn vriendengroep te mogen scharen. Al vanaf de
basisschool, middelbare school, studententijd of daarna deel ik lief en leed met
jullie. Dank voor jullie onvoorwaardelijke vriendschap!
Alle Oud-Amphianen, wat kijk ik terug op een fantastische A(N)IOS periode in
Breda! Patries, we begonnen onze opleiding samen, al drop etende op de nefro. Een
bron van inspiratie was je, zoals je één en al discipline opleiding en afronding van
promotie onderzoek lang hebt weten te combineren, resulterend in een prachtig
slotstuk. Eri, vele mooie herinneringen aan onze A(N)IOS tijd, niet op de laatste
plaats aan Gerlos. En goed voorbeeld doet goed volgen, dus volgde ik je al snel en
stapten we niet al te lang na elkaar over van regio richting Nijmegen (ok, voor die
nieuwe scopie hobby van je was ik dan weer niet te porren).
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Vrijwilligers van alle studies, wat waren jullie dapper, je te laten vaccineren, bloed
en/of beenmerg af te laten nemen, en voor sommigen zelfs zich te laten infecteren
met malaria parasieten om vervolgens ook echt ziek te worden! Bedankt voor jullie
onmisbare bijdrage aan de wetenschap.
Leden van de manuscriptcommissie, bedankt voor het lezen en beoordelen van
mijn manuscript.
Lieve ouders, jullie hebben me altijd gesteund in wat ik deed en in de keuzes die
ik maakte. Kiezen is nooit mijn sterke kant geweest, (ik hoor het jullie af en toe nog
zeggen ‘keuzes maken’), maar ook dit heb ik na al die jaren best aardig onder de knie
gekregen al zeg ik het zelf. Ik hoor het jullie af en toe nog fluisteren ‘keuzes maken’.
Zonder jullie steun was ik nooit aan dit promotie traject begonnen en was afmaken
een nog grotere opgave geweest. Bedankt voor alles! Lieve Rick, Linda, Bas, Ilona,
Rolf en Mariska, afgelopen jaar hebben we nog maar eens mogen ervaren wat er
echt belangrijk is in het leven. Familie door dik en dun! Lieve schoonfamilie, Jan,
Anneke, Annemarie, Rob, Jan en Jaleesa, bedankt voor alle ‘pittige’ momenten
samen. Wat benne we altijd weg daar in Broek en omstreken!
Ravi, lieve kleine Ravi, ze zeggen een kind krijgen alles relativeert en de efficiëntie
verhoogd; ik ben de laatste die dat zal ontkennen. Maar boven alles maken jouw
aanwezigheid, met jouw ontwapenende lach en enorme enthousiasme waarop jij
de wereld tegemoet treedt, elke dag tot een waar genot.
Lieve Gerard, moopie, dat je promoveren niet alleen doet wordt al snel duidelijk
uit bovenstaande, maar hoe te beginnen met jou te bedanken? De keuze voor dit
promotietraject resulteerde in de start van ons gezamenlijke avontuur in Nijmegen.
Jij hebt alle fases van heel dichtbij meegemaakt en me ten alle tijden ondersteund
in woord en daad (van het stickeren van micronics, flyeren tot aan PA’en tijdens
nachtelijk huisbezoek tijdens de BCG-EHMI trial!). Je weet als geen ander wat
een PhD werkelijk inhoudt! Bedankt dat ik dit alles met jou mocht delen. Jouw
vermogen je te verdiepen in onbekende materie en snel tot de kern door te kunnen
dringen is bewonderingswaardig en inspirerend. Ik ben er van overtuigd dat menig
onderzoeker daar wat van kan leren! Op naar het volgende gezamenlijke avontuur!
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