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A growing body of evidence from epidemiologic and immunologic studies have shown that in addition to target
disease-specific effects, vaccines have heterologous effects towards unrelated pathogens. Like some other vac-
cines, bacille Calmette-Guerin (BCG) has shown in observational studies and randomized clinical trials to increase
survival beyond the disease burden of the target disease. The immunologic substrate for these non-specific pro-
tective effects have been ascertained to heterologous T cell effects on the one hand, and to priming of innate
immunity on the other hand. The term ‘trained immunity’ has been proposed to describe these potentiating
effects of vaccines on innate immune responses. This process can explain the rapid effects of BCG vaccination
and has been suggested to be mediated by epigenetic programming of monocytes or macrophages. This
novel concept has important implications for the possible use of vaccines, for vaccination policy and even for
the design of novel immunotherapeutic approaches.
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Introduction
Bacille Calmette-Guerin (BCG), the vaccine that is used for the pre-
vention of TB has continuously been in use for more than 90 years.
Besides the protection against TB, BCG has non-specific immuno-
logical effects that might be valuable for prevention or treatment
of other diseases, the best example being the use of intravesical
BCG in the treatment of bladder cancer.1 However, many more
reports of non-specific effects of BCG have been published, such
as treatment of other forms of cancer,2–6 protection against
asthma,7 effects on severity of auto-immune diseases like type
1 diabetes8 or multiple sclerosis,9 and use as treatment for infec-
tious diseases like warts.10,11 There is an increasing amount of evi-
dence from old and recent studies on these heterologous effects
of BCG.

Historical observations
Shortly after the introduction of BCG in the 1920s, reports were
published on the ‘non-specific’ effect of this vaccine.12 In a report
from Sweden in 1931, BCG improved survival of infants,12 and this
effect exceeded the disease burden of TB in that age group. It was
therefore concluded that the nearly three-fold lower mortality of
the BCG-vaccinated children was due to protection against other
diseases. Similar observations were made around the world in the
following decades.13–16 Although these observations cannot

definitively prove a causal relationship between BCG vaccination
and the decreased mortality, due to the lack of information
needed to exclude biases, they are suggestive of an important
unexplored beneficial effect of BCG vaccination.

Besides the beneficial effects on survival in general, BCG was
successfully used as treatment against different forms of cancer
since the sixties and seventies of the previous century.2–6 These
treatments could be either locally (intralesionally in prostate can-
cer2 and melanomas,3 intrapleurally in the case of lung cancer4 or
intravesically in bladder cancer5), or intradermally, as in patients
with Hodgkin disease.6

BCG is not the only vaccine with potential beneficial non-
specific effects. The positive side effects of the widely distributed
vaccinia virus vaccine were already noticed by doctors in the nine-
teenth century.17 There were claims that vaccinated persons were
less susceptible to measles, scarlet fever, whooping cough and
syphilis. Furthermore, observations of cure of leprosy or whooping
cough by smallpox vaccination were reported.18,19

After much attention and debate on non-specific effects of
BCG and other vaccines following their introduction, this topic
became somewhat forgotten. However, a second wave of interest
on this phenomenon emerged in the last two decades when a ser-
ies of studies analyzed and reported the effects of vaccines in
countries with high infectious disease pressure. Again, starting
from large observational studies, measles vaccine (another live
preparation) was suspected to have capabilities beyond its target

# The Author 2015. Published by Oxford University Press on behalf of Royal Society of Tropical Medicine and Hygiene. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com.

R
EV

IE
W

Trans R Soc Trop Med Hyg 2015; 109: 29–35
doi:10.1093/trstmh/tru168

29

 by guest on January 10, 2015
http://trstm

h.oxfordjournals.org/
D

ow
nloaded from

 

http://trstmh.oxfordjournals.org/


disease. Shortly after its introduction in Guinea-Bissau, Aaby et al.
reported a massive reduction in childhood mortality, also beyond
measles mortality.20 This first observation led to a large-scale
analysis of non-specific effects of measles vaccine in developing
countries,21 and to analysis of possible non-specific protective
effects of other vaccines such as BCG22 and vaccinia.23 Several
large epidemiological studies have suggested that BCG reduces
the incidence of asthma; a recent meta-analysis of these studies
indeed showed a protective effect of BCG on developing childhood
asthma (OR 0.86; 95% CI 0.79–0.93).7 Similarly, recent data sug-
gest that vaccinia and/or BCG may reduce the incidence of melan-
oma,24 and improve its prognosis.25

Interestingly, not all the heterologous effects of vaccines
appear to be beneficial, deleterious effects for diphtheria-tetanus-
pertussis (DTP) vaccine have been reported.26 It seemed that the
sequence of the vaccines (DTP being the latter) explained this
effect. Some of the factors influencing heterologous effects of
vaccines are summarized in Box 1.

Evidence from randomized clinical trials
Observational studies are prone to selection bias: healthier chil-
dren may be vaccinated more often; or children from parents
who provide better care are probably also more likely to be vacci-
nated (‘good parenting’). Therefore, doubts remained about the
non-specific/heterologous effects of vaccines.27 Strong argu-
ments for heterologous effects of vaccines were however pro-
vided thereafter by randomized clinical trials (RCTs) performed
with BCG28 and measles29 vaccines. Because these vaccines
have established effects on its target disease, denying infants
this vaccine would be unethical. In low birth-weight children how-
ever, BCG vaccination is mostly postponed, providing an opportun-
ity to perform a randomized trial in these children. The observed
survival benefit of BCG was significant at 1 month of age before
the control group was vaccinated, with less neonatal sepsis and
respiratory infections.28 Similarly, advancing measles vaccination
in children from 9 months to 4.5 months resulted in less non-
measles hospitalization, again decreasing respiratory infections.29

With regard to the possible beneficial effects of BCG on allergies,
one RCT failed to show a significant effect at 18 months, however
a trend was observed for lower rates and treatment needs of
eczema.30 In addition, the efficacy of BCG installation on bladder
cancer was proven by multiple RCTs,31,32 and a pooled analysis
of controlled trials from 1966–1992 suggested a limited
benefit of intralesional BCG in melanoma.33 Additional RCTs are
currently under way in high-income countries such as Denmark
(ClinicalTrials.gov Identifier: NCT01694108) and Australia

(NCT01906853) to examine the benefit of BCG in settings with a
lower infectious disease burden, and to address additional ques-
tions like those related to possible reduction of allergies. However,
in the absence of a biological explanation, many investigators
remained sceptical about the heterologous effects of vaccines.

Heterologous effects of vaccines, adaptive
or innate immunity?
Shortly after the first observations were made on heterologous
effects of vaccines, researchers started exploring biologically
plausible mechanisms. In 1928, Louise Pearce was the first to
publish the beneficial effects of vaccinia vaccine on syphilis in an
experimental setting with rabbits. She speculated that ‘it appears
that the influence of a preexisting vaccinal immunity is mainly
concerned with the properties of host reaction and resistance’.34

No comments were made about the distinction of either innate or
adaptive immunity as the dichotomy was not established by then.
Nowadays, we consider both to play a role in heterologous effects
of vaccines.

An adaptive immune mechanism of non-specific effects could
be heterologous immunity;35 vaccines can give rise to T cell cross-
reactivity and antibody production that may confer some protec-
tion against unrelated pathogens.35 This concept is reminiscent of
the phenomenon of ‘original antigenic sin’ first described with
influenza. Different strains and variants of influenza virus are
commonly cross-reactive as was already recognized decades
ago.36 Vaccination with a specific subtype of influenza leads to
an antibody response to a previous encountered subtype and
this effect can be transferred to naı̈ve animals. Besides cross-
protection between somewhat related viral species the same phe-
nomenon was also observed with BCG, a mycobacterial vaccine
and vaccinia virus.37 This protection was CD4 T cell dependent,
as was confirmed in adoptive transfer, and these cells were the
main INFg-producing cells after challenge with vaccinia virus.
The effects of heterologous adaptive immunity have been
reviewed extensively,35 and its influence on non-specific effects
of vaccines is subject of a recent review.38

Still, adaptive immunity cannot fully explain the heterologous
effects of BCG. In fact, experiments performed simultaneously
with the original antigenic sin experiments showed that some
effects are independent of T and B cells. BCG-vaccinated mice
could be protected against a later challenge with Candida albicans
and Staphylococcus aureus, even after a strong suppression of
T and B cell activity by cyclophosphamide prior to BCG vaccin-
ation.39 Similarly, BCG conferred non-specific protection against
Schistosoma mansoni in nude mice, which have no mature
T cells.40 Finally, in a recent study it was shown that BCG vaccin-
ation protects SCID mice, which lack both T and B cells, from a
lethal challenge with C. albicans.41 These experiments clearly
show that these non-specific effects of vaccines may be inde-
pendent of adaptive immunity, and that innate immunity plays
an important role.

In addition to T and B cells, monocytes or macrophages also
seem essential for heterologous effects of BCG. In an experimen-
tal model, BCG vaccination protected mice against a subsequent
ectromelia virus infection, but this effect was abolished by use of
anti-macrophage serum (serum from rabbits injected with murine
macrophages).42 A key role of macrophages was also supported

Box 1. Factors that may influence the heterologous effects of
vaccines

† Timing of the vaccine (newborn, infants, adults, elderly)
† Gender
† Geographic location
† Sequence of vaccinations
† Other immune modulators (high dose vitamin A, iron and zinc)
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by an older study that examined the effect of BCG vaccination on
in vitro challenge with Brucella melitensis. In these experiments,
bacterial clearance and cell survival were much higher in vacci-
nated animals.43 Also in bladder cancer, monocytes play an
important role. Depleting these cells in an in vitro setup abolished
the cytotoxicity of the T cells, while addition of only 1% of mono-
cytes was enough to restore this effect.44

BCG vaccine-induced alterations of innate
immune cell function
Different studies examined how BCG vaccination could alter func-
tion of monocytes or macrophages, showing effects on phagocyt-
osis, as well as on reactive oxygen species (ROS) production and
intracellular killing. Already in 1959 a correlation was found
between resistance against Salmonella enteritidis infection and
improved phagocytic functions in BCG-vaccinated mice.45 A cau-
sal relationship, however likely, was not shown. A few years later it
was observed that macrophages from BCG-vaccinated animals
were in a more active state, with rapid movements and packed
with lysosomal structures.46 Confirmation of this effect of BCG
on macrophages came almost 25 years later, when macrophage
activity was assessed by increased production of ROS to an unre-
lated stimulus, leading to increased intracellular killing of intracel-
lular fungi compared to macrophages of non-vaccinated mice.47

In addition, more recently it was shown that BCG increases
expression of pattern recognition receptors and other activation
markers on human monocytes.41 In the same study the BCG vac-
cination induced higher production of proinflammatory cytokines
when stimulated with non-related pathogens.

BCG may also have an effect on other innate cells. There is clear
support for memory-like characteristics of natural killer (NK) cells,
and it is tempting to speculate about their role in heterologous
effects of vaccines. Indeed, BCG vaccination appears to have an
effect on NK cells in healthy human volunteers. Purified NK cells
from these individuals produced higher amounts of pro-
inflammatory cytokines to unrelated bacterial and fungal patho-
gens after vaccination. In addition, an animal model using NSG
mice (severely immune compromised mice lacking T, B cells and
NK cells) demonstrated a clear role that NK cells play in the
BCG-induced protection against C. albicans (Kleinnijenhuis J,
Quintin J, Preijers F et al. submitted). This may be a direct effect,
as it is known that NK cells can directly recognize BCG without
involvement of antigen-presenting cells.48 Importantly, the well-
known effect of BCG on bladder cancer is at least partly dependent
on NK cells as NK-deficient mice could not be protected with BCG
immunotherapy in contrast to control mice.49 Collectively, these
data clearly support a role for NK cells in heterologous immunity
of BCG vaccination.

Epigenetic reprogramming explaining
‘trained immunity’
Considering these data on the role of innate immune cells in the
heterologous effects of vaccines, an important question remains
concerning the molecular mechanism mediating these adaptive
characteristics of innate immune cells. Recently, we proposed
the term ‘trained immunity’ for a state of improved reaction of
innate immune cells to reinfection with the same or a different

pathogen,50 and some characteristics of this phenomenon are
shown in Box 2. The fact that innate immune cells have capabil-
ities of improving their responses is generally accepted in plant
immunology for decades, under the term ‘systemic acquired
resistance’,51,52 and is much studied in invertebrates,53 both of
which lack adaptive immune cells. A process of epigenetic repro-
gramming through histone modification underlies trained
immunity, with increased transcription of innate immune genes
due to methylation of histones in regions increasing chromatin
availability. We have recently shown that epigenetic reprogram-
ming of monocytes is responsible for the heterologous effects of
BCG vaccination, as shown in Figure 1.41 A known mark of tran-
scriptionally active genes, trimethylation of histone 3 lysine at
position 4 (H3K4me3),54 was increased at the promoter regions
of the genes encoding immune receptors and cytokines. NOD2
is essential for this effect, with NOD2-deficient cells lacking the
capacity of being ‘trained’ by BCG. Epigenetic reprogramming
has also been demonstrated to be the mechanism of the systemic
acquired resistance in plants.55 In plants these epigenetic
changes can be transferred to their progeny through seeds, with
a central role of acetylation of H3K9 in this process.55

The effect of BCG on human monocytes last at least
3 months and some protective effects even up to 1 year after
vaccination.56 This is puzzling given the short half-life of these
cells in circulation. One explanation might be, in-line with the
observations in ‘memory’-NK cells, that a pool of epigenetically-
changed monocytes remain elsewhere in the body with the pos-
sibility of being attracted whenever needed: the spleen has been
proposed as such a site. Another possibility could be that mono-
cyte precursors (stem cells) could become ‘trained’, while still in
the bone marrow through yet undetermined factors, and would
give rise to the longevity of this process. An argument for this
process is represented by a recent study demonstrating func-
tional reprogramming of bone marrow myeloid cell precursors
by TLR2 ligands.57 In addition, a recent publication showed
that monocytes have the most conserved chromatin state
during differentiation.58

Box 2. Characteristics of ‘trained immunity’

† Induced after a primary infection or vaccination, and confers
protection against a secondary infection through mechanisms
independent of T and B cell adaptive responses.

† Increased non-specific resistance of the host to reinfection, and
thus provides cross-protection to other infections.

† The cellular mechanisms that mediate trained immunity involve
innate immune cells such as macrophages and natural killer (NK)
cells, and lead to improved pathogen recognition by pattern
recognition receptors (PRRs) and an enhanced protective
inflammatory response.

† Molecular mechanisms that induce trained immunity involve
epigenetic reprogramming (e.g., histone modifications, miRNA),
rather than gene recombination that characterizes adaptive
immune memory.
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Clinical and public health implications
With a wealth of evidence on heterologous effects of vaccines, it is
important to consider possible implications of this phenomenon
for public health or clinical practice (summarized in Box 3).

Firstly, these findings may have implications for vaccination
policy; as it is clear that the outcome of non-specific effects are
influenced by many factors (Box 1), these factors should be
involved in planning the vaccination strategy. Sequence of vac-
cines, its importance mainly shown in the studies on DTP,26 and
timing of vaccination,28,29 could have enormous impact on child-
hood mortality without changing the vaccines in use. The import-
ance of this subject in potentially changing vaccine policy is
supported by WHO in the strategic advisory group of experts
(SAGE) (http://www.who.int/immunization/policy/sage/en/).

Second, data on the heterologous effects of vaccines should be
incorporated in evaluating potential vaccine replacements. Soon
after the introduction of BCG, debates were raised not only
about the non-specific effects of BCG, but also about its protective
effect against TB.12,59 Many questioned the degree and length of

specific immunity against TB and calls for an improved vaccine
were made.13 Significant efforts have been made in this
field,60,61 however a valuable addition would be to include the
non-specific effects of BCG while evaluating its potential
successor.

Another point of consideration regarding the optimal use of the
heterologous effects of vaccines is the abrogation of some

Figure 1. Schematic presentation of ‘trained immunity’ in heterologous effects of bacille Calmette-Guerin (BCG). A. Naı̈ve monocytes with its pattern
recognition receptors (PRRs) and detailed presentation of histones (insert). B. Trained monocyte: BCG vaccination (1) signals through NOD 2 and RIP 2 (2)
resulting in increased trimethylation of H3K4 (H3K4me3) (insert; 3) and increased expression of PPRs on the cell surface (4). C. Trained monocyte;
restimulated with pathogen X. Recognition of X through PRRs (5) leads to increased cytokine production (6) by increased accessibility of transcription
of certain genes (insert; 7). This figure is available in black and white in print and in colour at Transactions online.

Box 3. Clinical and public health implications of heterologous
effects of vaccines

† Changing vaccine police (sequence, timing etc.).
† Including heterologous effects in discussions on new (TB)

vaccines.
† Discussion about unintended effects of abrogation of vaccines

after eradication of its target disease.
† Potential to booster low-efficiency vaccines.
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vaccines when the target disease is eradicated, like in the case of
smallpox. Depriving people from this vaccine might have more
repercussions than previously considered.

Similarly, heterologous effects of vaccines might help booster
the response to other vaccines with a low efficiency like
Salmonella typhi vaccine or influenza vaccine (a trial concerning
the latter has begun; NCT02114255), as several reports suggest
a valuable role for BCG.62–65 BCG may also act as a booster in
groups who have a low vaccination response, like HIV-infected
individuals, however the fact that these are live vaccines limits
its use in this group.

Moreover, the heterologous effects of vaccines through trained
immunity might also have implications beyond vaccination. For
example, vaccines might help ‘training’ a person’s innate immune
system in waning immunity in old age or other immunocompro-
mising states. More research needs to be done to demonstrate
whether this may be a valid approach.

Conclusions
Heterologous effects of vaccines are a long-described phenom-
enon with recent progress in describing its biological mechanisms.
Both ‘heterologous adaptive immunity and trained immunity’ are
likely to be involved as biologically-plausible mechanisms. More
research is warranted to assess these mechanisms in vivo and
their possible implications. Questions regarding the longevity of
this phenomenon were already raised and are of vital importance
in determining its clinical implications. Another question waiting
to be answered is whether trained immunity can be generalized
to all innate immune cell types, with a focus on monocytes/
macrophages and NK cells, but also on dendritic cells and
neutrophils.

The major impact of vaccines is illustrated by their worldwide
coverage. To improve vaccine usefulness, both their specific and
heterologous effects should be considered.
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