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BCG vaccination protects not only against tuberculosis but also against heterologous infections. This effect differs between
individuals, yet the factors responsible for this variation are unknown. BCG-induced nonspecific protection is, at least partially,
mediated by innate immune reprogramming (trained immunity), which can be induced by the muramyl dipeptide (MDP)
component of peptidoglycans. We aimed to study whether differential release of MDP in healthy individuals may explain
variability of their response to BCG vaccination. Circulating MDP concentrations were increased up to three months after BCG
vaccination. MDP concentrations at baseline, but not their increase postvaccination, positively correlated with the induction of
trained immunity and not with mycobacteria-induced T-cell responses. Interestingly, MDP concentrations correlated with
inflammatory markers in the circulation. In conclusion, circulating MDP concentrations are associated with the strength of
trained immunity responses and thus influence the biological effects of BCG vaccination. This study increases our
understanding about the role of MDP in BCG-induced trained immunity, which might help to optimize vaccine efficacy and
explore novel applications of BCG vaccination.

1. Introduction

The Bacillus Calmette-Guérin (BCG) vaccine is a live-
attenuated vaccine that protects against tuberculosis, one
of the world’s deadliest infectious diseases [1]. In the last
decades, it has been shown that BCG vaccination, besides
its effects for the prevention of tuberculosis, reduces all-
cause morbidity and mortality in children and neonates,
especially by protecting against heterologous infections [2].
This nonspecific protection could, at least partially, be

explained by induction of trained immunity [3]. This is a
process of innate immune cell reprogramming, a de facto
nonspecific innate immune memory, in which certain infec-
tions and vaccinations induce an enhanced inflammatory
response in innate immune cells upon restimulation with
an unrelated infectious agent.

BCG vaccination induces trained immunity in monocytes
and natural killer cells, which leads to increased expression of
activation markers and production of proinflammatory
cytokines in response to Staphylococcus aureus or Candida
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albicans [4-6]. The induction of trained immunity in mono-
cytes is mediated through extensive metabolic and epigenetic
reprogramming and persists even one year after BCG vaccina-
tion in humans [4, 5, 7]. Recently, it has been shown that
BCG-induced trained immunity acts via modulation of hema-
topoietic stem and progenitor cells (HSPCs), explaining the
persistence of these effects [8, 9]. Trained immunity responses
induced by BCG vaccination were shown to be dependent on
the engagement of the intracellular receptor nucleotide-
binding oligomerization domain 2 (NOD2) by the peptido-
glycan component muramyl dipeptide (MDP) [5].

MDP was discovered as the minimal bioactive compo-
nent required for Freund’s Complete Adjuvant [10]. MDP
is present in human peripheral blood [11] and is derived
from different sources. Bacteria or bacterial components
could directly affect circulating MDP concentrations, but also
bacteria in the microbiome produce peptidoglycans (PGNs)
which can be translocated from the intestinal mucosa into
the circulation [11, 12]. MDP interacts with NOD2 in the
cytoplasm of immune cells [13] and thereby induces a signal-
ing pathway resulting in the production of chemokines and
cytokines [14]. Interestingly, innate immunity to mycobacte-
rial infection in mice is significantly reduced in NOD2-
deficient cells [15]. Furthermore, it has been shown that N-
glycolylated MDP contributes to the immunogenicity of
Mpycobacterium tuberculosis [16].

In this study, we aimed to investigate whether variation in
circulating MDP concentrations modulates trained immunity
responses induced by BCG vaccination in vivo and may
explain the variability of the response between individuals.
Two possible mechanisms for a role of MDP in BCG
vaccination-induced trained immunity are proposed
(Figure 1): BCG vaccination could induce the production of
cytokines in the periphery, which could indirectly induce
long-term reprogramming of bone marrow HSPCs, or MDP
may directly access the bone marrow and prime HSPCs.

2. Methods

2.1. Study Cohort. To study the immunological effects of
MDP on BCG vaccination, 325 healthy volunteers of West-
ern European ancestry included in the 300BCG study
between April 2017 and June 2018 received a standard dose
of 0.1 mL BCG (Bulgaria strain, InterVax, Canada) intrader-
mally. Afterwards, four individuals were excluded from the
study due to medication use. Blood was collected before
and two weeks and three months after BCG vaccination.
Volunteers were excluded upon the following criteria: use
of systemic medication other than oral contraceptives and
acetaminophen, use of antibiotics three months before inclu-
sion, previous BCG vaccination, history of tuberculosis, any
febrile illness four weeks before participation, vaccination
three months before participation, and a medical history of
immunodeficiency. Health was monitored in short inter-
views during their visits. Eighteen participants were excluded
before performing analyses comparing before and after BCG
vaccination since they were vaccinated at a different time
during the day, as part of a separate substudy. The study
was approved by the Arnhem-Nijmegen medical ethical
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FiGure 1: The proposed role of MDP in trained immunity. Upon
BCG vaccination, MDP binds to NOD2 in innate immune cells,
thereby inducing cytokine production in the periphery, which
could indirectly induce long-term reprogramming of bone marrow
hematopoietic stem and progenitor cells (HSPCs). Alternatively,
MDP may directly access the bone marrow to skew HSPCs, which
is also influenced by MDP released by the microbiome.

committee (NL58553.091.16) and performed in accordance
with the Declaration of Helsinki. All volunteers had given
written informed consent before they underwent any
research procedure.

2.2. MDP Measurements. Indirect competitive enzyme-linked
immunosorbent assay (icELISA) was used for muramyl-l-ala-
nyl-d-isoglutamine (MDP) quantification, as described previ-
ously [11]. In short, coating solution (1 yg/mL MDP-human
serum albumin in coating buffer) was added to %:-area 96-
well plates (Costar, Corning) and incubated at 4°C overnight.
Thereafter, blocking buffer was added for 1h at 37°C, plate
was washed, and a mixture of 2E7 solution and the samples
(ratio 3:1) were added to the plate and incubated for 2 h. After
washing, a secondary antibody (HRP-conjugated anti-mouse
IgG antibody (GE Health, 1:2000)) was added and incubated
for 1h, followed by washing. Then, the 1-Step™ Ultra TMB-
ELISA substrate solution (Thermo Fisher Scientific) was
added for 5 minutes, and 2 M sulfuric acid solution was there-
after added to terminate the reaction. Absorbance was read
using a microtiter plate reader (Tecan Infinite Pro2000).
Samples were measured in duplicate, and no samples were
below the detection limit (100 ng/mL).

2.3. PBMC Isolation and Stimulation. Peripheral blood
mononuclear cells (PBMCs) were isolated from EDTA whole
blood by density centrifugation on Ficoll-Paque (GE Health-
care), washed three times in PBS and resuspended in RPMI
1640 medium (Dutch modified) (Gibco, Life Technologies),
supplemented with 5pug/mL gentamycin, 2mM Glutamax
(Gibco), and 1 mM pyruvate (Gibco), and supplemented
with 10% human pooled serum for cultures stimulated for 7
days. After isolation, 5 x 10° PBMCs were added to a round
bottom 96-well plate (Greiner) and stimulated with RPMI
(control), 5ug/mL M. tuberculosis HR37v, or heat-killed S.
aureus (10°/mL). Cells were incubated for 24 hours or 7 days
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at 37°C, 5% CO,, and thereafter, supernatant was collected
and stored at -20°C until further analysis. Complete blood
counts were performed on EDTA whole blood and PBMC
fractions after Ficoll isolation, on the Sysmex XN-450 hema-
tology analyzer.

2.4. Cytokine Measurements. IL-13, IL-6, and TNF-« produc-
tion was determined in 24-hour supernatants by using ELISA
(R&D Systems and Sanquin, Amsterdam). In proof-of-
principle experiments performed in a subgroup of volunteers,
we measured TNF-a upon ex vivo M. tuberculosis stimulation.
Because the vast majority of TNF-a concentrations were
below detection limit, TNF-a production after M. tuberculosis
stimulation was not assessed in all samples. IFN-y production
after 7 days and IL-13 production upon M. tuberculosis stim-
ulation were determined by using Luminex (ProcartaPlex
Thermo Fisher), according to the manufacturers’ protocol.

2.5. Measurements of Circulating Inflammatory Mediators.
The commercially available Proseek Multiplex Inflammation
I panel (Olink Proteomics, Uppsala, Sweden) was used to
measure a panel of 92 inflammation-related proteins in
EDTA plasma. The procedure of the multiplex proximity
extension assay was performed as previously described [17].
Briefly, proteins are recognized by pairs of antibodies
coupled to cDNA strands. These cDNA strands bind when
they are in close proximity, after which they extend and
amplify by a polymerase reaction. After detection and nor-
malization, this results in normalized protein expression
values, measured on a log, scale. Proteins were excluded from
the analysis when the target protein was detected in less than
75% of the samples.

2.6. Statistical Analyses. Data was analyzed using Wilcoxon
signed-rank test for paired samples, a Mann-Whitney U test
for unpaired samples, or Spearman correlation using Graph-
Pad Prism software (GraphPad, version 5.03) and R (3.3.3).
No correction for multiple testing was applied as this is an
exploratory research with expected small effect sizes, and only
one factor (MDP concentration) was assessed, with a clear
biological hypothesis. Data are expressed as mean + SEM,
and values of *P < 0.05, #*P < 0.01, and s P < 0.001 were
considered statistically significant.

3. Results

3.1. BCG Increases Circulating MDP Concentrations. MDP
concentrations in the circulation were measured in the serum
of 321 healthy individuals of the 300BCG cohort (aged 18-75
years, 57% women, 83% body mass index (BMI) between
18.5 and 25 (Figure 2(a))). MDP concentrations in the indi-
viduals were measured in serum just before BCG vaccination
(baseline) and two weeks and three months after vaccination.
As seen in Figure 2(b), MDP concentrations in the circula-
tion were significantly increased after BCG vaccination, both
two weeks and three months postvaccination. MDP concen-
trations at baseline were not affected by age, BMI, or sex
(Figure 2(c)). MDP concentrations two weeks or three
months after vaccination were also not affected by these
factors (data not shown).

3.2. Circulating MDP Correlates with Red Blood Cell Counts
and Systemic Inflammation. To study whether MDP is asso-
ciated with specific cell populations, MDP concentrations
were correlated with different cell subsets in the circulation.
As seen in Figure 3(a), MDP concentrations are positively
correlated with the erythrocyte numbers and hemoglobin
levels. Next, MDP concentrations were correlated with
immune modulators such as chemokines and cytokines in
peripheral blood. Of the 73 markers of inflammation we
investigated in our analyses, 13 were significantly associated
with MDP concentrations. As seen in Figure 3(b), MDP
concentrations are positively correlated with normalized
expression values of natural killer cell receptor 2B4
(CD244), TNF-related apoptosis-inducing ligand (TRAIL),
CXCL9 (or MIG), TGF-alpha, CCL19, IL-10 receptor
subunit beta (IL10-RB), programmed cell death 1 ligand 1
(PD-L1), TNF-related activation-induced cytokine (TRAN-
CE/TNEFESF11), IL-12 subunit beta (IL-12B), IL-10, TNF
receptor superfamily member 9 (TNFRSF9), TNFRSF12
(TWEAK), and adenosine deaminase (ADA), of which two
examples are shown. See Figure SI in the Supplementary
Materials for individual correlation plots. This suggests that
the amount of MDP in the circulation is associated with the
inflammatory status of an individual.

3.3. Baseline MDP Concentrations Are Associated with BCG-
Induced Trained Immunity Responses. Since MDP is able to
induce chemokine and cytokine production in vitro, also in
synergy with other stimuli [14], we investigated whether
MDP concentrations in vivo correlate with cytokine produc-
tion upon ex vivo PBMC stimulation with the nonspecific
stimulus S. aureus or specific stimulus M. tuberculosis. MDP
concentrations in vivo were moderately negatively associated
with the production of proinflammatory cytokine IL-6 upon
24 hours of stimulation with S. aureus (Figure 4(a)), but asso-
ciation was not observed with other stimuli and cytokines. On
the other hand, MDP baseline concentrations more strongly
predicted trained immunity responses. Circulating MDP
concentrations in the individuals at baseline were correlated
with changes in cytokine responses before (V1) versus two
weeks (V2) and three months (V3) after BCG vaccination
upon ex vivo restimulation with S. aureus and M. tuberculosis,
representing, respectively, trained immunity responses and
specific responses. Whereas no significant correlation
between MDP concentrations and the immune responses to
M. tuberculosis responses was observed, MDP concentrations
at baseline were positively correlated with the heterologous S.
aureus-induced IL-1p, IL-6, and TNF-« production three
months after BCG vaccination (Figure 4(b)). See Figure S2
in the Supplementary Materials for individual correlation
plots. This indicates augmented trained immunity responses
in individuals with higher basal MDP concentrations in the
circulation. MDP concentrations do not correlate with scar
size two weeks or three months after BCG vaccination (data
not shown).

3.4. Changes in MDP Concentrations after BCG Vaccination
Do Not Correlate with Trained Immunity Responses. To study
whether the change in MDP concentration following BCG
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FiGure 2: Circulating MDP concentrations are elevated in BCG-vaccinated individuals. (a) Participant characteristics of the study cohort
(n=321) (BMI=body mass index). (b) MDP concentrations in plasma of participants of which complete data was available, before, two
weeks, and three months after BCG vaccination, using icELISA (mean + SEM, n =288, % P < 0.001, Wilcoxon signed-rank test). (c) The
concentrations of MDP at baseline did not correlate to sex (mean +SEM, n =316, Mann-Whitney U test), age, or BMI (n =316,

Spearman correlation).

vaccination also influences trained immunity, the ratio
between MDP concentrations before and after BCG vaccina-
tion was correlated with the ratio of the cytokine responses
before and after BCG vaccination (Figure 5). No correlations
were observed between the fold changes of MDP and cyto-
kines after BCG vaccination, suggesting that the increase in
circulating MDP upon BCG vaccination does not impact
trained immunity responses. However, a significant negative
correlation was observed between increase in MDP and IFN-
y fold changes upon S. aureus restimulation (Supplementary
Figure 3B).

4. Discussion

The heterologous protective effects of BCG are important in
countries with a high infectious burden, yet these effects are
variable across different settings and populations. The
factors influencing this variability are unknown. In this
study, we show that circulating concentrations of MDP,

the active component of mycobacterial peptidoglycans, are
positively correlated with induction of trained immunity
and therefore is likely to affect the heterogeneity of these
innate immune responses.

MDP can be found in the circulation of healthy
volunteers [11], but the role of MDP in modulating immune
responses in vivo is incompletely understood. Interestingly,
we show that circulating MDP concentrations in healthy
individuals are positively correlated with red blood cell
counts, as well as various inflammatory biomarkers in
peripheral blood. This important finding implies that
steady-state MDP, probably originating from the gut micro-
biome, may regulate systemic inflammation. This means
that peptidoglycans, next to lipopolysaccharide (LPS),
should be considered an important exogenous mediator to
be followed in various clinical conditions associated with
impaired intestinal barrier or chronic low-grade inflamma-
tion. It is not fully known which are the mechanisms
through which MDP enters the cell and activates NOD2,
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F1GURE 3: The concentration of circulating MDP is positively correlated with the concentration of red blood cells and systemic inflammation
in peripheral blood. (a) Spearman correlation of circulating MDP concentrations at baseline and various cell subsets measured in whole blood
on Sysmex hematology analyzer (n=316). V1 =visit 1 (before vaccination); V2 =visit 2 (two weeks after vaccination); V3 =visit 3 (three
months after vaccination). WBC=white blood cell;, RBC=red blood cells; HGB =hemoglobulin; PLT = platelets; # = count;
NEUT = neutrophil; LYMPH =lymphocytes; MONO = monocytes; EO = eosinophils; IG = immunoglobulin. (b) Spearman correlation of
circulating MDP concentrations and immunomodulators at baseline in peripheral blood by using Olink platform (n = 313). Two examples
of correlations with MDP are shown (CCL19 and IL-10). Cells of both rho and P value are colored based on rho value. Significant changes

are underlined.

but several suggestions include internalization of MDP by
phagocytosis of whole bacteria, endocytosis, and uptake
from outer membrane vesicles, transmembrane channels,
or peptide transporters [18].

Steady-state circulating concentrations of MDP contrib-
uted to the explanation of interindividual variation in trained
immunity responses induced by BCG vaccination, while it
only mildly affected cytokine production capacity prior to
BCG vaccination. The exact mechanism through which

MDP concentrations could influence trained immunity
remains to be elucidated, although epigenetic rewiring
through NOD2 engagement [5] is likely to play an important
role. Interestingly, the specific immune response (M. tubercu-
losis-induced IFN-y production) was not influenced by MDP
concentrations, indicating different mechanisms regulating
specific immune memory and trained immunity.

BCG vaccination increases MDP concentrations in the
circulation up to at least three months after vaccination,
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FIGURE 4: The strength of trained immunity responses upon BCG vaccination is associated with circulating MDP concentrations at baseline.
(a) Spearman correlation of circulating MDP concentrations before BCG vaccination and fold changes of cytokine production before versus
after vaccination upon ex vivo stimulation with S. aureus and M. tuberculosis (M. tb) (n>251). Significant correlation between IL-6
production and MDP concentrations is shown. (b) Spearman correlation of circulating MDP concentrations at baseline and fold changes
of cytokine production to S. aureus and M. tuberculosis restimulation after BCG vaccination (n > 205, Spearman correlation). V1 = visit 1
(before vaccination); V2 =visit 2 (two weeks after vaccination); V3 = visit 3 (three months after vaccination). Cells of both rho and P value

are colored based on rho value. Significant changes are underlined.

probably through release of peptidoglycans from the local
site of vaccination. It is unlikely that this effect is due to
spurious variation, since a previous study showed that circu-
lating MDP levels are relatively stable over time [11]. Inter-
estingly, however, this (moderate) additional increase did
not further modulate trained immunity: it is thus likely that
the epigenetic changes underlying trained immunity are
relatively early events, as demonstrated earlier [5], and that
later changes in circulating peptidoglycans under the influ-
ence of local release from the site of vaccination have little
additional impact.

Peptidoglycan MDP has multiple roles in the modula-
tion of immune responses. van der Meer et al. showed that
MDP affects cytokine production in isolated human mono-
nuclear cells, but not in a whole-blood assay in vitro. Since
this lack of effect was independent of plasma-derived factors,
it has been suggested that a cellular or cell-derived compo-
nent from the blood is responsible for the inhibition of
MDP in whole blood [19]. Furthermore, although MDP
alone cannot induce immunoglobulin production [20], it is

able to enhance expression of cell adhesion molecules and
cytokines [14]. Moreover, several studies show increased
production of proinflammatory cytokines upon MDP stimu-
lation in vitro, also in synergy with other stimuli, which
seem to depend on species and cell types used [14, 19, 21,
22]. It is known that oxidatively modified erythrocytes and
erythrocyte-derived free hemoglobin augment cytokine
release from human monocytes by bacterial stimuli such as
LPS [23-25]. Here, we observe a positive correlation
between MDP and red blood cell concentrations, as well as
hemoglobin levels. In contrast, free hemoglobin in vitro
has been shown to inhibit the effect of MDP upon LPS-
induced cytokine production [19]. Besides that, it has been
shown that the addition of neutrophils together with MDP
in vitro decreases LPS-induced cytokine production [14],
whereas we do not observe an association between neutro-
phils, or other cell subsets, and MDP. To this list of effects,
we now report that steady-state MDP plasma concentrations
have an important impact on trained immunity responses

induced by BCG.
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As previously mentioned, the microbiome is an impor-
tant source of circulating MDP [26]. Huang et al. showed that
PGN is barely detectable in serum of germfree mice, in con-
trast to specific-pathogen-free mice, suggesting that a large
proportion of PGN in the circulation is derived from the
microbiome [11]. Additionally, Clarke et al. showed that
PGN from the microbiota by NODI enhances systemic
innate immunity in mice [12]. Therefore, in the future, it
would be interesting to observe the influence of the human
microbiome on circulating MDP and trained immunity
responses as well.

5. Conclusions

In conclusion, circulating MDP concentrations prior to
vaccination correlate with systemic inflammation and induc-
tion of trained immunity following BCG vaccination, but not
with specific T-cell cytokine responses. Additionally, BCG
vaccination leads to a sustained increase in circulating
MDP concentrations, but this change in MDP does not affect
trained immunity responses or specific memory immune
responses. This study increases our understanding about
the role of MDP in BCG-induced trained immunity, which
might help to optimize vaccine efficacy and explore novel
applications of BCG vaccination.
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Supplementary Materials

Supplementary Figure 1:Circulating MDP is positively corre-
lated with the concentration of red blood cells and systemic
inflammation. (A) Hemoglobin (HGB, mmol/L) and (B)
amount of red blood cells (RBC, 1026/uL) measured on Sys-
mex hematology analyzer correlated with MDP concentra-
tions at baseline (n=316). (C) Spearman correlation of
circulating MDP concentrations and immunomodulators at
baseline in peripheral blood by using Olink platform
(n =313). Supplementary Figure 2: Baseline MDP concentra-
tions are associated with BCG-induced trained immunity
responses. Spearman correlation of circulating MDP concen-
trations at baseline and fold changes of IL-13, IL-6, and TNF-
a production to S. aureus stimulation three months after BCG



vaccination (n >289). Supplementary Figure 3: Changes in
MDP concentration upon BCG vaccination correlate with
changes in IFN-y production upon ex vivo S. aureus stimula-
tion. Circulating MDP concentrations before versus three
months after BCG vaccination are correlated to IFN-y
production after 7 days upon ex vivo S. aureus stimulation
(Spearman correlation, n = 212). (Supplementary Materials)
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