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The Toll of infectious 
diseases



Miasmae vs germs

A representation of the cholera 

epidemic of the 19th century depicts the 

spread of the disease in the form of 

poisonous air

-The theory of miasma disease 

made sense to the English 

sanitary reformers of the mid-

19th century. 

- Miasma explained why cholera 

and other disease were epidemic 

in places where water was 

undrained and foul-smelling.

- the theory led to improvements 

in water drainage and sanitation, 

which decrease cholera 

outbreaks, leading increase 

support for the theory.

- Florence Nightingale was a 

strong supporter of the theory



The golden age of 
microbiology

Robert KochLouis Pasteur



By eating them: 

the phagocytosis

How do we kill microorganisms ?



Ilya Metchnikov

1905 Nobel speech:

“eventually molecules 

will be identified on the 

surface of leukocytes 

which could identify 

microorganisms”
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Humoral immunity

Emile von Behring Paul Ehrlich
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Clonal selection

Frank Macfarlane Burnet



B

Adaptive immunity

TcTH

APC antibodies

Antigen presentation

cellular 

immunity



TH2

NK

Mf

PMN

O2

NO

Mf

IL-1/6/23

IFN

IL-17

IL-12/IL-18

TNF

IL-1b

PMN

TH17

TH1

B cell

The host defense



Innate versus adaptive immunity

• Innate immunity: 

• STRONG but STUPID

• - rapid

- effective

• - not-specific, indiscriminate

• Specific immunity: 

• LAZY but SMART

• - needs 10-14 days

• - a specific activation against a 
particular microorganism, 
enhancing the effectivity of the 
response



Cytokines: the information network 
of innate immunity
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Cell. 1996 Sep 20;86(6):973-83.

The dorsoventral regulatory gene cassette spatzle/Toll/cactus 

controls the potent antifungal response in Drosophila adults.

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA.

http://images.cell.com/images/journal_images/0092-8674/PIIS0092867496661723.GR5.lrg.gif
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The Toll-like receptor signal pathway

Drosophila Human

Ligands Spaetzle IL-1

Receptors Toll IL-1R

Signaling Tube MyD88

proteins Pelle IRAK, Traf6

Cactus ikB

Dorsal, Dif NFkB

Target proteins Drosomycin IL-6, TNF



Pattern recognition receptors



Trained Immunity: 
a memory for innate host defense 



Introducing BCG in Norrbotten, Sweden, 1927-31: 
Mortality at 0-4 years - 20,000 children

Coverage 
highest
in families 
with TB

Reduction was 
in infancy, but 
TB deaths 
occur later 

This made 
little sense

”One could evidently be tempted to find an explanation for this much lower mortality 
among vaccinated children in the idea that BCG provokes a non-specific immunity...”

Carl Naeslund 1932



Innate versus specific immunity

Innate immunity: 

- rapid

- effective 

- not-specific, indiscriminate

- lacks immunological memory

Adaptive immunity: 

- needs 10-14 days

- a specific activation against a 
particular microorganism, enhancing 
the effectivity of the response

- builds immunological memory
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Memory: the ability of a system to store and recall

information on previously encountered characteristics
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• Convergent evolution: development of the same 
property in independent group of organisms



• Convergent evolution: development of the same 
property in independent group of organisms





Netea et al: Cell Host and Microbe 2011

Increased response to secondary infection



Innate immunity-dependent 
protection in mice

Quintin et al, Cell H&M, 2012



Netea et al. Science 2016 

Trained immunity



Netea et al. Science 2016 

From DNA to protein



Long-term epigenetic 
reprogramming in myeloid cells

ChIP-seq

Histone tail modifications determine 

‘activity’ by attracting TFs

(we use 5 histone modifications)

ATAC-seq

Open chromatin (i.e. nucleosome-

free regions)  can be bound by 

TFs, which can be identified by 

motif sequence

WGBS – whole genome bisulfite 

sequencing

DNA methylation maintains DNA in a 

closed state

CH3

CH3

RNA-seq

Gene expression

Non-coding regulatory RNAs



Chromatin architecture

DNA in the nucleus
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Quintin et al, Cell H&M, 2012



MTA: Histone methyltransferase inhibitor

Less Methylation

Quintin et al, Cell H&M, 2012



Trained immunity versus tolerance
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Quintin et al., CHM, 2012 
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Foster et al., Nature 2007 



What are the pathways distinguishing 
Training vs Tolerance ?

Saeed et al, Science, 2014

metabolism

signaling



Metabolic status in trained monocytes

Arts et al, Cell Metabolism 2016



Metabolic status in trained monocytes

Arts et al, Cell Metabolism 2016



glucose

pyruvate

glycolysis

Lactic acid

glucose

Oxidative 

phosphorylation

Krebs cycle

Electron 

transport

36 ATP

2ATP

mTOR Akt

AcetylCoA

Lipid synthesis

Histone acetyl 

transferase

HIF-1α

HIF-1α

autophagy

glucose

TLR 

stimulation

PDH

ACC

O2 not 

present

O2

present

Immune cell

Naïve cellsActive cells

NADH

NAD+



Glucose consumption

Lactate secretion

Glucose consumption & lactate secretion

Cheng et al, Science, 2014



Control vs Bglucan conditioned
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Blocking glucose consumption in-vivo
inhibits trained immunity
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Cheng et al, Science, 2014
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Metabolic status in trained monocytes

Arts et al, Cell Metabolism 2016



Metabolites are co-factors for epigenetic enzymes

KDM5 demethylases

Donohoe & Bultman, J Cell Physiol 2012



Fumarate induces trained immunity

Arts et al, Cell Metabolism 2016



Tolerance vs Training

Metabolic status in trained monocytes
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Does this happen in vivo in humans?

Kleinnijenhuis et al, PNAS, 2012



BCG enhances monocyte-derived cytokines

Kleinnijenhuis et al, PNAS, 2012



BCG vaccination in vivo yellow fever vaccine

Arts et al, Cell Host Microbe, 2018 in press



BCG vaccination induces epigenetic reprogramming
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BCG acts on myeloid cell progenitors 

Kaufmann et al, Cell 2018



BCG trained effects are sustainable in vivo

Kaufmann et al, Cell 2018



Conclusions BCG vaccination

• BCG vaccination induces trained immunity in circulating 

monocytes

• BCG induces long-term reprogramming at the level of 

myeloid cell progenitors in the bone marrow

• BCG vaccination leads to non-specific protection against 

unrelated infections: e.g. yellow fever vaccine viremia, 

malaria

• Responses to other vaccines are influenced as well



Atherosclerosis: non-resolving inflammation

Libby et al, Nature 2011



oxLDL but not LDL can train 
monocytes in vitro

Methods:

Bekkering et al, ATVB 2014



Trained monocytes show increased foam 
cell formation

RPMI β-glucan oxLDL

Bekkering et al, ATVB 2014



oxLDL training induces 

upregulated H3K4me3 on the 

promotor of TNFα

Analysis:
ChIP 
H3K4me3

Bekkering et al, ATVB 2014



Netea et al, Science 2016


