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The immense challenges of our immune system
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Innate Immunity

NLRs

G NLRP3
=3l NOD2
CLRs < NLRC4

Dsctln-t‘ 3
gnnzn
. ‘

Endosome

/ % TLR2/6

Mincle 5 |

DNGR1 1

RLRs

o eaemem G- "'\A 10-2
Mannose R

TLR4

X

Surface and intracellular receptors binding Phagocytosis et
to microbial products (or endogeneous microbicidy
« danger » molecules)
Rapid immune response phagocytic cells



Adaptive immunity
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An example of efector function: cell killing
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Coevolution of men and microbes in changing
environments

« crowd infections »
measles, diphteria, flu,...

Helicobacter

‘ Malaria || | Tuberculosis ‘ ‘ Smallpox‘ ‘ Leprosy ‘ Cholera

Modern humans | | Migrations Migrations Early agriculture (neolithic Silk Road links Africa, | | European colonization | | Globalization
emerge in Africa | | within Africa| | out of Africa | | demographic transition) Europe and Asia of Americas begins

500
years ago Today

Adapted from E.K. Karlsson et al,
Nature Reviews Genetics, 2014

considerable selective pressure on the immune system,..
and conversely on microbes !



An example of coevolution: tuberculosis

Phylogenetic tree of Mtb (259 strains)
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Evolution of our genome

Mutations/admixing/

selection

approximately 2 000 genes
involved in immune responses

(9% of our genes)




Mutations

DNA sequence

4 « |letters » code

aminoacids

MNormal sequence

| At | Aac] ceT|cee]cea|Tea|cecag]1TA | TTG |CcaT |

Methionine Arginine Proline l Proline Leucine

Asparagine Arginine Serine Leucine Arginine

Silent mutation

| At | aac] ceT] cac | ccrsmcs l11a | 176 |caT ]
Methi%nine l Argflﬁine l F'ruli'l l Pr li'lne l Leucine l

Asparagine Arginine Serine Leucine Arginine

MNonconservative missense mutation

ATG | AAc] caT ] cae | ccs/{{c}l‘cce | 11 | 176 |CcaT
I

Methionine Arginine Proline Prpline Leucine

Asparagine Arginine Leucine Arginine

Monsense mutation

|l atg| aac]|ceT|cee]ceafTamNcea | 11A | TTG |CcaT |

Methionine Arginine Prolipe l
Asparagine Arginine Stop



Occurrence of germ line mutations are not so rare !!

De novo mutations|observed with parental origin assigned

Number of de novo mutations in proband

Father's Mother's Paternal Maternal Combined
age (yr) age (yr) chromosome chromosome
Trio 1 21.8 19.3 39 9 48
Trio 2 22.7 19.8 43 10 53
Trio 3 25.0 22.1 51 11 62
Trio4 36.2 32.2 53 26 79
Triob 40.0 39.1 91 15 06
Mean  29.1 26.5 55.4 142 (696)
s.d. 8.4 8.8 20.7 7.0 D
Variance 70.2 77.0 428.8 48.7 555.3

1.2 mutation/1x108 nucleotides/generation

10% potentially deleterious, or beneficial, ..or both !

A. Kong et al, Nature 2012



Selection events
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Admixture with “"archaic hominins”, a way to genome diversification

Passe
6-6,5 Ma — /\

immune response genes > rest of the genome !

550-760 Ka
Neandertal in Europe: 50 kyears ago
Denisova in Asia
A few % of our genome
Néunde{th /\

Présent Chimpanzé Européens Africains

-

Adapted fromM. Deschamps et al, 2016



Selection events
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Negative selection of innate immunity genes
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selection

3 Weaker

LTA, PG, LAM, PLM, porins, tGPI, HA
> diacyl lipopeptide, zymasan, Flagellin \
wiacyl lipopeprid / / lPS mannan,
Oy @ é ]
selective A |
&2
=

envelope proteins
constraints fe )

an
ETNo selective :E s
constraints p
%/ #
Cytoplazm W

g
q

NF-x8
= = o
= =| i Wy
Endozome = | Inflammatory [TypeIIFNs] %
| cytokines
< T>ED .
MHC gene I
B, e K regulation
S = :
S e o = H
)
1 -~ o~
e o ' OO
1 IR A A
N ;Y
z & & iid
< ¢ ¥ |
: l,:; e () i~ .
-l a ) ! S
NLRs 2 = 1-
= )
3 leR:

f‘ J g l

'~ :._: NALP: :__A :

' P | AVGT

E Bacor}algpmems L Viral nuclech t -M tal
ODs, IPAF, CIITA DAMPs and other signals | 365 Quintana-Murci et a

: Nat. Rev. Immunol, 2013



Selection, evolution.... and inherited diseases
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Monogenic inherited disorders of the immune system

PID diseases

400 p

350 F

300 F

250 F

200 F

150 p

100 p

50 F

AD e=—XL

total

1 in 3,000 live births

most with mendelian inheritance

infections, autoimmunity, allergy, inflammation, cancer

all arms of the immune system affected

identification of key molecules, pathways, functions
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PID in 1980 !
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Antibody deficiency in 2019
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Deficiency of T cell activation and downstream

signaling
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Selection, evolution....

thitive selection
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Adapted from L. Quintana-Murci et al,
Nat. Rev. Immunol, 2013



Example of adaptation by convergent (recurrent) evolution

* Mutations in the promoter of the lactase gene that appeared:
- 8-9000 years ago in Europe
- 7000 years ago Africa (south of Sahara)

« — persistence in adults of lactase gene expression enabling
milk lactose digestion

Setting of transition from gather/hunters to farmers




Selection, evolution.... desadaptation

Positive selection
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Adaptation to nutrition environment
resistance to a pathogen..
Increased risk of immunopathology

® MNeutral mutation ® FPositively selected mutation . .
in modern times |

Adapted from L. Quintana-Murci et al,
Nat. Rev. Immunol, 2013



Selection and consequences

environnement

microbes

nutrients
climate

O2 pressure, ..

 Alleles conferring resistance to trypanosomiasis (APOL1)
at risk for progressive kidney failure (E. Pays)

* Malaria and sickle cel disease (HBB),
Malaria and deficiency in G6PD (anemia)
Protection of red cells against productive infection



Health is the end result of a compromise

environment

microbes

nutrition, climate

genome >103 years
environment >10! y.

\ ) 100 v
behaviour behavior >10° y

3 dependent variables with an asynchronous evolution



Consequences: asynchronous evolution/adaptation

adaptation 4

Behavior: rapid

"desadaptation” —> diseases

genome: slow

—_
time

Exemples:

nutrition: type II diabetes, obesity

immune system: allergy, autoimmunity and inflammation




Asynchronous evolution/adaptation

% energy expenditure by the

immune system the immune system

A

Energy expenditure

« excess »
desadaptation —> diseases !

needs

’ / > time

4

Pathogen-induced pressure reduced ( western style countries)

Increase in the frequency of allergy, autoimmune and inflammatory disorders



Autoimmune diseases

- 80 diseases
systéemic (lupus, dermatomyositis)
or organ-specific (diabetes, thyroiditis)
- 7-10 % of the population (Europe, North America)

- Increased frequency with age (exceptions)

+ T lymphocyte-dependent (diabetes) and/or
B lymphocyte-dependent (hemolytic anemia, lupus,...)

- Multifactorial - genetics, environment



Prevalence and heritability of autoimmune diseases

Prevalence Concordance Sibling risk
(Europe /103)  Monozygotic twins (%)
(%)

Lupus 0.5 11-40 2
Crohn's disease 1 20-50 1.2
Type I Diabetes 2 2 13-47 6
Psoriasis 5 35-64 17
Multiple sclerosis 1 6-30 10
Rheumatoid > 0-20 8

arthritis



Genetics and immune diseases
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Evolution ans temporal desadaptation

Selection by resistance to microbes

(myobacteria, hepatitis C virus ,invasive bacterias...)

of genome variants associated with an increased risk of
autoimmune diseases or allergy

Examples : MDA 5 psoriasis
NALPI1 Addison, type I diabetes, vitiligo
DEFB1 asthma
HLA DQ ceeliac disease:
gluten intolerance
(emerged with agriculture 10,000 years ago)



Genetic variants selected during evolution associated with autoimmunity
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Geograbhical variations in susceptibilty:
Crohn's disease
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Distinct maladaptation !

DAB2, PTGER4
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IL 12B, LOC285627
e s Morermephi i on-Eurpears.
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OR = relative risk

-WiF MAF = allele frequency

East Asian JZ Liu et al, Nature Genetics 2015




Variants associated with immunopathology are
regulatory in most cases

GWAS SNPs

Coding 10.1% Other 14.0%
Synonymous 5.4%

3"UTR 3.2%
Splice 0.2%

Promoter 7.6%

KK-H Farth et al, Nature 2015

Enhancer 59.5%

* 90 % non coding

* 60 % in enhancers at work in immune cells « cis and trans eQTLs »
=P variation in gene (protein rexpression)



Genetic variation, immune response and diseases

High level expression of
interferon-induced genes

High risk haplotype for lupus

*
> —
B cis-eQTL
trans-eQTL

Dendritic cell Low level expression of
| interferon-induced genes

o e

Low risk haplotype

+ variant at risk of lupus Adapted from PK Gregersen, Science 2014



Evolution in the frequency of infectious diseases
and immunopathological diseases
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Mechanism(s) ?
Risk factors for allergy
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Mostly determined during early childhood ! Nature Immunology 2017



Astma and atopy prevalence in children raised in farms
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MJ Ege et al, NEJM 2011




Microbial exposure and risk of asthma

A Bacteria (PARSIFAL)
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MJ Ege et al, NETM 2011



Animals in farms are protective !

Comparison of 2 environments :
1.Farms with animals (Amish)
2.Industrialized farm (Hutterite)

Amish and Hutterite are closely related populations

(%) Amish
prevalence of asthma 5.2 21.3
Allergic Sensitization 7.2 33.3

Table 1. Demographic and Clinical Characteristics of the Study Populations.=

Eosinophils

Amish Hutterita

Characteristic (N=30) [N=30) 12- 520,001
Age (yr)

Median 11 12

Range 814 7-14 0 —_—
Gids (na)) 10 10 &
Sibships (no.) 15 14 ,é
Children with asthma (ne.) 0 6 G- a
Positivity for allergen-specific 1gE (no.) J

=0.7 kUA fliter 5 9 ﬂ:‘

>3.5 kU fliter F| 9 3] 8
Serumn Igk (kU fliter)

Median 21 64

Interquartile range 10-57 15-28%

# UA denotes allergen-specific unit. Amish Hutterite

MM Stein et al,
NEJIM 2016



A role for microbial endotoxins ?

Detection of endotoxins in house dust

P<0.001
20,000 =

15,000

10,0004

EU/m?

Amish Hutterite
Homes Homes

MM Stein et al,
NEJIM 2016



Experimental evidence
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Possible mechanism

Allergens
(HDM)
@ & () Endotoxin
/ Farming environment
l l s Microbial colonization
TLR4 TLR4

Current Opinion in Inmunclogy

E Haspeslagh et al, C€OI 2019



Farms environment may recapitulate ancient
environment to which our immune system is better
(genetically) adapted

Westem Ifestyle Protective Itestyle

Allergens
S. pneumoniae

< RSV/rhinovirus
housemn‘e%' pouuuon
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skin, I l
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Microbiome
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Immunity against parasites ! Nature Immunology 2017



Effect on the risk of inflammatory bowel

disease

IBD (Cumul. Incidence, %)
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S Timm et al,
Eur J Epidemiol 2014



Conclusions

* Our health is in part determined by consequences of
genetic adaptation events (selection) that occurred a long time
ago, in a naturel environnement much different from ours

- Science may provide knowledge to at least in part compensate
our relative inadaptation to the present environnement...




Implications

Are there selection factors to anticipate ?
a role for cancer, cardiovascular diseases ? no ! (late onset)
environment ??
new infectious agents ?

Does modern medicine prevent any selection/evolution ?

If yes, is there a risk to accumulate deleterious
germ-line mutations ?

Socioeconomic determinants are likely to play a much more
important role



Selection still at work at the individual level*

Tobacco
(nicotin receptor)

rs1051730 (CHRNA3)

Alzheimer disease

rs6857 (APOE)

0.35
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0.1 ¢—¢ observed ¢—$ observed
' 0.29
<38 41 46 51 56 61 66 71 76 81>84 <63 66 71 76 81 86 91 >94
Age Father age at death

EH Mostafavi et al, Plos Biology 2017

Reduction in allele frequency: negative selection !

*age related, post reproduction



