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Infections virales aigués: épidémies et pandémies
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Les virus sont des grands modulateurs de la biologie cellulaire

A Altération des voies de signalisation cellulaire

A Reprogrammation du métabolisme cellulaire

AMani pul ation du cycle cellulaire et de
A Modulation du trafic intracellulaire

ASubversion de | 6i mmunit® cellul aire

A é



Quelles maladies chronigues ?

Infections virales chroniques

|l nfecti on VIH (I mmunod®pression

Hépatites virales chroniques (VHB, VHC, VHD)

Infection latente/reactivation (Herpesviridae, Polyomaviridae

Paraparésie spastique tropicale: HTLV -1




Quelles maladies chronigues ?

Virus et cancers 15% des cancers humains

ADN EBV Bur ki tt, Hodgki n, L NH, cance
HPV Cancer du col, cancer de | 0a
VHB Cancer du foie
HHV8 Sarcome de Kaposi
MCPyV Carcinome a cellules de Merkel

ARN HTLV-1 Leucemie/Lymphome acellules Tde | d0adul t e
VHC Cancer du foie

Pl usi eurs autres assocliations di scut ®e
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Quelles maladies chronigues ?

4 Atteintes neurologiques

Maladies neurodégéneratives (HSV -1)
Syndrome de fatigue chronique (EBV, HHV -6, EV)

Diabete de type 1 (Coxsackievirus B)
Sclérose en plaque (EBV)
Thyroidites auto -immunes, Polyarthrite rhumatoide

\_

\_ J
(" Atteintes inflammatoires A
Cardiomyopathie dilatee (CVB, CMV) [ COVID long ]
Asthme, BPCO (virus respiratoires) SARS-Co\.2
MICI o Crohn, RCH & (Norovirus, CMV)
\ J
4 Maladies auto - immunes A

J




L1l en entre | T US et

Assocl ati on et ' de caus al

Postulats de Koch

Le micro-organisme g ywdans tous les organismes
souffrant de la mala sains.

Le micro -organisme 1 milieu de culture
pur (ne contenant g

Le micro -organisme naladie chez un animal
de laboratoire sensi.

Le micro -organisme do ouvel organisme hote rendu
malade puis identifié com agent infectieux original.




L1l en entre Vvirus et

Assocl ati on et | 1T en de causal

Criteres de Bradford Hill Criteres de Bradford Hill
Force de | dassoc Plausibilité

Stabilité de l'association Cohérence

Spécificite Preuve experimentale

Temporalité Analogie
Gradient biologique
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Entérovirus et
diabete de type 1



Le di ab te de type

A Maladie chronique Y
défaut de production
doi nsul i ne

Regulatory
Teell

A Destruction/altération de
fonction sélective des
cellules R du pancréas.

A Maladie auto - immune

Complete islet destruction

Bluestone et al, Nature . 2010 DiMeglio et al, Lancet. 2018



Le diab te de type

Survenue apres une longue phase preclinigue asymptomatique

The stages to type 1 diabetes

Anti -Insuline
(IAA)

Anti -GAD (GADA)
Anti -1A2 (IA -2A)

Starting point

e I Anti -ZnT8A
those with . Immune ; Y ;
relatives with ' activation ' Immune  Normalblood  Abnormal Clinical Long-
disease . Betacellsare | response | sugar blood sugar diagnosis standing
. attacked . Development | =2 =2 22 T1D
: © of single | autoantibodies  autoantibodies  autoantibodies
© autoantibody

DiMeglio et al, Lancet. 2018
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Une augmentation de | 01 nc
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Le di ab te de type

FACTEURS

UNE MALADIE MULTIFACTORIEtLEE
I[ ENVIRONNEMENTAUX

PREDISPOSITION ]
GENETIQUE J

SYSTEME IMMUNITAIRE

Pancréas

Destruction cellules 3

DIABETE DE TYPE 1



Le di ab t e

de type

LA PREDISPOSITIGENETIQUEEPEUTPASTOUTEXPLIQUER

A La plus forte association en Europe
A Environ 40% des cas de DT1

Non-HLA: INS, PTPN22, IFIH1 and
CTLA4

\-

/HLA: Haplotypes DR3-DQ2 et DR4-DQ8\

/

A 2.5-7% pour enfants de parents DT1
A3-8% fr re/siur DT
A Concordance entre homozygoté5980
A Variations géographiques; saisonnalitg

A Etudes sur les migrants

Stene LC, 2023: llonen et al, Nat Rev Endocrinol 2019: Redondo et al, NEJM. 2008



Le di ab te de type

LOI mpact des facteurs environnement auxX

a Early twentieth century b Early twenty-first century

A Régime alimentaire
A Médicaments

A Toxines

A VIRUS

Mumber of cases
Mumber of cases

I 1 1
1] 50 100 0 50 100

Degree of genetic or envirenmental Degree of genetic or environmental
contribution to T1DM (%) contribution to T1DM (%)

CGenetic factors Environmental factors

llonen et al, Nat Rev Endocrinol 2019



Virus et

Rotavirus

Virus de la rubéole Cytomegalovirus

4 A

DONNEES SCIENTIFIQUES
IMPORTANTES

. . . Entérovirus
Rétrovirus endogenes \ /

Traité de Virologie Médicale 2019 Alidjinoet Hober, feuillets de Biolog&3M JUILLET 2016



Ent ®r ovirus et di ab

Une association historigueé avec des a|

Viral Antibodies in Diabetes Mellitus

D. R. GAMBLE,* M.B.,, M.C.PATH., DIP.BACT. ; M. L. KINSLEY,} FIML.T.; M. G. FItTzGERALD,} M.D,, FR.C.P.
R. BOLTON,§ M.B., FRCP.; K. W. TAYLOR,|| M.D., PH.D.

British Medical Fournal, 1969, 3, 627630

ummary : Sera from 123 patients with diabetes mellitus
of recent onset, 155 patients with diabetes of more
than two years’ duration, and 250 normal persons were
collected over a period of two and a half years. All sera
were tested for neutralizing antibody to Coxsackie virus
types B1-6, and a sample was tested for complement-
fixing antibody to a number of viral, rickettsial, and
mycoplasmal antigens.

In diabetics of recent onset no evidence was found ol
any excess of antibodies to mumps virus or some common
respiratory viruses. Insulin-dependent diabetes within
three months of onset were found to have higher antibody
titres to Coxsackie B virus, particularly of type B4, than
either normal subjects or patients with diabetes of longer

\duraﬁon. j




Ent ®r ovi rus et di ab

@ The NEW ENGLAND May 24, 1979

'\f’_z;l JOURNAL of MEDICINE N Engl | Med 1979; 300:1173-1179
- DOI: 10.1056/NE)M197905243002102

Virus-Induced Diabetes Mellitus — Isolation of a Virus from the
Pancreas of a Child with Diabetic Ketoacidosis

Ji-Won Yoon, Ph.D., Marshall Austin, M.D., Ph.D., Takashi Onodera, Ph.D., and Abner Louis Notkins, M.D.

A Isolement de CVB4 du pancréas
de | d0enfant

Al nocul ation = |

A Isolement de CVB4 du pancréas
de la souris

Pancréas patient Pancréas souris

Yoon et aN Engl) Med.1979 May 24



EnNt ®r ovi rus et di ab

Détection plus frequente des entérovirus chez les patients DT1

-

~

ARN entérovirus

. Sang
Patient DT ARN entérovirus

Intestin Protéine entérovirus

Entérovirus infectieux
\ Pancréas ARN entérovirus

Protéine entéroviruy

Hober et sauter, 2010; Yeung et al., 2011; Hoberet Alidjinou , 2013
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Détection plus fréguente des enterovirus chez les patients DT1.: Méta -
an aIyS € Events/total
Cases Controls Odds ratio Weight Odds ratio
(95% CI) (% (95% CI)

Newly diagnosed diabetes

Subtotal (95% CI) 261/613  45/747 <> [ 56 12.73(6.43 to 25) ] Total 26 études j usS (g
R B < 18 »

Test for heterogeneity: t°=0.75, ¥“=26.87, df=11, 4448 SUjetS
Established diabetes
Subtotal (95% CI) 125/485 28/418 < 34 10.83 (3.99 to 29) A 1931 cas
Test for heterogeneity: t°=1.16, x°=20.93, df=8, A 2517 Contrﬁles
Eventual diabetes

Subtotal (95% CI) 27/647 15/634 —— 9 1.25(0.23t06.93) ;
Test for heterogeneity: 1°=0.85, x*=1.60, df=1, A AUtdmmunité: OR=3.7
Total (95% Cl) 413/1745 88/1799 -3 [100 9.77 (5.50t0 17.35)
Total events: 122 (treatment), 118 (control) A D|abéte de ’[ype 1: OR:
Test for heterogeneity: 12=1.09, ¥’=70.61, df=22,

P<0.001, I°=69% 0005 0.1 1 10 200
Test for overall effect: z=7.78, P<0.001 Favours Favours

control case

Yeung et al, BMJ. 2011



EnNt ®r ovi rus et di ab

Détection plus fréguente des enterovirus chez les patients DT1.: Méta -
analyse _
Association Between Enterovirus , _ _
Infection and Type 1 Diabetes Total 38 etudes | usqugen
Risk: A Meta-Analysis of 38 5921 sujets
Case-Control Studies A 2841 cas )
A 3080 contrdles
Kan Wang %", Fei Ye®*!, Yong Chen 2, Jianxin Xu'?, Yufang Zhao "%, Yeping Wang -2

and Tian Lan"?

A Association EV/DT1: OR =7.8
AAssociation quelle que soit | dorigine
A Association avec échantillons sang mais pas avec les selles

Wang et al, Frdfrtdocrina021



EnNt ®r ovi rus et di ab

Viome et ri sqgue de d®vel odpnmuetthent de | daut

EV-A-D i et P =0.007
medicine LETTERS
https://doi.org/10.1038/541591-019-0667-0 EV-A —p—e—— P=0.38

EV-B : b i P = 0.0005
Rhinovirus A-C e P=031
Prospective virome analyses in young children at Parochovius 1-6 el P=050
increased genetic risk for type 1diabetes Cardiovirus A-B . . «P=073
HAdV-A-F ——— P=0.72
Kendra Vehik ©™, Kristian F. Lynch', Matthew C. Wong?, Xiangjun Tian?, Matthew C. Ross?, HAQV-A P 080
Richard A. Gibbs3, Nadim J. Ajami? Joseph F. Petrosino?, Marian Rewers?, Jorma Toppari®®, -
Anette G. Ziegler”®®, Jin-Xiong She', Ake Lernmark ©", Beena Akolkar2, William A. Hagopian®, Adenovirus C r—ie— P=0.69
Desmond A. Schatz", Jeffrey P. Krischer', Heikki Hy6ty™, Richard E. Lloyd? and Adenovirus F \ ie « P=057
the TEDDY Study Group” )
Bocaparvovirus —f— P=055
Associatiorde| 6 amntuwoitéanttlots avecla Mamastrovinus e P=os4
. P ~ ~ Norwalk virus —ie—— P=062
detection prolongéedes EVB, plutdt g U O U N €  spporovine S I
detectiorponctuelle Gyodus . + P=081
0'-9 Q..g.-. 0’9 010\@ \('? @ e@ .\Q@
Vehik K et al, Nat Med. 2019 OR (95% CI) for islet autoimmunity

(yes versus no)



Ent ®r ovirus et di ab

D®t ecti on ARN ent®rovirus dans | eimswumitég

Etudes prospectives

Enterovirus Infection and Progression From Islet
Autoimmunity to Type 1 Diabetes

The Diabetes and Autoimmunity Study in the Young (DAISY)

Progression from islet autoimmunity to clinical type 1 diabetes in sample interval (median ~4 months) following infection detected
by enterovirus RNA in serum or rectal swab sample

Cases progressing HR (95% CI) adjusted
Person-years to type 1 diabetes Unadjusted HR for islet
Type of sample of follow-up in interval® (95% CI) autoantibodies
Serum
No enterovirus RNA in previous sample 494 g 1.00 (ref.) 1.00 (ref.)
Enterovirus RNA in previous sample 6.5 3 6.36 (1.80-21.4)% 7.02 (1.95-25.3)

Steneet al, Diabetes. 2010
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Détection ARN entérovirus dans le sang associé a la progression vers

DT1 _
Etudes prospectives

Enterovirus RNA in Blood Is Linked to the Development
of Type 1 Diabetes

2 18 - _
16 4 P=0.004 Détection EV plus fréquente 6

mois avant la séroconversion

P=0.01

il S

_
Birth-T1D  Birth-before 6 6month  Aab-T1D
month period period prior
prior Aab Aab

Oikarinert al, Diabetes. 2011
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Di fficult® do®tudi er | o0infection dans |
Données de biopsies sur sujets vive

~ ' ive enteroviruses, but not other viruses, detected in human
Donn®es doauto ps | e:;é:creas at the onset of type 1 diabetes in the DiViD study

Etu deS CaS CO ntrﬁ IeS Lars Krogvold "2 « Angelo Genoni( + Anna Puggioni® - Daniela Campani*® - Sarah J. Richardson”
Christine S. Flaxman® - Bjarn Edwin® - Trond Buanes® - Knut Dahl-Jargensen’” (3 - Antonio Toniolo®

Ylipaastet al, 5/65 0/40

Diabetologi2004 o o DA

HCV HAV Mumps Rubella Influenza Parainfluenza RSV Astrovirus Norovirus Rotavirus EV
RIChard Son et aI y 44/72 3/50 T1D cases at the clinical DiViD-1

A/B 1-4
onset DiViD-2

Diabetologi2009 iy

DiViD-5
DiViD-6
Non-diabetic cases of LPN-01

pancreatic LPN-03
adenocarcinoma

= O

i
-

“.l * N
;
5

LPN-08
LPN-11
LPN-14
LPN-15
LPN-17
LPN-19
LPN-21
LPN-27
LPN-31

Krogvolét al Diabetologiz022
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De | 0associ at

Coxsackievirus B (CVB) infection and type 1 diabetes
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5 R ()
CVB Islet auto-antibody Beta-cell & “ §~
infection seroconversion destruction
(candidate trigger)  (autoimmune initiation) (clinical progression) * CVB VP1 expression
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Mechanisms? \" ca9a0" f e ._

erdXy

Direct CVB-mediated Indirect immune-mediated
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4 4 e
! Potential P ST e
clinical i & PG
= benefit _ - £ Potential
i oL g clinical
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Testing with CVB vaccines

Initiation/aggravation

e HLAClass|

Lyse cellulaire et libération des

antigénes des cellules béta )

~

hyper-expression
¢ |mmune infiltration

Autoimmune

|

Présentation des antigénes aux LT auto-réactifs

Induction de stress et modifications antigéniques
Induction inflammation (bystander activation)

Autre: mimétisme moléculaire ?

priming

-

Al nfl amma timnwunité Z

A Infection persistante/répétée

auto

A T CDS8 autéactifs préexistants

Nekouat al, NaRevEndocrin@022; Carré et BhdocRev2023



Ent ®r ovi rus et DT 1

Une base génetique a la modulation de la réponse immunitaire aux EV

Rare Variants of IFIH1, a Gene Implicated in Antiviral Responses,
Protect against Type 1 Diabetes

Entérovirus .
IFIHIcode pour MDAS, un sensepr /\
de | 6i mmunit® ifnn®e JHmpliiigu/eeidans
la réponse aux enterovirus / \
Nejentsegt al, Science. 2009

Variants protecteurs: diminution expression

de MDADS et profil particulier reponse aux EV

Lincezt al, Science. 2009 Lei et aliruses2016
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Un tropisme pancréatique connu (cellules béta) pour les EV notamme#ft les CV

Analysis of pancreas tissue in a child positive
for islet cell antibodies

M. Oikarinen « 8. Tauriainen « T. Honkanen - K. Vuori -
P. Karhunen - C. Vasama-Nolvi - 8. Oikarinen »

C. Verbeke - GG. E. Blair - I. Rantala - J. Ilonen -

O. Simell - M. Knip - H. Hyity

Oikarinent al Diabetolog2008

Unexpected subcellular distribution of a specific isoform

of the Coxsackie and adenovirus receptor, CAR-SIV, in human pancreatic
beta cells

Eseoghene Ifie’ - Mark A. Russell’ - Shalinee Dhayal ' - Pia Leete ' - Guido Sebastiani® - Laura Nigi* - Francesco Dotta“® -
Varpu Marjoméki* - Decio L. Eizirik* - Noel G. Morgan' - Sarah J. Richardson' (®

Ifieet alDiabetologiz018 *-E}f-"m' ). WU
Sl T AR e

. J\:'."l:"‘ I NP



Les EV ont un potentiel inflammatoire Cellules de | &immun.i
s |gG1o'*'. = 4000
oo - Une facilitatior
IR, ol—— ML N [ W monocytes circulants par des
IFNa (pg/mL) )
| _ anticorps nomeutralisants
000 Inflammation +++
IL-6 (pg/mL) ° 24h - . - 72h
ADes taux <@lpha ob8eeés clbddedphitients atteints de
DTlavec une d®tection dOoOEV dans |

Alidjinou et al, J Mol Biol 2013; Alidjindirasa015

33
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NATURE REVIEWS | ENDOCRINOLOGY

Anatomepathologie: . . — . _
Persistent coxsackievirus B infection

une persistance p gpd pathogenesis of type 1 diabetes g

dInsulin mRNA

to high glucose 1 C-peptide levels

AR [
¥ mellitus
g Magloire Pandoua Nekoua®, Enagnon Kazali Alidjinou® and Didier Hober(™
g |
g 3= ' Human primary cells |
B s | ‘
i = a
& : ‘
£) : ! Y i
it 1
f | Ductal cell TEC cultures B
| cultures \
o B ! CVB4 E2 |
€ i { v CVB4 E2 |
$ o ' CvB4VD2921  CVB3Nancy |
% v I CVB4 E2 !
= | CVB4)VB ‘
,% | Lislet-like cell TIL-6 |
L%t TIPSR b s | i aggregate $LIF :
i 2 . |
Insulin (brown)/ glucagon (red) Class | MHC Enteroviral VP1 i Linsulin J - TIFNa formation GMCSF |
|
| |
| |
| |

Richardson et BhdocrindathoP014
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L a vaccination ??7?

I

Nature Reviews Endocrinology 2018

Diabetes
Towards a coxsackievirus B-based vaccine to combat
T1IDM

Didier Hober & & Enagnon Kazali Alidjinou

A Apporter la preuve du lien de causalité

APr®venir | 8ini-imimanitdé on
A Prévenir la progression vers le diabéte de type
1

U

S

et

DT 1

Vaccination of young
infants: Protection
against B-cell tropic EVs
to prevent islet
autoimmunity and T1D

Vaccination of auto-
antibody positive subjects:
Protection against -cell
tropic EVs to prevent
progressionto T1D.

Vaccination of TID
patients: Protection
against B-cell tropic
infections to preserve
remaining B-cells.

[
r o

de

Relative rate of enterovirus positivity

J

Initiating
infections

Viral persistence

Birth

LS

|

Accelerating
infections

______"T-'

~"
Autoantibodies

Age of the child

Diabetes

Hyoty et al, Expert RevVaccines. 2018
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S et DT 1

Des résultats prometteurs sur modele animal avec des vaccins anti- CVB

A Coxsackievirus B vaccine protects against virus-induced diabetes

in an experimental mouse model of type 1 diabetes

Virginia M. Stone'” - Minna M. Hankaniemi” - Emma Svedin' -
Amirbabak Sioofy-Khojine” - Sami Oikarinen?” - Heikki Hydty > - Olli H. Laitinen” -
Vesa P. Hytonen 23 . Malin F lodstrﬁm-Tullberg"z

Coxsackievirus B Vaccines Prevent Infection-
Accelerated Diabetes in NOD Mice and Have No
Disease-Inducing Effect

Virginia M. Stone,! Marta Butrym,? Minna M. Hankaniemi,? Amir-Babak Sioofy-Khojine,?
Vesa P. Hytonen,2® Heikld Hyoty,2? and Malin Flodstrom-Tullberg?!

Diabetes 2021:70:2671-2878 | https:/fdolorg/10.2337/db21-0193

SCIENCE ADVANCES | RESEARCH ARTICLE

IMMUNOLOGY

A hexavalent Coxsackievirus B vaccine is highly
immunogenic and has a strong protective capacity
in mice and nonhuman primates

V. M. Stone'?*, M. M. Hankaniemi**, 0. H. Laitinen?, A. B. Sioofy-Khojine?, A. Lin3, I. M. Diaz Lozano’,

M. A. Mazur', V. Marjomiki®, K. Loré®, H. Hybty®*, V. P. Hyttnen>>*, M. Flodstrém-Tullberg'2*"

A preclinical study on the efficacy and safety of a new vaccine
against Coxsackievirus B1 reveals no risk for accelerated diabetes
development in mouse models

Piir G. Larsson » Tadepally Lakshmikanth - Olli H. Laitinen - Renata Utorova -
Stella Jacobson - Maarit Oikarinen - Erna Domsgen - Minni R. L. Koivanen -
Pascal Chaux - Nicolas Devard - Valerie Lecouturier - Jeffrey Almond -

Mikael Knip - Heikki Hyoty - Malin Flodstrim-Tullberg
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Un traitement antiviral ???

Uus et DT 1

Pleconaril andribavirininnew-onset type1l
diabetes: aphase 2randomized trial

EDsqy
Drug name CCsg, pM Unit CVB1 CVB2 CVB3 CVB4 CVBS CVB6 sIt
Azithromycin 577 M NE NE 32 NE NE NE 18
Enviroxime 58 uM 0.2 0.2 0.3 0.1 0.2 0.1 193
Favipiravir 1069 uM 363 98 141 NE 164 380 2.8
Fluoxetine 60 uM 8.1 52 5.7 6.2 3.6 7.1 7
Guanidine hydrochloride 1785 uM 4.4 4.2 4.4 29 2.8 6.0 297
Hizentra NC mg/ml 0.2 0.04 0.02 NC NC 1.4 NC
Itraconazole 2498 M 59 4.0 2.4 6.9 7.2 8.0 312
Lovastatin 80 uM NE 0.1 NE NE NE NE 800
Studies Norfluoxetine 90 pM 6.7 4.8 5.5 4.5 33 6.3 13
Pleconaril 3111 uM 0.1 0.5 NE 0.3 0.04 0.3 6222
Ribavirin 8 nM 620 230 320 300 160 410 13

a , .
20 Treatment

P . . % Placebo and Intervention
= : : ] Pleconaril/ribavirin
£ . . $ /
T 15
)
>
2
o 1.0
o
g8 .
o le —
Q
5 0.5
= .
(&)
-]
<

0 T . .

T T T
Baseline 3 months 6 months 12 months
Antiviral treatment/placebo Follow-up

Krogvoleét al, Nat Med . 2023

Un effet positif sur la production
ddi ns oldsarve &l an, et qui
ensuite

endogene
disparait

Persistent infection of human pancreatic cells with Coxsackievirus B4
is cured by fluoxetine

Enagnon Kazali Alidjinou, Famara Sané, Antoine Bertin, Delphine Caloone, Didier Hober *

Fluoxetine can inhibit coxsackievirus-B4 E2 in vitro and in vivo

Mehdi A. Benkahla® Enagnon Kazali Alidjinou®, Famara Sane”, Rachel Desailloud”,
Didier Hober™"



EBV et Sclérose en plaques



La scl ®r ose en pl aqgl

Maladie inflammatoire chronique et neurodegéenérative

A 2,8 millions de personnes vivent avec la SEP

(a)

dans le monde (35,9 pour 100 000 habitants)

A La prevalence de la SEP a augmenté dans
toutes les régions du monde depuis 2013,

A Taux d'incidence cumulé : 2,1 pour 100 000
personnes/an

Number of people with MS. X
Pravalence per 100,000 pecple

B oo .
g A Age moyen au diagnostic: 32 ans.

01 - 200

A Les femmes sont deux fois plus susceptibles
gue les hommes.

Walton C, Mult Scler. 2020



EBV, un virus aux multiples facettes

EBV Naive B cell Naive B cell Memory B cell Memory B cell Memory B cell Plasma cell
50 @ —0— 0 — ©® — @
| | + | | + | | r | , >
/ a 2N p 4 J \ y
e ! = R = e =
; MC 11
oA Latency Il Latency |l Latency 0 Latency | Lytic
B-cell expansion B-cell survival Normal state in B-cell homeostatic Viral replication
healthy conditions division
Noncoding RNAS 522$§
LMP1 N ——
Cell surface proteins LMPZA/B o —_—
P EBNA-LP — m e
EBNAT [E——— — —
EBNA2 — —
Nuclear proteins EENASA/B/C  me— —_—
BZLF1 _
Lytic program —

Wahbeh et Sabatino, 2025



EBV et sclérose en plaques

MULTIPLE
SCLEROSIS
JOURNAL

MS)

A SEP: Association a la séropositivite EBV plus
fréequente

Systematic Review

Systematic review and meta-analysis of the

association between Epstein—Barr virus, _ _ _
multiple sclerosis and other risk factors A MNI symptomatique (donc infection plus

Benjamin M Jacobs®=, Gavin Giovannoni, Jack Cuzick and Ruth Dobson tardive) : 2X plus de risque

In(OR) SE(In(OR)) Weight  OR [95% Cl] v, Roaggg:?gg% cl A AC antl - EBV |ES IgG antl - EBNA patlents SEP

adma: T te R ASRS Oy A levé i Slevé
. il _
Pandit 2013 178 06031 9.8% 5'96{1.83;'19,42)] —— >>>> COntrO|eS TaUX e|eVGS EBNA - ”Sque eleve
A W B " . ;
e A R e de developper une SEP
van der Mei 2010 1.49 0.5101 10.8% 4.43(1.63; 12.04) ——
Van der Mei 2016 1.76 0.4684 11.3% 5.81(2.32; 14.55] —ar—
:mal i C'T) “=0.7718; Chi* = 54.35 190'3%9 7693 [4]}1;81559;21] =1 A A
o, t ‘= 0.7718; Chi" = , df = 8 (P < 0.01); I = 85% 1 1 1
SER B A A Interaction entre EBV et la predisposition
I ikely

(@) généetique: HLA -DRB1*15:01 = risque le plus

Study ln(ORg SE(In(O%)e) Weight OR [95% CI] IV, Random, 95% CI S , , o~ , ,
De Jager 2008 1.2 0.74 5.3% 3.30[0.77; 14.10) e | H d | I G
Lucas 2011 : . 0.0% \ g E B N A
Pandit 2013 0.19 06162 7.3% 1.21[0.36; 4.04] e e eve’ aSSOCI e a‘ eS taux e eves
Simon 2010 0.88 0.2069 28.6% 2.40[1.80; 3.60] —.—
Sundqvist 2011 0.88 02574 238% 2.36([1.43; 3.91] —
Sundstrom 2008 1.81 0.6231 7.2% 6.11(1.80;20.72) il yr—
van der Mei 2010 240 0.5803 8.1% 11.04 [3.54, 34.43) ———
van der Mei 2010 1.00 0.5086 10.0% 2.71[1.00; 7.34]  ——
Van der Mei 2016 1.1 05246 9.5% 3.02([1.08; 8.44] . —
Total (95% CI) _ 2 100.0% 2.90 [2.03; 4.14] |-
Heterogeneity: Tau® = 0.0734; Chi® = 10.02, df = 7 (P = 0.19); I = 30% f L 1
01 051 2 10
(b) MS less likely MS more likely

Wahbeh et Sabatino, 2025
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Longitudinal analysis reveals high prevalence of .
Epstein-Barr virus associated with multiple sclerosis Science

Kjetil Bjornevik"t, Marianna Cortese', Brian C. Healy**, Jens Kuhle®, Michael J. Mina®"", Bjornevik et al., Science 375, 296-301 (2022) 21 January 2022
Yumei Leng®, Stephen J. Elledge®, David W. Niebuhr®, Ann 1. Scher®,
Kassandra L. Munger'}, Alberto Ascherio%%+
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Longitudinal analysis reveals high prevalence of
Epstein-Barr virus associated with multiple sclerosis

Kjetil Bjornevik't, Marianna Cortese't, Brian C. Healy’>*, Jens Kuhle®, Michael J. Mina®72,
Yumei Leng®, Stephen J. Elledge®, David W. Niebuhr®, Ann I. Scher®,
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Bjornevik et al., Science 375, 296-301 (2022)
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Longitudinal analysis reveals high prevalence of 0
Epstein-Barr virus associated with multiple sclerosis SCIGHCQ

Kjetil Bjornevik't, Marianna Cortese', Brian C. Healy>>*, Jens Kuhle®, Michael J. Mina®”2, Biomevik et al. Seience 375, 296501 (2022 21 January 2022
Yumei Leng®, Stephen J. Elledge®, David W. Niebuhr®, Ann 1. Scher®,
Kassandra L. Munger'f, Alberto Ascherio'**{
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Comment un virus ubiquitaire peut -il conduire a la SEP
pl usi

Box 1|

Epidemiological evidence
supporting that EBV causes MS

Direct evidence
This evidence is based on the extended longitudinal study of
individuals who are negative for Epstein-Barr virus (EBV).
¢ The risk of multiple sclerosis (MS) before EBV infection is
negligible”
e Infection with EBV increases MS risk more than 30-fold”
e EBV infection precedes elevations in blood levels of neurofilament
light chain®¢, a marker of neuroaxonal damage®
¢ Infection with cytomegalovirus, which is transmitted similarly to
EBV, is not followed by an increase in MS risk?*?
¢ |navirome-wide analysis, only antibodies to EBV peptides showed
enrichment in patients with MS compared with matched controls™

Collectively, the above results rule out confounding and reverse
causation, thus providing compelling evidence of causality.

Corroborating evidence
¢ Infectious mononucleosis, a symptomatic EBV infection,
has consistently been associated with a twofold to threefold
increased MS risk"’, which persists for decades'®
¢ |nindividuals infected with EBV, titres of antibodies to EBV are
the strongest markers of future MS risk'

Bjornevik , Nat Rev Neurol 2023

chez certains I ndividus
primaire ?
A Processus en plusieurs étapes qui fait intervenir

| i nfection par

génétigues et/ou environnementaux .

e

Vi

r

us

Prédisposition génétique ( HLA-DRB1*15:01 ): 3-6X

Tabagi s me,

Interactions génetique d facteurs environnementaux

Variants génomiques EBV: EBNA-2

ob ®s i th@oVdla: kX

Aloisi et al. Lancet Neurol 2023; Goris et al. Lancet Neurol 2022
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Quel scénario physiopathologique ?

Meningeal tertiary
lymphoid tissues

—_

Plasma cells

Activated 2 »\\

myeloid cells =

EBV-transformed
B cell proliferation

Primary EBV ® O L =
infection > \D o . \‘
e.g. M Pro-inflammatory Oligoclonal
cytokines bainels
EBV-specific

B cell expansion

EBV-specific
T cell expansion

Autoantigen
cross-reactive T cell

Autoantigen
cross-reactive B cell
CNS

Munz, Nature Reviews Microbiology 2025
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EBNA1-DNA complex

Article

Clonally expanded B cellsinmultiple
sclerosis bind EBV EBNAl1and Glial CAM

2022

https://dol.org10.1038/s41586-022-04432.7  Toblas V. Lanz"***, R. Camille Brewer"*, Peggy P. Ho®, Jas-Seung Moon"*, Kevin M. Jude®,
Daniel Fernandez’, Ricardo A. Fernandes®, Alejandro M. Gomez'*, Gabriel-Stefan Nadj'*,
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PNAS RESEARCH ARTICLE | IMMUNOLOGY AND INFLAMMATION 2025 wi' OPEN ACCESS

Antibody reactivity against EBNAI and GlialCAM differentiates
multiple sclerosis patients from healthy controls
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EBV et SEP : perspectives

W M Epstein-Barr virus as a cause of multiple sclerosis:

CrossMark

opportunities for prevention and therapy

Francesca Aloisi, Gavin Giovannoni, Marco Salvetti

Lancet Neurol 2023; 22: 338-49

At risk

High risk Prodromal or RIS

Genetic background,
low ultra-violet light
exposure or vitamin D
levels, childhood obesity,
or cigarette smoking

Primary prevention:
prophylactic EBV
vaccine

CIS or dlinical Definite multiple
progressive onset sclerosis

Lancet Neurol 2023; 22: 338-49 I

1‘{}1.

ik With or without OCB With or without OCB

infection: High

dosein EBNA-1 Neurodegeneration onset:
inoculum, 19G raise in neurofilament
genetic light serum levels
variants?

Secondary prevention: therapeutic EBV vaccine or other vaccine

With OCB With OCB

Increased EBV- Increased and

specific T-cell dysfunctional EBV-

response in CIS specific T-cell
response

EBV-targeting therapies: therapeutic vaccine, T-cell
immunotherapy, antivirals




De | OEM/ SFC au Covi

Prévalence yl1%, soit
17 - 24 million

Marshall -Gradisnik and Eaton-Fitch, Science 2022



