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VORWORT

Prof. Dr. Fritjof Helmchen

Die Feier zur Verleihung der jahrlichen Preise der Stiftung Prof. Dr. Max
Cloétta zur Auszeichnung von herausragenden Forscherpersonlichkeiten
im Bereich der medizinischen Forschung ist jedes Jahr ein Hohepunkt.
Dieses Jahr freuen wir uns sehr, dass die Feier wieder einmal in Genf
stattfindet. Wahrscheinlich fragen Sie sich, wie der Ort fiir die Verleihung
des Cloétta-Preises eigentlich festgelegt wird. Uber viele Jahre hinweg
ist es mittlerweile Tradition, dass jdhrlich zwei Personlichkeiten mit dem
Preis ausgezeichnet werden, wobei ein Preis fiir besondere Fortschritte
im Bereich der Grundlagenforschung vergeben wird und der zweite Preis
herausragende Arbeiten in klinisch relevanter Forschung wiirdigt. Aus
den Arbeitsorten der Preistragenden wihlt der Stiftungsrat einen Ort fiir
die Preisverleihung aus, wobei wir anstreben, moglichst eine Rotation
zwischen den grossen Universititsstddten der Schweiz zu erreichen. So
fand die Feier iiber die letzten 5 Jahre in Ziirich, Bern, Basel und Lau-
sanne statt und in Genf zum letzten Mal 2015. Es ist also wunderbar, wie-
der zuriick in Genf zu sein, und wir freuen uns auf die Vortrage der dies-
jahrigen Preistragenden, die beide iiberzeugende Forschungsarbeit im
Bereich der Immunologie geleistet haben.

Prof. Dr. Annette Oxenius von der ETH Ziirich ist fasziniert von der Di-
versitdt und grossen Anpassungsfihigkeit des Immunsystems. Thre For-
schung fokussiert sich auf die adaptive Inmunabwehr, welche durch Im-
munzellen (B- und T-Zellen) vermittelt wird und auch fiir die Ausbildung
eines immunologischen Gedichtnisses sorgt, sodass einmal erkannte Pa-
thogene bei erneuter Infektion effektiver bekdmpft werden konnen. Die
Gruppe von Prof. Oxenius hat dabei insbesondere wichtige Beitrige zu
den molekularen Mechanismen der Differenzierung und Regulation von
T-Zellen beigetragen.

Prof. Dr. Doron Merkler von der Universitit Genf und dem Genfer Uni-
versititsspital untersucht in seiner Forschung wie es im Zentralnerven-
system trotz vermeintlicher Isolation durch Barriereschranken zu Infek-
tionen und Autoimmunreaktionen kommen kann. Dabei konnen frithere



Infektionen die Wahrscheinlichkeit fiir das spitere Auftreten von Autoim-
munerkrankungen, wie zum Beispiel der Multiplen Sklerose (MS), er-
hohen. Das Immun-Gedéchtnis ist also ein zweischneidiges Schwert und
die Gruppe von Prof. Merkler konnte am Mausmodell und bei MS-Patien-
ten wichtige Details der zugrunde liegenden zelluldiren Mechanismen
kldren.

Neben der Wiirdigung von wissenschaftlicher Exzellenz durch den Cloétta-
Preis hat sich die Stiftung Prof. Dr. Max Cloétta der Unterstiitzung des
wissenschaftlichen Nachwuchses verpflichtet. Dies geschieht zum einen
durch die Vergabe von Fortbildungsstipendien «Klinische Medizin Plus»,
mit deren Hilfe junge Mediziner und Medizinerinnen eine Zusatzausbil-
dung an einer internationalen Institution durchfiihren kénnen, zum Bei-
spiel um eine spezielle neue Technik zu erlernen. Zum anderen finanziert
die Stiftung Forschungsstellen an Schweizer Hochschulen, Kliniken oder
Instituten, welche die Einrichtung einer unabhingigen Forschungsgruppe
ermOglichen und als Briicke bis zum Erwerb einer Professur gedacht sind.
Diese Forderung der Nachwuchsgeneration in der medizinischen For-
schung liegt uns besonders am Herzen.

Im Jahr 2023 erwarten uns besondere Ereignisse, da die Cloétta Stiftung
ihr 50-Jahre-Jubildum feiern wird. Zusétzlich zur reguldren Feier wird
im September ein grosses Jubilaums-Symposium stattfinden, an welchem
unter anderem auch ein besonderer Jubildums-Preis vergeben wird. Wir
freuen uns darauf, an diesem Anlass viele Personen zu begriissen, die mit
der Cloétta Stiftung seit vielen Jahre verbunden sind, und zusammen mit
vielen Giésten zu feiern.

Zum Schluss mochte ich mich bei Anja Witte, der Geschiftsfiihrerin der
Stiftung Prof. Dr. Max Cloétta, sowie Nathalie Beuttner sehr herzlich fiir
die hervorragende Unterstiitzung des Stiftungsrates bedanken sowie fiir
die Organisation der diesjdhrigen Feier.

Nun wiinsche ich Thnen allen eine anregende Lektiire dieser Broschiire
und viel Freude bei der Feier fiir unsere diesjahrigen Preistragenden.



Anja Witte
Geschdiftsfiihrerin

Stiftungsrat

Anfang 2022 ist mit Sabine Werner eine weitere Cloétta-Preistragerin
(2008) und exzellente Wissenschaftlerin in den Stiftungsrat eingetreten.
Dem Gremium gehoren, wie bereits langjahrig bewihrt, sechs hochkaré-
tige Medizinprofessorinnen und -professoren und drei anerkannte Exper-
ten auf dem Gebiet der Finanzen und des Rechts an.

Einmal mehr bedanken wir uns ausdriicklich bei den Mitgliedern des Stif-
tungsrates, die engagiert ihr Fachwissen und ihre Erfahrung einbringen,
sowie bei den Expertinnen und Experten, deren Gutachten die Entschei-
dungsfindung auch bei der Auswahl der Cloétta-Preistragenden unter-
stiitzen. Erst diese breit abgestiitzte Kompetenz ermoglicht es der Stif-
tung, ihren Zweck wirkungsvoll umzusetzen und die medizinische
Forschung sowie die damit verbundenen naturwissenschaftlichen Hilfs-
disziplinen in der Schweiz und im Ausland zu fordern und zu unterstiitzen.

Cloétta-Preis

Der Stiftungsrat und die Geschiéftsstelle freuen sich, 2022 zwei hochka-
ritige Preistragende aus dem Bereich der Immunologie mit dem Cloétta-
Preis auszuzeichnen: Der erste Preis geht an Prof. Dr. Annette Oxenius,
ordentliche Professorin am Institut fiir Mikrobiologie und Departements-
vorsteherin des Departement Biologie an der ETH Ziirich. Mit Herrn
Prof. Dr. Doron Merkler wird ein ordentlicher Professor der Abteilung
fiir Pathologie und Immunologie und dem Genfer Zentrum fiir Entziin-
dungsforschung der Medizinischen Fakultét der Universitidt Genf geehrt.
Unser herzlicher Dank gilt den Verantwortlichen der Universitit Genf,
wo wir dieses Jahr zu Gast sein diirfen, und ihrem Vertreter in unserem
Stiftungsrat, Prof. Dr. Walter Reith, fiir die tatkréftige Unterstiitzung bei
der Organisation der diesjdhrigen Preisverleihung.



Forschungsstellen

Die Forschungsstellen der Stiftung Prof. Dr. Max Cloétta sind fiir den
akademischen Mittelbau in der Schweiz von grosser Bedeutung. Finan-
ziert werden Stellen an schweizerischen Hochschulen, Kliniken oder In-
stituten fiir bereits ausgebildete und selbststindig arbeitende Forsche-
rinnen und Forscher bis max. 40 Jahre. Mit diesem Programm will die
Stiftung einem Mangel an Forschernachwuchs in der Schweiz entgegen-
wirken und den Stelleninhabenden helfen, die manchmal nicht einfache
Phase bis zur Berufung auf eine ordentliche Professur zu tiberbriicken.
Die Stipendien werden alle zwei Jahre vergeben, im Jahr 2022 erfolgte
die erneute Ausschreibung, mit einer Vergabe im Jahr 2023.

2022 finanzierte die Stiftung Prof. Dr. Max Cloétta folgende Forschende
an Schweizer Universititen mit dreieinhalb- bis fiinfjdhriger Unterstiit-
zungsperiode:

Dr. Sophie Croizier, 1984, Universitit Lausanne,
Center for Integrative Genomics.

Projekt: «Stress Regulation of Energy Metabolism»
Unterstiitzungsdauer: 1.9.2021-31.08.2026

Dr. Andras Jakab, 1985, Universitits-Kinderspital Ziirich,
Center for MR-Research.

Projekt: «From axons to therapy: Characterizing the connectivity
of the human thalamus with 3D multi-scale imaging»
Unterstiitzungsdauer: 1.10.2020-31.12.2024

Dr. Paula Nunes-Hasler, 1980, Universitit Genf,

Institut fiir Pathologie und Immunologie.

Projekt: «Exploring the ER-phagosome connection during antigen
cross-presentation»

Unterstiitzungsdauer: 1.10.2019-30.9.2024

Dr. Salvatore Piscuoglio, 1982, Universitit Basel,

Departement Biomedizin.

Projekt: «Biomarker identification to guide surgical intervention
after neoadjuvant chemoradiotherapy in rectal cancer»
Unterstiitzungsdauer: 1.7.2021-30.6.2026



Dr. Alexandre Theocharides, 1975, Universititsspital Ziirich,
Klinik fiir Himatologie.

Projekt: «The role of cell-extrinsic factors in hematopoietic stem cell
malignancies»

Unterstiitzungsdauer: 1.6.2015-31.03.2022

(Sistierung 1.9.2019-31.12.2020 & 1.1.-30.6.2021)

Klinische Medizin Plus

Seit 2010 vergibt die Stiftung Prof. Dr. Max Cloétta Stipendien «Klini-
sche Medizin Plus». Medizinerinnen und Medizinern werden wihrend
oder unmittelbar nach Abschluss ihrer Facharztausbildung Stipendien
von drei bis maximal zwolf Monaten fiir die Absolvierung einer Spezi-
alausbildung an einer renommierten, vornehmlich ausldndischen Institu-
tion ausgerichtet.

2022 kommen folgende Medizinerinnen und Mediziner in den Genuss
eines Stipendiums:

Dr. med. Laura Binkert, 1989, Fellow Pediatric Emergency Medicine,
Notfallzentrum fiir Kinder und Jugendliche, Inselspital Bern.

Projekt: Clinical Fellowship in Pediatric Emergency Medicine

Guest Institution: British Columbia Children’s Hospital, Vancouver,
Canada, 1.12.2021-30.6.2022

Dr. med. Alessandra Bosch, 1989, Clinical Fellow Haematology/
Oncology, Universitits-Kinderspital Ziirich.

Projekt: Clinical & Research subspecialty Fellowship in Paediatric
Haemostasis and Thrombosis

Guest Institution: Hospital for Sick Children, Toronto, Canada,
1.7.2022-30.6.2023

Dr. med. Corrado Garbazza, 1981, Resident in Psychiatry,
Neurologie, Universitidre Psychiatrische Kliniken Basel.

Projekt: Fellowship in Circadian Medicine & Research Appointment
in Circadian Pathophysiology

Guest Institution: Beth Israel Deaconess Medical Center, Circadian
Medicine Clinic; Brigham and Women’s Hospital, Division of Sleep
and Circadian Disorders; Harvard Medical School, Boston, USA,
1.2.2022-31.1.2023



Dr. med. Lukas Graf, 1989, Assistenzarzt, HNO, Universitits-
spital Basel.

Projekt: Ear microsurgery training and development of implantable
microphones

Guest Institution: Eaton-Peabody Laboratories, Mass. Eye and Ear,
Harvard University, Boston, USA, 1.2.2022-31.1.2023

Dr. med. Levin Hiini, 1988, Resident, Department of Neurosurgery,
Inselspital Bern.

Projekt: Minimally invasive surgical closure of spinal cerebrospinal
fluid leaks in spontaneous intracranial hypotension

Guest Institution: Department of Neurosurgery, Universitétsklinikum
Freiburg, Freiburg, Deutschland, 1.12.2021-31.8.2022

50-Jahre-Jubildum der Stiftung

2023 besteht die Stiftung Prof. Dr. Max Cloétta seit 50 Jahren. Dieses Ju-
bildaum nehmen wir zum Anlass um mit der Cloétta-Family von aktuel-
len und ehemaligen Preistrigerinnen und Preistrdgern, Stipendiatinnen
und Stipendiaten und allen aktuellen und ehemaligen Mitgliedern des
Stiftungsrates sowie unter Einbeziehung von Weggefihrtinnen und Weg-
gefihrten und Interessengruppen aus Forschung, Wirtschaft, Politik und
Gesellschaft die medizinische Forschung zu feiern.

Im Rahmen eines eintéigigen Symposiums am 28. September 2023 wol-
len wir vor allem gemeinsam in die Zukunft schauen. Wir méchten an-
regen zu einem Dialog zwischen den Disziplinen sowie zwischen For-
schenden und der Gesellschaft. Dazu passend wird der Swiss Re Centre
for Global Dialogue in Riischlikon fiir das geeignete Ambiente sorgen.
Ein vielfiltiges Programm rund um das Thema

Pushing frontiers in medicine

ladt zu Austausch, Vernetzung und Interaktion ein. Freuen Sie sich be-
reits jetzt mit uns auf ein spannendes, lehrreiches und zukunftstrichtiges
Jubildumsfest!
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THE CLOETTA PRIZE 2022
IS AWARDED TO

PROFESSOR

DORON MERKLER

BORN IN 1974 IN RAMAT GAN, ISRAEL
DEPUTY HEAD OF THE DIVISION OF CLINICAL PATHOLOGY
AND SENIOR PHYSICIAN IN NEUROPATHOLOGY
IN THE DEPARTMENT OF PATHOLOGY AND IMMUNOLOGY
AND THE DEPARTMENT OF DIAGNOSTICS AT THE UNIVERSITY
OF GENEVA AND GENEVA UNIVERSITY HOSPITALS

FOR HIS OUTSTANDING CONTRIBUTIONS
TO BIOMEDICAL RESEARCH AND TO THE ELUCIDATION
OF THE FUNCTIONAL CHARACTERIZATION OF CD8+ T-CELLS
IN THE PATHOGENESIS OF BRAIN INFLAMMATION

GENEVA, 25™ NOVEMBER 2022

IN THE NAME OF THE FOUNDATION BOARD:

THE PRESIDENT THE VICE PRESIDENT

s I

A MEMBER

W ll
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DORON MERKLER



CURRICULUM VITAE

Personal Information

Family name:

First name:
Research ID:

Date of birth:

Nationality:
Professional
address:

Merkler

Doron

N-9157-2016

22.04.1974, Ramat Gan, Israel

Suisse, Israel

Department of Pathology and Immunology
Division of Clinical Pathology

Centre Médical Universitaire

Rue Michel Servet 1

1211 Geneva

E-Mail: doron.merkler@hcuge.ch

URL website: https://www.unige.ch/medecine/pati/
en/groupes/908merkler/

Current Position(s)

As of 2020

Full Professor, Deputy Head of the Division of Clini-
cal Pathology, and Senior Physician in Neuropathology
in the Department of Pathology and Immunology and
the Department of Diagnostics, University of Geneva
and Geneva University Hospitals (HUG), Switzerland

Previous Positions

2016-2020

2010-2016

Associate Professor and Consultant in Neuropathology,
University and University Hospitals of Geneva, Dept.
of Pathology and Immunology, Switzerland

Assistant Professor and Consultant in Neuropathology,
University and University Hospitals of Geneva, Dept.
of Pathology and Immunology, Switzerland
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2009-2010

2003-2008

2002

Education

2009

2003-2006
& 2008

2007

1998-2002

2001-2002

2000

1994-2000

14

Consultant in neuropathology at the Department of
Neuropathology (University Medical Center, Gottin-
gen, Germany)

Resident in Clinical Neuropathology, University Med-
ical Center Gottingen, Department of Neuropathology,
Germany (head: Prof. W. Briick)

Research fellow, Brain Research Institute, University
of Zurich, and Department of Biology, Swiss Federal
Institute of Technology Zurich, Switzerland

Venia Legendi (Habilitation) in Neuropathology at the
Georg August University, Gottingen, Germany

Research associate and training as a specialist in neu-
ropathology (University Medical Center, Gottingen,
Germany)

Visiting scientist (scholarship from the University of
Goettingen) at the Institute of Experimental Immunol-
ogy (heads: Profs. R. Zinkernagel and H. Hengartner),
University Hospital Zurich, Switzerland

MD thesis in Neuroscience with Martin Schwab, PhD,
Professor of Neuroscience at the University & ETH
Zurich, Switzerland

Postgraduate course in Experimental Medicine at the
University of Zurich, Switzerland (organized by Prof.
Zapf, Dept. of internal medicine, University Hospital
of Zurich, Switzerland)

United States Medical Licensure Examination (USMLE)
steps 1 and 2

Medical School, State examination (University of
Ziirich, Medical Faculty, Switzerland)



Funding (since 2015)

2021-2025

2020-2022

2020-2025

2019-2023

2017-2018

2017-2021

2016-2019

2016-2018

2016-2019

Principal PI: SNSF Project Grant Swiss National Sci-
ence Foundation (Excellence grant in Life Sciences)
«Deciphering transcriptional regulators of T cell fate
decisions in CNS autoimmunity.»

Co-PI (P.Walker & D.Merkler) Fondation HUG
STARTER translational research project «The Role of
the DNA-Binding Factor TOX in CD8-mediated im-
munity to Glioblastoma.»

Principal PI- ERC Consolidator Grant «Molecular pa-
thology of anti-viral T cell responses in the central nerv-
ous system.»

Principal PI — SNSF Project Grant Swiss National Sci-
ence Foundation (Projects Life Sciences), «Drivers and
signatures of neuronal dysfunction in neuroinflamma-
tion.»

PI — Swiss MS society grant «Analysis of functional
and transcriptional landscape of brain-resident mem-
ory T cells in a mouse model of multiple sclerosis.»

Principal PI — SNSF Project Grant Swiss National Sci-
ence Foundation, «Compartmentalized T cell memory
in brain viral infection and autoimmunity.»

Co-PI (M. Trajkovski & D. Merkler), Fondation HUG
Confirm Grant «Protective role of brown fat induction
in multiple sclerosis.»

Consortium (4 groups: PI: Mikael Simons), Klaus Tschi-
ra Stiftung Gemeinniitzige GmbH «The molecular sig-
nature of microbes in the immunology and neurobiol-
ogy of multiple sclerosis.»

Principal PI — Helmut Horten Foundation «In vivo
barcoding of cytotoxic T cell for the identification of
novel biomarkers and therapeutic targets in CNS auto-
immunity.»
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20162018

Consortium (4 groups, Co-applicant) Sinergia Grant,
Swiss National Science Foundation, «The alarmin in-
terleukin-33 in infection, immunity and autoimmunity»

Fellowships and Awards

2022 Cloétta-Prize for outstanding contributions to biomed-
ical research

2010-2016 Stipendiary professorship of the Swiss National Sci-
ence Foundation

2009 Award for best «Habilitation» of the Faculty of Medi-
cine, UMG, Goéttingen, Germany

2007 Award for outstanding publication, Gottingen Research
Council, Gottingen, Germany

2006 Research Scholarship, University Géttingen, UMG,
Gottingen, Germany

2001 Scholarship for a Postgraduate Course in Experimen-

tal Medicine and Biology, Swiss National Science
Foundation

Supervision of 9 postdoctoral fellows, 7 graduate students

(since 2008)

Teaching Activities (summary)

* Problem-based learning series in «Défense and Immunity» and Lec-
turer «Immunohistopathology» for 3%, year MD students at the Med-
ical Faculty, University of Geneva, Switzerland

e Lecturer first year MD students «Dysfunction of immune responses:
autoimmunity and cancer»

e Courses in a Clinical Setting (AMC) for medical students in neuro-

pathology

¢ Teaching in neuropathology for medical interns for FMH
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Organisation Of Scientific Meetings

2018

Member of the program organization committee for the

annual meeting of the Swiss Society of Allergology and
Immunology (SSAI) (about 200 participants), Inter-
laken, Switzerland

Institutional Responsibilities

As of 2020 Scientific Coordinator of the Geneva Centre for Inflam-
mation Research (https://www.unige.ch/medecine/gcir/
en/about-us/)

As of 2019 President of the animal facility commission, University
of Geneva

As of 2017 Co-organizer of the Departmental seminar series, Uni-
versity of Geneva, Switzerland

As of 2016 Responsible for medical interns in the division of clin-
ical pathology and specialist training in Neuropathol-
ogy in Geneva

As of 2012 Responsible for biosafety level 2 animal facilities, Uni-
versity of Geneva, Switzerland

As of 2012 Member of the commission for the MD PhD Program,
Medical Faculty of Geneva

Reviewing Activities

As of 2010 Ad hoc reviewer for Brain, Annals of Neurology, Ex-
perimental Neurology, Acta Neuropathologica, J. Neu-
roscience, Nature Immunology, European Journal of
Immunology, and others

As of 2012 Reviewer for: Swiss National Science Foundation (SNF),

German Research Council (DFG), ARESEP (French Mul-
tiple Sclerosis Foundation), ERC, Swiss MS Society
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As of 2019 Member of the Editorial Board of Acta Neuropatho-
logica

Memberships Of Scientific Societies

As of 2018 Member of the Commission of Experimental Immu-
nology of the Swiss Society of Allergology and Immu-
nology (SSAI), Switzerland

As of 2019 President of the Swiss Society of Neuropathology, Swit-
zerland
As of 2019 Member of the Scientific Committee of ARSEP Foun-

dation (France)

Patents

Patent application (EP3218504A1; US 16/922,489): Tri-segmented are-
naviruses as vaccine vectors Patent application (WO 2013098264 A1; US
20140378548 A1) Inhibitor of trpm-4 ion channel for treating or prevent-
ing neurodegeneration

Publication Record
As of August 2022: h-index: 57; >11.9k citations (Source: Google Scholar)

Complete List: https://scholar.google.ch/citations 7user=EM V2SU %20
MAAAAJ&hl=en&user=lidwIScAAAAJ
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SELECTED PUBLICATIONS

Vincenti I, Page N, Steinbach K, Yermanos A, Lemeille S, Nunez N, Kreutzfeldt M, Klimek
B, Di Liberto G, Egervari K, Piccinno M, Shammas G, Mariotte A, Fonta N, Liaudet N,
Shlesinger D, Liuzzi AR, Wagner I, Saadi C, Stadelmann C, Reddy S, Becher B, Merkler
D. Tissue-resident memory CD8+ T cells cooperate with CD4+ T cells to drive compart-
mentalized immunopathology in the CNS. Science Translational Medicine, 2022 Apr 13;
14(640)

Page N, Lemeille S, Vincenti I, Klimek B, Mariotte A, Wagner I, Di Liberto G, Kaye J,
Merkler D. Persistence of self-reactive CD8+ T cells in the CNS requires TOX-dependent
chromatin remodeling. Nat Commun. 2021 Feb 12; 12(1): 1009.

Jafari M, Schumacher AM, Snaidero N, Ullrich Gavilanes EM, Neziraj T, Kocsis-Jutka V,
Engels D, Jiirgens T, Wagner I, Weidinger JDF, Schmidt SS, Beltrdan E, Hagan N, Wood-
worth L, Ofengeim D, Gans J, Wolf F, Kreutzfeldt M, Portugues R, Merkler D*, Misgeld
T*, Kerschensteiner M*. Phagocyte-mediated synapse removal in cortical neuroinflamma-
tion is promoted by local calcium accumulation. Nat Neurosci. 2021 Mar;24(3): 355-367.
* shared last-authorship

Steinbach K, Vincenti I, Egervari K, Kreutzfeldt M, van der Meer F, Page N, Klimek B,
Rossitto-Borlat I, Di Liberto G, Muschaweckh A, Wagner I, Hammad K, Stadelmann-Ness-
ler C, Korn T, Hartley O, Pinschewer DD, Merkler D. Brain-resident memory T cells gen-
erated early in life predispose to autoimmune disease in mice. Science Translational Med-
icine, 2019 Jun 26; 11(498)

Di Liberto G, Pantelyushin S, Kreutzfeldt M, Page N, Musardo S, Coras R, Steinbach K,
Vincenti I, Klimek B, Lingner T, Salinas G, Lin-Marq N, Staszewski O, Joana Costa Jor-
ddo M, Wagner I, Egervari K, Mack M, Bellone C, Bliimcke I, Prinz M, Pinschewer DD,
Merkler D. Neurons under T cell attack coordinate phagocyte-mediated synaptic stripping.
Cell, 2018 Aug 28.

Page N, Klimek B, De Roo M, Steinbach K, Soldati H, Lemeille S, Wagner I, Kreutzfeldt
K, Di Liberto G, Vincenti I, LIngner T, Salinas G, Briick W, Simons M, Murr R, Kay J,
Zehn D, Pinschewer DD, Merkler D. TOX expression governs the encephalitogenic po-
tential of microbe-induced autoreactive CD8+ T cells. Immunity. 2018 May 15;48(5):
937-950

Kallert S, Darbre S, Bonilla W, Kreutzfeldt M, Page N, Miiller P, Kreuzaler M, Lu M, Favre
S, Kreppel F, Lohning M, Luther S, Zippelius A, Merkler D*, and Pinschewer D*. Repli-
cating viral vector platform exploits alarmin signalsfor potent CD8+ T cell-mediated tumor
immunotherapy. Nat. Commun. 2017 May 26; 8: * shared last-authorship
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Steinbach K, Vincenti I, Kreutzfeldt M, Page N, Muschaweckh A, Drexler I, Pinschewer
D, Korn T, Merkler D. Brain-resident memory T cells represent an autonomous cytotoxic
barrier to viral infection. J Exp Med. 2016 July 4

Kreutzfeldt M, Bergthaler A, Fernandez M, Briick W, Steinbach K, Vorm M,Coras R, Bliim-
cke I, Bonilla WV, Fleige A, Forman R, Muller W, Becher B, Misgeld T, Kerschensteiner
M, Pinschewer DD & Merkler D. Neuroprotective intervention by interferon-y blockade
prevents CD8+ T cell-1 mediated dendrite and synapse loss. J Exp Med. 2013 Sep 2

Pinschewer DD, Schedensack M, Bergthaler A, Horvath E, Briick W, Lohning M, Merkler
D. T cells can mediate viral clearance from ependyma but not brain parenchyma in a major
histocompatibility class I- and perforin-independent fashion. Brain, 2010 Apr; 133 (Pt 4):
1054-66.

Merkler D, Horvath E, Bruck W, Zinkernagel RM, de la Torre JC and Pinschewer DD.
«Viral déja vu» elicits organ-specific immune disease independent of reactivity to self.
J Clin Invest 2006 May; 116; 1254-1263
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THE DOUBLE-EDGED SWORD OF IMMUNE RESPONSES
IN THE CENTRAL NERVOUS SYSTEM

Doron Merkler '?

Summary

With a well-functioning immune system, our body successfully fights
most of the different types of infectious threats that challenge us daily.
Especially in adult mammals’ central nervous system (CNS), where
neurons have a limited regenerative capacity, the immune system
faces a major challenge in performing the desired task without caus-
ing irreversible damage to our host. How does that work? Ideally, CNS
infections should be prevented as much as possible or detected early
while avoiding excessive inflammatory responses. Therefore, it is gen-
erally believed that the anatomical and functional barriers of the
CNS, compared with other organs, limit pathogen access to this vital
organ and minimize immune surveillance under physiological con-
ditions. In recent decades, both experimental models and observa-
tions in humans have led, however, to the view that these barriers in
place can be constantly breached by pathogens, which are rapidly
eradicated in most cases by continuous immune surveillance of the
CNS. Accordingly, the CNS is not exempt from immune responses
that can also become harmful and persist chronically in the CNS, as
observed in autoimmune and infectious disease conditions. So, what
went wrong in these situations? What are the causes and consequences
of a misdirected immune response that can lead to devastating outcomes
seen in people with neuroinflammatory diseases? Understanding the
role of immune system sentinels, how they are activated, and the na-
ture of interactions with other cells in the CNS in health and disease
is key to answering these still incompletely understood questions.

! Department of Pathology and Immunology, Medical Faculty, University of Geneva.

2 Diagnostic Department, Division of Clinical Pathology, University Hospitals Geneva.
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In this review, I summarize how my laboratory has contributed to
understanding immune surveillance and pathology in the CNS. In-
spired by observations of human pathology in infectious and auto-
immune conditions, I have been pursuing several of the above
mentioned questions. For this purpose, I harnessed different exper-
imental model systems, mainly revolving around the roles and func-
tioning of cytotoxic T cells in the context of the CNS’s protective and
deleterious immune responses.

Introduction

Inflammatory responses within the Central Nervous System (CNS) gen-
erally signify the interplay of two essential organ systems with funda-
mentally different properties. On the one hand, the immune system mainly
comprises mobile cell types and macromolecules that circulate in our
body and can act systemically or locally whenever needed. On the other
hand, the cells of the adult CNS, such as neurons, oligodendrocytes, or
astrocytes, form highly interconnected but immobile functional cellular
networks. Moreover, under physiological conditions, the CNS is sepa-
rated by anatomical and biochemical barriers from the rest of the body,
including circulating immune cells. In this regard, the seminal Medawar’s
observation in the 1940s that the CNS does not show typical inflamma-
tory responses to allografts has led to the concept of the CNS as an “im-
mune privileged” organ. However, this originally somewhat dogmatic
concept has been put into perspective over the years.

Contrary to initial observation, the CNS displays a draining lymphatic
system in the meninges and can trigger an inflammatory response. How-
ever, unlike most other organs, the CNS shows certain peculiarities in
regulating immune responses [1]. The fact that the regenerative capacity
of CNS cells, especially neurons, is limited fuels the notion of tightly
controlled immune responses by the tissue microenvironment. Accord-
ingly, inflammatory responses in the CNS always face a delicate balance
between protecting this vital organ from various types of infections and
the risk of causing irreversible tissue damage that can lead to long-term
functional impairment, as seen in chronic autoimmune and viral diseases
of the CNS.
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What these peculiarities in the CNS contain has accompanied me in my
scientific questions. Probably since I took my first step in research in the
field of neuroscience with a focus on axon regeneration after traumatic
injury [2] and only later dove into the immunological world, I have al-
ways kept an eye on the “other” side of the picture, namely cells origi-
nating in the CNS, apart from my focus on the immune system.

CNS viral infections

Although anatomical barriers reduce the access of virus entry into the
CNS, a wide range of neurotropic viruses are indeed capable of infecting
this vital organ. Such infections can become medical emergencies asso-
ciated with significant morbidity, mortality, or long-term sequelae and
can have devastating outcomes [3]. Thereby, disease patterns of CNS viral
infections can be sporadic, endemic, epidemic, or pandemic [4]. Viruses
that enter the human CNS include, among others, Enteroviruses, Arbo-
viruses, and Herpesvirus (for an extensive list, see, e.g. [5]). Most viral
CNS infections result from hematogenous dissemination and are initially
confined to the CNS coverings [6] and use different routes of entry across
CNS barriers, including transcellular or paracellular transport or infec-
tion of leukocytes entering the CNS as a Trojan horse [7,8]. Depending
on whether the viruses spread mainly in the meninges or the parenchyma,
such infections are classified as meningitis, encephalitis, or a combina-
tion of both [9].

The exact incidence of CNS viral infections is difficult to estimate and
depends on the cohort studied, which varies in geography, age groups,
case definition, and the immunological status of investigated individuals
[10-15]. Overall, the estimated annual incidence ranges from 2—10 per
100000 for all ages [11], and according to the United States Centers for
Disease Control and Prevention, ~20 000 cases of clinically manifest in-
fections occur each year in the United States. In addition, and well be-
yond these numbers, many common viral infections affect the CNS with-
out or only mild manifestations that do not need diagnostic or
therapeutic interventions and are thus not included in the above statistics
[16]. In the era before vaccination, various viruses frequently affected the
CNS, resulting in infection of the meninges or parenchyma. For exam-
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ple, an estimated 50% of infected individuals with Mumps were often
accompanied by meningitis but mostly resolved without complications
or sequelae [17,18]. Similar frequencies of CNS involvement were ob-
served during acute systemic infection with measles [19,20]. As in mea-
sles and mumps, equal mild CNS involvement is also suspected for other
viruses such as influenza [21] or coxsackie B virus [22].

While innate immune cells, including CNS-associated macrophages at
CNS barriers (comprising the meninges, perivascular space, and ventricu-
lar system), can prevent further spread into the subjacent parenchyma,
the control and elimination of most viral CNS infections depend on the
adaptive immune system, which includes distinct T lymphocyte subsets.
To study immune mechanisms involved in viral clearance from the CNS,
we primarily relied on infection models with lymphocytic choriomenin-
gitis virus (LCMYV), the prototypical member of the arenavirus family
[23]. LCMYV has been a primary workhorse for immunologists for a dec-
ade, and it has also been explored during infection of the CNS in adult
and neonatal mice to study the dual roles of the antiviral immune response
in host protection and immunopathogenesis [24-26]. LCMYV is a natural
pathogen of mice but is also suspected to be an underestimated cause of
aseptic meningitis in humans [27,28]. As in humans, LCMV can infect
the meninges of adult mice, from where it gradually spreads to the pa-
renchyma [29]. After intracerebral administration, the virus replicates in
the leptomeninges, choroid plexus, and ependymal cells [30,31]. In ad-
dition, part of the inoculum enters the circulation [32] and elicits a vig-
orous antiviral immune response. Of note, LCMV is not cytolytic in mice,
so subsequent CNS disease is caused solely by the resulting immunopa-
thology driven by the adaptive antiviral immune response in the
CNS. Thereby, CD8+ T cells have long been identified as critical players
in the resultant choriomeningitis disease [33,34], which could be pre-
vented by depleting T cells [34].
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Autoimmune diseases of the CNS

More than 80 different autoimmune diseases in humans are known, af-
fecting 3—5% of the general population [35-37]. Among autoimmune
diseases affecting the CNS, demyelinating diseases such as multiple
sclerosis (MS) and neuromyelitis optica spectrum disorders (NMOSD),
but also paraneoplastic and other autoimmune encephalomyelitis have
been best studied. These diseases typically show a chronic clinical course
and are associated with disabling outcomes with important socio-eco-
nomic consequences for the affected individuals and their families. In
general, the extent of unrecoverable neurological impairment in CNS
autoimmune diseases is related to the extent of neuro-axonal damage
and irreversible neuronal loss, as these cells cannot be replaced in the
adult CNS. Therefore, to curb disease progression, it is essential to un-
derstand what underlies the process of neuronal damage in various in-
flammatory disorders.

MS is the prime example of a chronic inflammatory demyelinating dis-
ease of the CNS that clinically presents as a relapsing-remitting (approxi-
mately 75% of cases) or progressive (about 25% of cases) disease course.
In MS, several therapeutic approaches that interfere with different sub-
sets of immune cells, including T or B cells, have shown positive results
in reducing disease relapses [38]. Thus, different immune cells are likely
involved at the various stage of pathogenesis. Histopathologically, active
MS lesions are characterized by macrophage-rich demyelination in which
axons are relatively preserved and are accompanied by lymphocytic in-
filtrates of variable extent [39]. This lymphocytic infiltrate is composed
mainly of T cells and, to a lesser extent, B cells and plasma cells [40].
Among the distinct T cell subsets found in MS lesions, cytotoxic CD8+
T cells (CTLs) constitute the majority [41] and are clonally expanded
[42]. Furthermore, CTLs persist in the CSF and peripheral blood [43,44],
altogether providing valuable arguments that CTLs are important players
in MS lesion formation and likely subsequent neuronal damage. Beyond
MS, CTLs are particularly suspected of mediating neuronal alterations
in viral infections [45], autoimmune encephalitis [46], and paraneoplas-
tic neurological disorders [47].
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The etiology of most autoimmune CNS diseases remains elusive, but they
are thought to result from an interaction of genetic and environmental
factors [48]. Among environmental factors, infectious agents have tradi-
tionally been suspected, but a causal relationship between a given infec-
tious agent with an autoimmune disease remains elusive [49]. In particu-
lar, a history of viral infection is considered to increase the risk of
developing the autoimmune disease [50,51]. In the same line, population
migration studies have shown that in areas with high MS prevalence, the
risk of developing MS increased with migration to high-risk areas before
the age of 15 [49]. Thus, there may be a considerable time lag between
the first exposure to the environmental factor (e. g., a viral infection) and
the precipitation of manifest clinical MS. Several structurally unrelated
microbes have been associated with the onset or exacerbation of MS. In
this regard, Epstein-Barr virus (EBV) and other viruses have been stud-
ied most intensively [52—54]. It is believed that in certain constellations,
infectious triggers may override the various immune tolerance mecha-
nisms in place and steer the immune system toward an autoimmune re-
sponse in genetically susceptible individuals. To mechanistically explain
how viral infections can break immune tolerance mechanisms, several
concepts have been elaborated in the past, primarily based on experimen-
tal model systems. These concepts include, e. g., molecular mimicry [55],
epitope spreading [56], and bystander activation [57]. Molecular mim-
icry signifies the presence of T cells that exhibit cross-reactivity between
a CNS antigen and a pathogen they have encountered. Epitope spreading
and bystander activation refer to mechanisms by which the inflammatory
environment created by an infection can facilitate the accidental priming
of an autoreactive T-cell response [55].

In my various studies of autoimmune CNS diseases, I have been intrigued
by the infection hypothesis as a precipitating or predisposing factor for
autoimmunity, a hypothesis that remains difficult to prove. In this regard,
I have investigated how viral infections, possibly during a critical time
window in life, can deviate immune responses to favor autoimmune pro-
cesses.
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CD8+ T cell (CTL) differentiation and immunological memory

CTLs are crucial in protecting our host from intracellular infections and
in the pathogenesis of various chronic autoimmune diseases. In various
autoimmune diseases, including multiple sclerosis (MS [48]), type 1 di-
abetes (T1D [58]), polymyositis [59], and Hashimoto thyroiditis [60],
CTLs can promote tissue destruction. Upon the first encounter with their
cognate antigen in secondary lymphoid organs, naive CTLs expand and
form different subsets of effector T cells with distinct properties (Fig-
ure 1.). This differentiation is guided by extrinsic signals from the tissue
microenvironment and mediated by T cell-intrinsic transcription factors
associated with chromatin remodeling events [61-63]. Following T cell
priming, so-called memory progenitor effector cells (MPECs) are formed
on the one hand, which show a low expression of cytotoxic proteins but
a high potential to generate long-lived memory T cells with self-renewal
capacity [64]. On the other hand, so-called short-lived effector T cells
(SLECs) are terminally differentiated and express large amounts of cy-
totoxic effector molecules such as perforin and granzyme B but have lit-
tle capacity for memory formation [62]. Phenotypically, SLECs and
MPECs can be distinguished based on prototypic surface markers: SLECs
express the killer cell lectin-like receptor KLRG1 [65], and MPECs ex-
press IL-7 receptor a chain CD127 [66]. Transcription factors involved
in CTL differentiation into SLECs include B lymphocyte-induced mat-
uration protein 1 (Blimp-1), T-box transcription factor 21 (T-bet), and in-
hibitor of DNA binding 2 (Id2) [67-69]. Transcription factors such as
Eomesodermin (Eomes) and the high mobility group (HMG) transcrip-
tion factor T Cell Factor-1 (TCF-1) promote the formation of functional
memory CTLs [70,71]. In particular, several studies have provided evi-
dence that TCF-1 is crucial for the proliferative burst upon anti-PD1 ther-
apy and is critical for viral control [72-74].
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Figure 1 CD8+ T cell response to acute infection. CDS8+ T cells get primed in the second-
ary lymphoid organs (SLOs) by professional antigen-presenting cells (APCs) capturing the
antigen. Three signals during priming are essential for an efficient T cell priming and sub-
sequent differentiation: Signal 1 consists of the TCR stimulation by the MHC class I-pep-
tide complex. Signal 2 is provided by co-stimulatory molecules expressed on the APCs that
bind to their receptors expressed on the T cell. Signal 3 are cytokines that the APCs release.
Upon priming, CD8+ T cells expand and differentiate into KLRG1"CD127"" short-lived
effector cells (SLECs) and KLRG 1" CD127" memory precursor effector cells (MPECs).
This differentiation is controlled by distinct transcription factors determining the cells’ fate.
CD8+ T cells egress from SLOs and migrate via the blood to the site of infection and other
tissues for patrolling. The T cells start expressing distinct adhesion molecules and chemok-
ine receptors to egress from the blood into the target tissue. In the inflamed organ, SLECs
recognize the antigen presented on infected cells and kill them by different mechanisms.
When the pathogen has been eliminated and the antigen cleared, SLECs rapidly die, while
MPECs differentiate into different types of memory CD8+ T cells with distinct phenotypic
and migratory properties. We can distinguish between central memory T cells (Tcu), which
reside in the SLOs, effector memory T cells (Tem) which recirculate between blood, the
lymph, and non-lymphoid tissues, and tissue-resident memory T cells (Trm), which reside
in the previously infected tissue. When the antigen persists, such as during autoimmunity,
cancer, or chronic viral infection, CD8+ T cells remain chronically exposed and become
exhausted. Exhausted CD8+ T cells upregulate co-inhibitory receptors such as PD-1 and
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become less responsive to the antigen stimulus. We can differentiate between early exhausted
and terminally exhausted CD8+ T cells. Early exhausted TCF-1+PD-lint cells are progen-
itor-like with stemness properties, which give rise to the terminally exhausted TCF-1-cells
with low proliferative capacities and higher levels of co-inhibitory receptors. Adapted from
B. Klimek’s doctoral thesis, DOI: 10.13097/archive-ouverte/unige: 131624

While the functioning and regulation of these transcription factors were
mainly studied in the context of acute and chronic viral infection, little
was known about transcriptional programs that govern the tissue-de-
structive capacity of self-reactive CTLs in autoimmune disease condi-
tions, which was the focus of our laboratory.

Following an accomplished microbe elimination, the adaptive immune
system remembers to be better prepared against future infection with the
same or structurally related pathogen, which is referred to as “immuno-
logical memory.” Immunological memory is characterized by a faster and
more efficient response to already known pathogens. This way, memory
responses protect against infections that can otherwise lead to disease or
even death in immunologically naive hosts. In this regard, memory CD8+
T cells play a critical role in rapidly recognizing and eradicating intra-
cellular pathogens, such as viruses. Based on the migration pattern, an-
atomical location, and functional specialization, distinct subsets of mem-
ory T cells (TM) have been described [75] (see Figure 1.). Initially, TMs
were divided into central memory T cells and effector memory T cells
[76]. Central memory T cells (Tcm) reside mainly in secondary lymphoid
organs, show a high proliferative capability following re-encounter of a
cognate antigen, and serve as a self-replicating pool from which other
memory T cell subsets emerge [77]. Conversely, effector memory T cells
(Tem) recirculate through the body and can provide immediate effector
function [76]. In the last decade, an additional subset of memory T cells
referred to as tissue-resident memory T cells (Trm) have been identified
in rodents and humans [78-82]. Trm do not recirculate but mainly persist
at sites of the previous infection in non-lymphoid border organs such as
skin and mucosal tissues [83,84]. Trm from different organs, including
the brain, show overlapping transcriptional profiles characterized by a
common transcriptional signature [85]. This signature is distinct from the
circulating memory T cell counterpart [86,87]. Specific adhesion mole-
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cules mediate their persistence in organs, such as CD103 (Integrin oE;
[78,86,88] and loss of tissue egress receptors from the cell surface [89,90].
Bona fide Trm have been described to express CD69, which antagonizes
the tissue egress receptor sphingosine 1-phosphate receptor 1 (S1P1;
[89]). The surface expression of CD103 seems specific for Trm, but not
all Trm express the molecule. Long-lived CD103— Trm have been de-
scribed in secondary lymphoid organs [91], gut [92], and the female re-
productive tract [93]. CD103 expression has been associated with tissue
retention [81,86,88], epithelial localization [78,94], and function
[81,92,95]. In various research projects in my laboratory, we demon-
strated the role of Trm in the CNS during viral infection and autoimmune
conditions, as reviewed in more detail in the following chapters.

Mechanisms of viral clearance and tissue-resident memory
T cells’ role in protective immunity in the CNS.

How the immune system can cope efficiently with viral infectious threats
of the CNS has been the focus of various studies in my laboratory. In the
context of CNS viral infection, I investigated how the immune system,
particularly CTLs, can efficiently eliminate viruses from the CNS and
how consequently, immunological memory is established in this organ.

As mentioned above, the mouse wild-type LCMV infection model is a
highly versatile and valuable tool for studying virus-host balance in mice.
However, its use to study CNS virus clearance is hampered due to invar-
iable fatal outcomes following intracranial infection in immunocompe-
tent adult mice [96]. Thus, in our efforts to uncover the immune-medi-
ated mechanism involved in CNS viral clearance, we primarily relied on
intracranial infection with reverse genetically engineered, attenuated
LCMV variants (rLCMV) that share many immunological properties with
the wild-type LCMYV but due to its attenuated spread allowed us to inves-
tigate the mechanism of successful CNS viral clearance [97]. In many
studies, we harnessed the recombinant LCMV variant expressing the sur-
face glycoprotein of vesicular stomatitis virus ({LCMV/INDG) instead
of its own glycoprotein. Unlike wild-type LCMYV, such as the Armstrong
strain, (LCMV/INDG does not cause overt disease following intracere-
bral infection in adult immunocompetent mice [98—100]. Another impor-
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tant difference compared to wild-type LCMV is that (LCMV/INDG rep-
licates only in the CNS. Even in mice deficient for the recombination
activation gene (RAG), which lack T and B cells, the interferon type I
response prevents virus replication in other tissues [99]. In this initial
study, we noted that distinct effector mechanisms and cells become cru-
cial for virus clearance depending on the infected cell type in the CNS
[97]. In particular, we noted that viral elimination from ependymal cells
(the cells layering the ventricles) was achieved in a T cell-dependent man-
ner but independently of major histocompatibility complex (MHC) class
I and perforin. In contrast, the cytolytic mechanisms of CTLs became es-
sential once the virus gained access to the CNS parenchyma, notably to
astroglia [97]. In this regard, it is worth mentioning that immunocompe-
tent individuals mostly eliminate viral infections from CNS coverings
before substantial parenchyma infection is established and thus before
the risk of significant tissue damage becomes imminent [101]. This ini-
tial work about differential MHCI and perforin dependence provided thus
an explanation of how a self-limiting course of viral infection can occur
in case the virus remains restricted to the coverings of the CNS.

Nevertheless, what happens once the virus is successfully eliminated from
the CNS? My laboratory has strived to elucidate in subsequent studies
how a transient viral infection can shape the immune system and the tis-
sue microenvironment with regard to future CNS infections. In particu-
lar, we focused on studying the role of Trm for protective immunity in the
CNS. As indicated above, Trm had been found in humans and mice at var-
ious border organs [78,86,102,103]. However, at the time we initiated our
study, it remained incompletely understood if and how Trwm are implicated
in protective responses against future infections of the CNS.

In our study using the (LCM V/INDG infection model of adult mice, Trm
were shown to persist for at least several months in the CNS after viral
infection in anatomical niches behind the blood-brain barrier (BBB) and
resisted antibody-mediated depletion by intravascular administration of
anti-CD8 T cell antibodies [104] (Figure 2). Thus, following the admin-
istration of depleting antibodies for the circulating CD8 T cell pool, we
could specifically investigate the role of Trm in combating virus spread
in the CNS. These investigations revealed that resting Trm are maintained
by homeostatic proliferation and can rapidly expand within a few days
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Figure 2 Schematic summary of
Tru functioning during CNS viral
reinfection. Tru are maintained in
the CNS by homeostatic prolifera-
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following CNS infection with wild-type LCMV (Figure 2). Thereby, they
differentiate into effector CTLs preventing the viral spread into the adja-
cent CNS parenchyma and protecting the host from developing lethal
choriomeningitis (Figure 2). In line with our previous study [97], Trm-me-
diated virus clearance relied on both [IFN-vy expression and perforin-me-
diated cytotoxicity. Altogether this work provided evidence that Trm form
an autonomous antigen-dependent immunological barrier against viral
reinfection in the adult CNS (Figure 2).

Tissue-resident memory T cells and autoimmune disease

Originally, chronic autoimmune diseases were thought to require contin-
uous recruitment of effector or effector memory T cells from the circu-
lation into the affected organ. However, with the discovery of Trwm in in-
flammatory lesions, this concept was revised [83,105-109]. Accordingly,
the involvement of Trm in chronic inflammatory diseases has been pro-
posed for barrier tissues such as psoriasis [102], asthma [110], or fixed
drug eruption [111] and in non-barrier tissues such as type 1 diabetes
[112,113], lupus nephritis [114], and multiple sclerosis [115].
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But how is the generation of Tru following virus infection related to CNS
autoimmunity? My research group has addressed this fundamental ques-
tion in various studies over the last few years. The interest in creating
knowledge here was motivated by the range of evidence speaking for
viral infections that are associated with autoimmune disease precipita-
tion or exacerbation [49,116—-118]. At the same time, the causal mecha-
nistic link between infection and autoimmunity remained obscured [119].
In this regard, it has been postulated that pathogen-induced inflammatory
changes in the tissue microenvironment may create a long-lived “fertile
field” that favors future autoimmune attacks [120]. However, it was not
yet known whether and how a transient viral infection of the brain might
permanently alter its microenvironment and thereby predispose the organ
to develop autoimmune lesions.

We addressed this question in an experimental model in which we se-
quentially exposed mice to a transient viral infection before the transfer
of autoreactive T cells (2D2) used to precipitate experimental autoim-
mune encephalomyelitis (EAE), which is a model of MS. In the first ex-
periments, we noted that the age of an initial transient intracranial infec-
tion with rLCMV/INDG strongly impacted the susceptibility of mice to
develop autoimmune lesions in the brain later in the life of these virus-ex-
perienced mice (Figure 3a). Indeed, mice transiently exposed to viral in-
fection before weaning (but not later in life) tended to develop autoim-
mune lesions in the brain (Figure 3b—c) and associated clinical symptoms
in the EAE model long after viral clearance (Figure 3d—e). We also found
that the tissue micromilieu in which viral infection occurred during early
life maintained a long-lasting pro-inflammatory signature which was not
the case in those mice infected in adulthood (Figure 3f). This pro-inflam-
matory signature was characterized by a persistent expression of the
chemokine CCL5 (Figure 3f), the primary cellular source of which we
could trace back to Trum in the brain of these mice (Figure 3g). Accord-
ingly, pharmacological blockade of the corresponding receptor CCRS by
treatment of mice with the CCRS antagonist SP12-RANTES prevented
autoreactive myelin-specific 2D2 cells from inducing CNS inflammation
and disease in areas where Trm persisted (Figure 3h).

Analogously to mice, we furthermore observed that CCL5-expressing
Trm accumulated in the non-demyelinated, normal-appearing white mat-
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Figure 3. Tru generated early in life predispose to developing autoimmune lesions in the
brain. (a) At 1w (early life, EL) or 3—4w of age (young adults, YA), WT mice were injected
intra-cerebrally (i. c.) with rLCMV or vehicle, respectively. At least five weeks later, auto-
reactive 2D2 T cells were transferred into mice to induce EAE. Quantifying EAE lesions in
(b) EL or (c) YA compared to age-matched mock-infected controls. Scores of brain-related
symptoms for mice infected in (d) EL or (e) YA in comparison to age-matched mock-infected
controls. (f) Volcano plot from transcriptome analysis of 256 inflammatory genes in EL com-
pared to the pool of both mock-infected and YA groups. (g) Percentage of indicated leuko-
cyte subsets among Ccl5+ cells in brains of EL mice >5 weeks after infection. (h) Scores
of atypical EAE in 5P12-RANTES-treated YA mice compared to PBS-treated littermates or
mock-infected controls. Symbols represent individual mice, except for (d), (e), and (h), where
data represent means £ SEM. b—e, h: n=12-23; f: n=3-5; g: n=6. *P < 0.05, **P < 0.01,
ns: not significant. Adapted from Steinbach et al., Sc. Trans. Med., 2019.

ter NAWM) of MS brain samples (Figure 4). However, these cells were
not randomly distributed in NAWM but were preferentially found in areas
characterized by microglial activation, which previous studies have
termed preactive MS lesions [121] thought to represent lesion-prone areas
in the CNS of MS patients.

Overall, our study provides an explanatory approach for a possible link
between preceding infections and the precipitation of autoimmune dis-
ease with some implications: First, it may explain how a potentially
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Figure 4. Tru express CCLS in preactive MS
lesions. (a) Representative multiplex immuno-
fluorescence images illustrating the identifica-
tion of CCL5+ Trm (defined as CD8+CD69+
BCL-2+) in pre-active NAWM areas using an
elution and restain approach. V= ventricle.
Scale bars: 50 um, inset: 10um. Adapted from
Steinbach et al., Sc. Trans. Med., 2019.

Elution & Restain

preceding viruses infection in a particularly critical time window of life,
even with structurally unrelated viruses can be associated with increased
disease risk [51], and second how predisposing viral infections can evade
detection as causative agents of autoimmune disease despite several lines
of indirect evidence for such an association. Thus, demonstrating how
prior viral infection can lead to a persistent inflammatory signature me-
diated by Trwm in the CNS represent a step toward understanding the pre-
disposing role of infections in MS and potentially other autoimmune dis-
eases.

Our findings furthermore suggested that Trm with antiviral specificity fa-
cilitated the recruitment of circulating autoreactive T cells to the CNS by
acting as bystanders. However, what about Trv’s role in driving an im-
mune-compartmentalized inflammatory response in the CNS? In MS and
other chronic human neuroinflammatory conditions [105], Trm-like cells
have been observed within lesions [115,122]. Furthermore, clonally ex-
panded and activated CD8+ T cells with phenotypic similarities to Trm
were found in the cerebrospinal fluid of MS patients early after disease
onset [123]. This indicated that Trm may also target a cognate self-anti-
gen in the CNS and actively participate in tissue destruction. This would
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also provide a plausible explanation for why therapeutic approaches
aimed at preventing the recruitment of T cells from circulation to the CNS
fail to halt disease progression in some instances.

To gain insight into the ability of Trm to trigger compartmentalized in-
flammation in the CNS, we developed a preclinical model in which rest-
ing Trm in the CNS can be re-exposed to their cognate antigen in a time-
and cell-specific manner [124]. For this purpose, we crossed glial
fibrillary acidic protein (GFAP)-Cre®®™ mice [125] expressing a tamox-
ifen-inducible Cre-recombinase under the GFAP promotor with Stop-
GP™ mice [126] (for details about the construct, see Figure 5a). Using
this mouse line, we examined how resting CD8+ Tru that had colonized
the CNS after transient infection with rLCMYV responded to re-exposure
to the LCMV glycoprotein expressed as cognate neo-self antigen in glial
cells (Figure 5b). Upon exposure to the neo-self antigen, Trm rapidly
re-expanded without additional inflammatory stimuli (Figure 5c). More-
over, the resulting tissue damage and disease could be induced by Trm
without circulating CD8+ T cells (Figure 5d). However, while CD8 Trm
initiated CNS inflammation, the differentiation of CD8+ Trwm into dis-
ease-driving effector cells required the help of CD4+ T cells (Fig-
ure 5e—g), suggesting cooperative activity between these T cells subsets.

Assuming that compartmentalized inflammation is gaining further im-
portance in patients with advanced CNS autoimmune diseases [127], we
examined how tissue-resident phenotypes are related to the lesion stage
of MS patients. We performed multiplexed immunofluorescence stain-
ings on histological sections of acute active and chronic active MS le-
sions with prototypic Trm markers, including CD8, CD69, BCL2, CD103,
and GZM-B (Figure 6a). This analysis revealed that among the different
memory T cell subsets, Trm are the predominant CD8 phenotype found
in more advanced lesion stages (Figure 6b). To visualize the source of
T cells with stem cell-like properties in the spatial context, we performed
co-staining with TCF-1. Similar to our finding in the animal model, we
found TCF-1+ CD8+ T cells preferentially situated around blood vessels
and often in close vicinity to CD4+ T cells (Figure 6¢) in MS lesions.
This suggests that CD8 T cells with renewable properties are located in
perivascular niches and may be able to perpetuate the lesion without the
need to recruit circulating cells.
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Figure 5. Tru cooperate with CD4+ T cells to drive compartmentalized immunopathol-
ogy in the CNS. (a) GFAP:GP (GFAP-CreERT?2 tg/wt:Stop-GPflox/wt) mouse line expresses
tamoxifen-inducible Cre-recombinase (CreERT2) under the control of the astrocyte-spe-
cific promotor (GFAP). Binding of tamoxifen (TAM)-metabolites to ERT2 mediates the
translocation of the Cre recombinase to the nucleus and thus the conditional expression of
LCMV glycoprotein (GP) and reporter gene YFP in astrocytes. (b) T cell receptor trans-
genic (TCR) P14 cells (recognizing the viral H2-Db-restricted GP33 epitope of LCMV)
were adoptively transferred into adult GFAP:GP mice and mice were subsequently intrac-
ranially infected with rLCMV-GP33 to generate P14 Tru in the CNS. At least 6 weeks later,
circulating T cells were depleted by administration of a«CD8a—depleting antibody (cyan
arrows), or aCD8a+ aCD4—depleting antibody (purple arrows) or isotype control. One
week after depletion (D0), mice were treated with TAM i.p. (black arrows) to induce ex-
pression of the cognate P14 epitope as a neo-self antigen in glia cells. (c¢) Quantification
of P14 cell numbers in the brain. (d) Rotarod performance of indicated groups after TAM
administration. (e) Volcano plot illustrates differential expression of transcripts in P14 cells
in aCD8o-treated versus aCDSo + oCD4—treated GFAP:GP mice. (f) Numbers of P14
cell stratified according TCF-1+ (red circle) or TCF-1— (black triangle) expression in
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o CD8o-treated versus aCDSo + aCD4—treated GFAP:GP mice. Fold increase is indicated.
(g) Locomotor performance (as measured by Rotarod test) of indicated groups after TAM
administration. Symbols represent individual mice, and bars represent means + SEM, ex-
cept for (e), where data represent individual transcripts, and for (d) and (g), where data
represent means = SEM. c: n=4-7; d: n=6-7; e: n=3; f: n=3-4; g: n=3-5. *P < 0.05, **P
< 0.01, ¥**%P < 0.001, ns: not significant. Adapted from Vincenti et al., Sc. Trans. Med., 2022.
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Figure 6. Tru accumulate in chronic active MS lesions. (a) Representative immunostain-
ings illustrate Trm (CD8+ CD69+ BCL2+) co-expressing CD103 and/or GZM-B with DAPI
nuclear counterstaining (blue). Top: Acute active MS lesion. Bottom: Chronic active MS
lesion. Scale bars:100um and (inset) 10um. (b) Quantification of CD8+ cells (Trm: CD69+
BCL2+; non-Trm: CD69+, BCL2+, and CD69-BCL2-) from acute active and chronic ac-
tive MS lesions. (c) Representative image of multiplex immunofluorescence staining show-
ing CD8+ T cells, TCF-1, CD4+ T cells, CD31+ vessels, and DAPI nuclear counterstain-
ing of acute demyelinating lesion. Scale bars: 50um and (inset) 20um. Adapted from
Vincenti et al., Sc. Trans. Med., 2022.

Overall, our studies contributed to understanding how virus-generated
Trv may be involved in the pathogenesis of autoimmune diseases of the
CNS. On the one hand, we found evidence that Trm predispose the tissue
microenvironment to autoimmune lesions through persistent chemokine
expression and thus can act as a facilitator for immune cell recruitment
from the circulation. On the other hand, we could show that Trm also di-
rectly contribute to the development and perpetuation of inflammatory
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Figure 7 Schematic outline summarizing CD8 Trv in CNS inflammation. Tru precursor
cells recruited within the CNS differentiate into brain Tru (bTrm) upon sensing microenvi-
ronmental cues. The core signature of bTrm includes the expression of CD69, CD49a, PD-1,
and transcription factors Hobit, Blimp-1, Bhlhe40, and Runx3. In addition, both CD103+
and CD103-bTrm subsets exist. Resting bTru undergo homeostatic proliferation and con-
stitutively produce the chemokine CCLS, attracting CCR5+ autoreactive T cells within the
CNS. Upon bTru reactivation, the heterogeneous pool of bTru progeny consists of cells with
a high proliferative capacity and cells with a high cytotoxic capacity. CD4 T-cell help is nec-
essary for the acquisition of the highly cytotoxic program. Activated bTrm release pro-inflam-
matory mediators such as IFN-y and TNF and chemokines such as CCLS. Altogether, bTru
induce a damaging pro-inflammatory milieu that can be protective in case of viral reinfection.
bTru-derived IFN-y induces synaptic pruning by activated microglia, leading to neuronal
damage. Activated autoreactive bTru can directly attack astrocytes, neurons, and possibly
other cells such as oligodendrocytes. Adapted from Merkler et al., Curr. Op. Immunol., 2022.

processes and thus provide an explanation of how compartmentalized in-
flammation can be maintained in chronic CNS autoimmune disease con-
ditions (Figure 7).
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The role of CD8+ T cell differentiation and its implication for CNS
autoimmune disease precipitation

CD8+ T cells undergo functional reprogramming following activation
and during their further response, which is reflected in the remodeling of
their chromatin landscape. However, what regulates the functional adap-
tation program of autoreactive CD8+ T cells during T cell priming in
secondary lymphoid organs and during the effector phase in the inflamed
organ? A previous study found evidence that the microbial inflammatory
context influences CTL differentiation after its activation [128]. For ex-
ample, during CTL priming, the cytokine microenvironment modulates
the transcriptional landscape of CTLs, leading to alternative fates of CTLs
[129]. We thus hypothesized that the inflammatory microenvironment
during T cell priming could alter the transcriptional network and chro-
matin landscape of T cells, impacting the destructive tissue potential of
autoreactive CTLs in CNS autoimmune disease condition. In doing so,
we compared how distinct pathogens and the associated inflammatory
milieu impact autoreactive T cell transcriptome. Using this approach, we
identified the transcription factor TOX as a crucial regulator and its role
in the epigenetic remodeling of autoreactive T cells.

To address the above hypothesis, we made use of mouse models referred
to as ODC-OVA mice [130] or MOG-GP mice [126], respectively, in
which defined CD8 T cell epitopes are expressed as neo-self-antigens in
myelin-forming oligodendrocytes. For both models, well-defined T cell
receptor transgenic CD8+ T cells are available, referred to as OT-1 (spe-
cific for ovalbumin antigen in the context of H2Kb) or P14 cells (specific
for LCMV glycoprotein antigen in the context of H2Kb). In the ODC-
OVA model (expressing ovalbumin as neo-self-antigen in oligodendro-
cytes), we mainly compared the properties of two different pathogens
that express full-length OVA: lymphocytic choriomeningitis virus
(LCMV-OVA) and Listeria monocytogenes (Lm-OVA). We noted that
the two microbes were similarly able to induce expansion of OT-1 cells
despite inducing distinct inflammatory signatures in lymphoid organs
[131,132]. While OT-1 cells similarly infiltrated the CNS following ac-
tivation by either pathogen (Figure 8a), only ODC-OVA mice primed
with LCMV-OVA but not LM-OVA developed CNS autoimmune disease
(Figure 8b). On further transcriptome analysis of OT-1 cells sorted from
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inflamed CNS, we found that DNA-binding factor Tox was strongly in-
duced in CTLs from LCMV-OVA-primed and diseased animals, in con-
trast to OT-1 cells after priming with LM-OVA. Of note, TOX was ini-
tially identified as a DNA-binding factor required for the development of
CD4+ T cells in the thymus [133] and for the development of innate lym-
phoid cells in the bone marrow [134], which includes NK cells [135] but
was found dispensable for thymic CDS8 T cell development. However,
Tox was an essential hub gene in differential network analyses compar-
ing memory CTLs from acute and chronic infections [136].

We identified that the cytokine IL-12 (which is induced after LM-OVA
infection) represses TOX by regulating T cell-intrinsic transcription fac-
tors, including T-bet and Eomes. T-bet acts as a repressor of 7ox by di-
rectly binding to its promoter (data not shown). In a functional assay, we
showed that TOX-competent CTLs formed more stable immunological
synapses with antigen-expressing oligodendrocytes in the CNS (Fig-
ure 8c), providing an explanation for why TOX was necessary for the tis-
sue destructive and encephalitogenic properties of autoreactive CD8+
T cells. Furthermore, we investigated how TOX is implicated in the dif-
ferentiation of autoreactive T cells: Gene expression profiling of CNS-in-
filtrating TOX-competent and -deficient CTLs revealed that TOX re-
pressed genes such as Klrgl, Gzma, and Klra5, which are known to be
associated with terminal effector differentiation of CTLs. In contrast,
genes related to stemness function, like 7¢f7 (encoding TCF-1), were in-
duced in TOX-competent CTLs. Furthermore, we noted TOX-dependent
differential expression of the checkpoint receptor 2B4 (CD244, [126]).
We furthermore investigated the relation between DNA binding of TOX
and gene expression by performing chromatin immunoprecipitation fol-
lowed by DNA sequencing (ChIP-seq) and transcriptomic cross-refer-
encing with the transcriptome. This approach identified TOX binding
sites of the gene Id2, which is essential for terminal-effector differentia-
tion [137]. Together with further phenotypic analyses, we have described
that DNA-binding factor TOX functions as a transcriptional regulator of
T-cell differentiation, influencing the susceptibility of autoreactive T cells
to checkpoint signaling and, ultimately, the encephalitogenic properties
in CNS autoimmunity.
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However, what determines the functional adaptation of autoreactive CD8+
T cells in the inflamed organ needed further investigation. In subsequent
studies published by three independent research groups and in which our
laboratory was involved, TOX was identified as a critical regulator of
T-cell exhaustion during viral infections and of the antitumor immune
response [138—140]. It became apparent that the adaptive program relies
on chronic stimulation of the T cell receptor (TCR), which is associated
with changes in the epigenetic and transcriptional landscape [141]. T cells
with an exhausted phenotype showed increased expression of multiple
inhibitory receptors such as PD-1 and exhibited a progressive loss of ef-
fector functions (e. g., the ability to produce various cytokines) in chronic
viral infections and cancer. As aresult, T cells appeared impaired in their
ability to defend against persistent viruses or tumors. Nevertheless, such
cells retain residual effector functions [142—144], which could be further
reinvigorated by immune checkpoint inhibitors [145] and which may re-
semble the situation in chronic autoimmune diseases. In a follow-up study,
we thus investigated the epigenetic and transcriptional landscape of au-
toreactive T cells in CNS inflammation [146].

To this end, we examined chromatin remodeling events in CD8+ T cells
infiltrating the brain under autoimmune conditions in the MOG-GP mice
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Figure 8. LCMV-OVA-primed OT-1 cells acquire Tox-dependent encephalitogenic ca-
pacity in ODC-OVA mice. (a) Flow-cytometric enumeration of CNS-infiltrating OT-1 cells
7dpi in indicated groups. (n =6 mice). (b) EAE disease course (n =8 mice per group). (c)
Average speed (um/min) and arrest coefficient of Tox+/+ and Tox-/-OT-1 individual cells
incubated onto WT or ODC-OVA slices. Horizontal lines indicate the median. a: n=6; b:
n=38; c: n=80. ***P < 0.001, NS: not significant. Adapted from Page et al., Immunity, 2018.
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(as introduced in the previous section), in which the glycoprotein of
LCMYV is expressed as a cognate CD8 T cell neo-self-epitope in oligo-
dendrocytes mice [126,146]. We compared the remodeling events with
those following acute CNS infection (Figure 9a).

To assess the differences in genome-wide chromatin accessibility in au-
toimmune versus infection conditions, we performed an assay for trans-
posase-accessible chromatin using sequencing (ATAC-seq) of T cells
(Figure 9b). While virus-derived and autoreactive T cells exhibited sig-
nificant differences in the landscape of chromatin accessibility, most chro-
matin remodeling occurred in CD8+ T cells that differentiated over time
in the inflamed CNS (Figure 9c).

To partition the regions whose accessibility changed over time during
CDS8+ T cell differentiation, we performed unsupervised clustering at dif-
ferent time points after the onset of CNS disease (Figure 9d). Among the
different modules identified, we could corroborate that increased acces-
sibility occurred at the late time points in the locus encoding for TOX
(Figure 9d—e). We further found that most of the chromatin accessible
regions (ChARs) showed increased chromatin accessibility in autoim-
mune condition at later timepoints (Figure 9f). To determine which tran-
scription factor networks account for the specific differentiation states of
CD8+ T cells during CNS autoimmunity, we tested the presence of tran-
scription factor binding motifs (Figure 9g). Consistent with the described
function of nuclear factor of activated T-cells (NFAT) in driving T-cell
exhaustion [147], we observed a strong enrichment for NFAT binding
motifs in the ChARs that gained accessibility at a late time point in au-
toimmune condition compared to transient viral infection. This indicated
that autoimmune CD8+ T cells acquire an epigenetic landscape reminis-
cent of exhaustion, which was further corroborated in the transcriptome
of these cells (data not shown). In line with these observations, autore-
active CD8+ T cells displayed a reduced ability to degranulate and co-pro-
duce IFN-y and TNF, which was paralleled by an increased expression
of multiple inhibitory receptors such as PD-1, TIM-3, CD244, LAG-3,
and TIGIT (Figure 9h). Collectively, this suggests that autoimmune CD8+
T cells induce TOX in the CNS and acquire a gene program that distin-
guishes them from memory T cells after transient viral infection.
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Figure 9. Chromatin accessibility changes in self-reactive CD8+ T cells. (a) P14 cells
were adoptively transferred into WT and MOG-GP mice. One day later (day 0), mice were
challenged i. c. with rLCMV. Brain infiltrating P14 cells were submitted to ATAC-seq 7 and
21 days after i. c. infection. (b) Multidimensional scaling (MDS) plot of chromatin acces-
sibility from Ak, Vi, AL, and Vi P14 cells. The similarity of chromatin accessibility is pro-
portional to the distance between samples. (¢) Number of differentially accessible ChARs
in each different comparison (Log> FC >1; FDR <0.05). (d) Heatmap of the normalized
peak intensity for ChARs displaying differential accessibility in at least one of the compar-
isons (Vevs. Ae) or (Vo vs. AL) (Logz FC 21; FDR < 0.05). Hierarchical clustering indicates
grouping of samples by ChARs behavior during CNS autoimmunity. Key genes proximal to
loci with differential accessibility are indicated for each cluster. Each column represents a
biological replicate. (e) ATAC-seq track of Tox locus for Ve, Vi, Az, and Av. Differentially
accessible ChARs (FDR < 0.05) are highlighted in gray. (f) ATAC-seq Z-score of signifi-
cantly differentially accessible ChARs (FDR < 0.05) at exhaustion-associated regions. (g)
Enrichment of all known transcription factor (TF) motifs within each cluster of differen-
tially accessible ChARs as defined in (d). (h) Representative flow cytometry histograms of
inhibitory receptor expression in Ar and Vi P14 cells 28 days post i.c. rLCMV infection.
Adapted from Page et al., Nat. Comm., 2021.
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However, why is TOX in T cells essential for CNS autoimmune disease
precipitation while restraining effector T cell differentiation into short-
lived effector T cells?

TOX is dispensable for T cell expansion and contraction following tran-
sient viral infection [146]. Similarly, the initial expansion was not affected
in Tox-deficient autoreactive T cells in our study, but these cells under-
went a more rapid culling in CNS autoimmune disease conditions (Fig-
ure 10a). These results suggest that TOX deficiency leads to an intrinsic
disadvantage for the survival of autoreactive CD8+ T cells that invade
the CNS during autoimmune disease.

When analyzing the transcriptome, the expression of TCF-1, which is
crucial for chronically stimulated T cells with stemness-like properties
T cells [148], was nearly ablated in the absence of TOX in self-reactive
CD8+ T cells, a finding that could also be corroborated on the protein
level (Figure 10b). Thus, this suggests that TOX is critical for maintain-
ing TCF-1-expressing self-reactive T cells during CNS autoimmunity. To
get insights into the molecular mechanism by which TOX controls the
presence of TCF-1-expressing cells during CNS autoimmunity, we inter-
rogated our ATAC-seq dataset by evaluating the changes in expression of
genes that became more or less accessible in the absence of TOX (Fig-
ure 10c). This analysis revealed that most TOX-dependent epigenetic
changes were functionally relevant since the chromatin openness corre-
lated with the gene expression level (data not shown). Given the role of
TCF-1 in coordinating chromatin accessibility changes upon binding
[149], we reasoned that TOX-dependent control of gene expression
through chromatin remodeling would mainly affect TCF-1 bound genes.
When we examined whether these changes in expression affected genes
that had TCF-1 binding events from a previously published TCF-1 ChiP-
seq dataset, we found that approximately 50% of the identified genes as-
sociated with differentially accessible ChARs were TCF-1-bound genes
(Figure 10c). This indicated that TOX expression is required to recapit-
ulate partly the epigenetic and transcriptional programs invoked by TCF-1
and thus favors the maintenance of the reservoir of autoimmune TCF-1-ex-
pressing cells.
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Figure 10 TOX predominantly preserves the pool of self-reactive TCF-1" CD8+ T cells.
(a) Flow cytometric enumeration of CNS infiltrating P14 cells at days 7 post-infection.
(n=4-14). (b) Frequency of TCF-1-expressing cells in V. and Aw cells 21 days after infec-
tion (n=8-9). Representative flow cytometry plot (left) and summary data (right). Hori-
zontal lines represent the mean. (c) Violin plots illustrating normalized expression of genes
Sfound proximal to differentially accessible ChARs (maximum distance to gene = 100kb) for
each grouping of samples by TOX-dependent ChAR behavior. The bounds of the boxes in-
dicate the 25" and 75" percentiles, the center (dot) reflects the median, the lower whisker
indicates the minimum, and the upper indicates the maximum of normalized gene expres-
sion and violin colors indicate the average peak intensity of ChAR-gene pairs within each
module. Genes showing at least one TCF-1 binding event are depicted within each module.
Adapted from Page et al., Nat. Comm., 2021.

Our studies shed light on how TOX-dependent fate determination favors
self-reactive CD8+ T cells to promote chronic inflammation in the
CNS. While TOX is associated with an exhaustion transcriptional signa-
ture, this represents an essential adaptive program for autoreactive T cells
enabling them to chronically persist antigen stimulation in the CNS by
reducing their differentiation into short-lived effector cells. This is nota-
bly achieved by preserving the pool of TCF-1-expressing progenitor cells
in cooperation with various transcription factors. Deciphering the molec-
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ular mechanisms controlling the longevity of self-reactive CD8+ T cells
in chronic autoimmune diseases may have implications for future thera-
peutic interventions.

Neurons as an immunological target in autoimmunity

One of my long-standing interests, which has accompanied me through-
out my research career, is to understand better how inflammatory pro-
cesses result in neuronal damage in the CNS. To gain insight into the un-
derlying mechanisms, I led and participated in several studies that focused
on the aspect of neuronal changes mediated by immune processes in
model systems and humans [150-162]. Neurons in the adult CNS are
postmitotic cells, and it is therefore not surprising that the degree of neu-
ronal damage, be it in the context of infections or autoimmune diseases,
is associated with the extent of irreversible functional impairments of af-
fected individuals. Therefore, it is evident that preventing neuronal dam-
age in inflammatory CNS diseases is critical for any therapeutic inter-
vention to reduce irreversible clinical decline. It should be kept in mind,
however, that neurons represent highly polarized cells that transmit in-
formation to other neurons through their, partly very long, cytoplasmic
projections (so-called axons) and receive signal input from other cell pro-
jections through their dendrites and corresponding synapses. Therefore,
alterations in inflammation can occur along these neuronal processes and
transmission sites, with far-reaching functional consequences but not nec-
essarily equating to irreversible cell death. These changes can lead to al-
tered synaptic inputs impacting neuronal excitability, resulting in seizures
and a decline in intellectual and motor performance [163]. However, such
alterations also represent a potential for reversibility and could be ad-
dressed therapeutically if the underlying molecular mechanisms were
better elucidated.

Already during my early research endeavor, we established a mouse
model that is particularly suited to study the interaction between CTLs
and neurons of the CNS in vivo, a model that we referred to as “viral
déja vu” [99]. This model system relates to the phenomenon that immu-
nogenic but non-cytolytic viral infections in the neonatal period are often
not eliminated by the immune system and may persist lifelong in the
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CNS. Mice with neonatal infection (within 24 hours after birth) with the
attenuated LCMV strain ({fLCMV/INDG) are healthy because the virus
does not behave cytolytically but persists selectively in CNS neurons
without induction of an antiviral CTL response. When these so-called
“virus carrier mice” become infected later in life with wild-type LCMV
genetically related to the persisting virus in the CNS, a CTL-mediated
immune response is triggered against both viruses, including fLCMV/
INDG persisting in neurons. The CNS disease that ensues in these car-
rier mice is driven by an antiviral immune response against neurons and
is histopathologically dominated by CD8+ T cells (Figure 11a illustrates
the experimental readout of the viral déja vu model system). As a con-
sequence of CTL neuron interaction, neurons show synaptic loss (Fig-
ure 11b), which correlates with CTL neuron contact (Figure 11c) dur-
ing acute disease stages. This model recreates histopathological features
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Figure 11: Schematic description of the viral déja vu model. (a) Neonatal infection with
an attenuated variant of Lymphocytic chorio-meningitis virus (rLCMV/INDG) causes a
persisting infection in neurons of the CNS but not in peripheral organs.

Note that the rLCMV/INDG is not cytolytic; therefore, the infection does not damage in-
fected cells. Moreover, carrier mice are clinically healthy and do not show disease. How-
ever, when these carrier mice are infected in adulthood with wild-type LCMV (LCMVwt)
intravenously (i.v.), they mount a vigorous CD8+ T cell response within 6-7 days which
also targets persisting infected neurons in the CNS, causing disease. We refer to the phe-
nomenon that a secondary infection triggers a response against a persisting infection in
the CNS as viral déja vu. (b) Left: representative histological section stained for synapto-
physin+ perisomatic boutons (arrowheads) in the DCN of carrier and noncarrier mice 10d
after LCMVwt challenge. Right: quantification of perisomatic bouton density. (c¢) Periso-
matic bouton density quantification in LCMV-NP+ neurons in juxtaposition to infiltrating
T cells 8d after LCMVwt challenge. Symbols represent individual animals, except in (c),
where data represent mean + SEM. b: n=4-5; c: n=4.

*#*P < 0.01, ns: not significant. Adapted from Merkler et al., J. Clin. Inv., 2006 and
Kreutzfeldt et al., J. Exp. Med. 2013.
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that resemble Rasmussen’s encephalitis (RE), a rare but devastating in-
flammatory disease of the human CNS. This disease, which typically af-
fects children under the age of 15, is characterized by drug-resistant ep-
ilepsy and progressive neurological decline [164]. Analogous to the
viral déja vu model, in which CD8+ T cells cluster around rLCM V-in-
fected neurons, RE lesions are dominated by infiltrating CD8+ T cells
that show disease-specific clonal expansions [165] and are found close
to neurons [164].

At the beginning of my endeavor in this research field, it was still unclear
whether CD8+ T cells could directly interact with neurons in vivo [166].
If so, little was known about the cellular and molecular bases of how a
CD8+ T cell-mediated anti-neuronal response results in the observed syn-
aptic pathology. What was known at that time was that microglia, the
brain-resident phagocytes, are essential orchestrators of synaptic refine-
ment and maintenance [167], and in the context of CNS inflammation,
microglia, and brain-infiltrating monocyte-derived macrophages, can pro-
mote pathological synaptic loss [168,169]. Activated microglia engulf
synaptic terminals in CNS inflammatory conditions through an interfer-
on-alpha-dependent mechanism [170] and complement component C3
cleavage products [171]. In the first studies, using the viral déja vu model,
we noted that CD8+ T cell-derived interferon-g (IFN-g) triggers an acute
loss of axosomatic synaptic connections clinically manifested by impaired
motor coordination and balance [156]. But how was ensuing synaptic re-
moval mechanistically linked to a targeted CD8+ T cell immune attack?

We hypothesized that there must be a interaction between neurons under
a CD8+ T cell attack with phagocytes resulting in synaptic pathology. To
address this hypothesis, we tested whether the neuronal interferon gamma
signaling and downstream signal transducer and activator of transcrip-
tion 1 (STAT1) represent a disease-relevant pathway in neurons. For in-
stance, we infected neonatal Stat1™" mice with [LCMV encoding for the
Cre recombinase (rLCMV-Cre). This allowed us to conditionally ablate
STAT1 in persistently infected neurons in the CNS without interfering
with this essential pathway in other cells (Figure 12a), including immune
cells. Stat1¥ rLCMV-Cre carriers were protected from viral déja vu dis-
ease (Figure 12b), and synaptic loss (Figure 12c), commonly seen in dis-
eased wild-type carrier animals. The importance of this pathway also for
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potential therapeutic interventions was further confirmed by pharmaco-
logical inhibition of Janus kinases (Figure 12d—e) in the viral déja vu set-
ting. To investigate how neuronal JAK/STAT1 signaling results in syn-
aptic alterations, we profiled the neuronal translatome of rLCMV-cre
infected neurons in the déja vu model by exploiting “RiboTag mice”
which harbor a modified allele of ribosomal protein L.22 (Rpl22HA/+,
Figure 12f) and that allows for pulldown of ribosomal bound RNA fol-
lowing Cre recombinase in a cell-specific manner [172]. This approach
allowed us to uncover differentially up- and down-regulated transcripts
in neurons under CD8 T-cell attack in vivo and in response to STAT1 sig-
naling. The resulting network analysis revealed that neuronal STAT1 up-
regulated connected enriched gene sets with roles in immune response
and downregulation of gene sets for synaptic activity. These included sig-
natures of chemokine signaling, antigen processing and presentation, and
complement and coagulation cascades, all of which depend on neuronal
STAT1 signaling (Figure 12g). Among the chemokines induced upon
viral déja vu, we noted strong upregulation of the Ccl2 and Cxcl10 tran-
scripts (Figure 12h—i). We thus speculated that STAT1-induced expres-
sion of chemokines or complement factors in neurons instructed phago-
cytes to engulf synapses. Analogous experiments in loxP-flanked Ccl2
mice (Ccl2¥) corroborated that neuronal CCL2 is essential for phago-
cyte recruitment, subsequent synapse elimination, and viral déja vu dis-
ease precipitation. Accordingly, when animals were treated with mino-
cycline that interferes with phagocyte activation and recruitment
ameliorated viral déja vu and synaptic loss (Figure 12j-k).

We further corroborated identified signaling signatures in a cohort of Ras-
mussen Encephalitis patients. Similar to the mouse model, JAK1/2-
STAT1 signaling and CCL2 expression were associated with synaptic al-
terations in the diseased human CNS samples (Figure 13a—d).
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Figure 12. Neurons under T cell attack coordinate phagocyte-mediated synaptic strip-
ping. (a) Statl +/+ or Stat "' mice were infected intracranially (i. c.) with attenuated LCMV
encoding for the Cre recombinase (rLCMV-Cre). At around 5 weeks of age, rLCMV-Cre
carrier mice were challenged (cc) i. v. with LCMVwt to trigger a CD8+ T cell response. (b)
Rotarod performance of the indicated groups. (¢) Representative immunostainings for syn-
aptophysin (SYP), LCMV-nucleoprotein (LCMV), and nuclei (DAPI) and histological quan-
tification of perisomatic synaptic bouton in deep cerebellar nuclei (DCN) neurons in indi-
cated groups. (d) Rotarod performance on day 10 after LCMVwt i. v. of the indicated groups.
(e) Histological quantification of perisomatic synaptic bouton in DCN neurons in indicated
groups. (f) The translatome of infected neurons of RpI22HA/+ rLCMV-Cre carrier mice
was analyzed by next-generation RNA sequencing in the viral déja vu setting (day 9 after
LCMVwt i.v.). (g) GSEA with KEGG modules of transcripts highly expressed in Rpl-
22HA/+xStatl +/+ versus RpI22HA/+xStatl™ challenged mice. Normalized enrichment
score (NES) indicates the cumulative enrichment, and false discovery rate (FDR) indicates
the adjusted q value. Lines over the distribution of expression profiles mark the occurrence
of the signature transcripts. Quantification of in situ hybridization of (h) Ccl2 and (i) Cxcl10
in brain sections of the indicated groups. (j) Rotarod performance at the peak of disease
(day 10). (k) Histological quantification of perisomatic synaptic bouton in DCN neurons
in indicated groups. Symbols represent one individual mouse, and bars represent means +
SEM, except for (c)(e) and (k), where symbols represent neurons and bars represent means,
and, except for (g), where symbols represent individual transcripts. b: n=8-11; c, e, k:
n=30; d: n=8-16; h, i: n=5-8; j: n=11. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, ns: not significant. Adapted from DiLiberto et al., Cell, 2018.
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Figure 13. RE lesion correlates with the déja vu inflammatory signature. (a) Adjacent
brain sections of a representative RE biopsy stained for CD8, pSTATI (IHC), or CCL2
(ISH) or CD68 and DAPI by fluorescence immunohistochemistry staining (F-IHC) and dig-
itally aligned for coregistration. Positive cells for each marker were detected, and 2D sig-
nal density maps were generated. Individual 2D maps were stacked and visualized as a 3D
surface plot. White peaks correspond to regions enriched in all markers. Scale bar, I mm
in surface plot and 50 mm in [HC and ISH. (b) Representative images of RE and non-neu-
rological disease (NND) co-immunostained for neurons (NeuN), synaptophysin (SYP), ac-
tivated phagocytes (CD68), and DAPI. The inset on the left shows a phagocytic process in-
terposed between neuronal somata and synaptic terminals (arrowhead). Scale bars, 20 um.
(c and d) Quantification of perisomatic bouton density in RE and NND matched for age,
frontal (c) and temporal (d) brain region (n = 40 neurons evaluated per patient) and strat-
ified according to the presence (+) or absence (—) of contact with CD68+ cells. Adapted
from DiLiberto et al., Cell, 2018.

Altogether this work unrevealed the tripartite interaction between CD8+
T cells, neurons, and phagocytes (Figure 14). While in our initial work,
we confirmed in RE disease samples this signature, several publications
have meanwhile shown that this signaling pathway was also observed in
other human CNS inflammatory disease contexts, including in HIV CNS
involvement [150] but also autoimmune diseases [173—175] attesting the
broader relevance of our findings.
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Figure 14. Schematic representation of viral déja vu. Upon recognition of their cognate
antigen on neurons, activated CTLs secrete IFN-vy. IFN-vy signal transduction in neurons
leads to the activation of the Janus kinases 1 and 2 (JAK1/2) and ultimately phosphoryla-
tion of the transcription factor STATI, which triggers the production of CCL2 chemokine.
The gradient of CCL2 generated by attacked neurons rapidly recruits macrophages and
microglia that together initiate synaptic stripping.

In future studies, we are interested in deciphering the molecular under-
pinnings of the long-term consequences of immune cell neuron interac-
tions that we believe are related to epigenetic remodeling and metabolic
changes of neurons that may be harnessed to develop novel therapeutic
approaches aiming at preventing long-term neurodegeneration.
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REGULATION OF ADAPTIVE IMMUNITY IN
VIRAL INFECTIONS

Annette Oxenius
Institute of Microbiology, ETHZ

Summary

The mammalian immune system has evolved a plethora of cells and
mechanisms that allow the detection and control of bacterial, fungal
and viral infections. To reach this goal, immune cells need to com-
municate with each other, and their function needs to be tightly con-
trolled. Furthermore, immune cells must recognize an enormous va-
riety of different pathogens (i. e. epitopes of proteins or carbohydrates)
and the type of immune response needs to be tailored to the invading
pathogen, meaning that different types of effector functions need to
be invoked for instance in case of viral or helminth infections. All
these parameters depend on enormous diversity of immune cells with
respect to their specificities, effector functions and longevity. How
this diversity is generated and how immune responses are regulated
in face of viral infections was — and is — at the center of research in
my group at the ETH Zurich. We are particularly interested in un-
derstanding the regulation and differentiation of T and B lympho-
cytes in the context of acute or chronic viral infections.

Introduction

The immune system is a complex ensemble of diverse white blood cells
(leukocytes) that are resident in tissues and patrol the body with the aim
of detecting tissue injury invoked for instance by invasion of microorgan-
isms such as bacteria and viruses. While cells of the innate immune sys-
tem are responsible to sense invading microorganisms and respond to this
sensing by inducing inflammation leading to the recruitment of circulat-
ing innate immune cells, cells of the adaptive immune system (T and B
lymphocytes) are equipped with highly diverse receptors that can recog-
nize antigens of microbes in a very specific manner. Activation of T and
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B cells leads to their clonal expansion and differentiation into effector
cells, with B cells secreting microbe-specific antibodies and T cells ex-
erting effector functions such as cytokine secretion and cytotoxicity. In the
context of viral infections, cytotoxicity exerted by CD8 T lymphocytes
is of particular relevance, as it allows the detection and destruction of vi-
rus-infected cells, thereby contributing to termination of viral replication.
After resolution of an infection, most activated effector cells die, but a
considerable fraction of antigen-specific T and B cells is maintained long-
term as memory cells. These memory cells can be quickly reactivated
following a secondary infection, leading to enhanced control, a process
known as immunological memory.

How diversity between activated T cells is generated and how such pow-
erful and potentially dangerous adaptive immune responses are regulated,
is at the center of our research interest.

Generation of diversity in activated T cells

T lymphocytes express T cell receptors (TCRs) conveying antigen spec-
ificity. T cell activation requires the integration of three signals: TCR en-
gagement with peptide-presenting major histocompatibility (MHC) com-
plexes on antigen presenting cells (APCs) (signal 1), engagement of
costimulatory receptors (signal 2) and sensing of differentiation inducing
cytokines (signal 3). The combination of these three signals leads to pro-
liferation (clonal expansion) and acquisition of effector functions (differ-
entiation). From this differentiation process, a heterogeneous population
of T cells emerges with respect to their phenotype, function, longevity,
localization, and their transcriptional, metabolic and epigenetic profile.
Such generation of diversity fulfils the physiological requirements for
short-term effective control of an infection and the establishment of long-
lived memory, providing rapid protection in case of re-infection.

Both short-lived effector cells and long-lived memory cells can arise from
a single activated antigen specific CD8 T cell (2—4), indicative that fate
is not pre-determined in a single CD8 T cell. Divergent fate is not an ex-
clusive feature of CD8 T cells, as activated B cells also generate effector
progeny (antibody secreting cells) and memory cells (5).
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The establishment of heterogeneity in activated CD8 T cells occurs early
after priming, in the most extreme case already after the first mitosis in
a process termed asymmetric cell division (ACD). Despite ACD being a
conserved mechanism in biology to generate daughter cells with differ-
ent fates, its role in T cell differentiation is still debated. In activated CD8
T cells, ACD relies primarily on the establishment of a polarization axis
with the immune synapse (IS, the interaction surface between an antigen
presenting cell and the T cell, where T cell receptor (TCR) engagement
occurs) as an anchor point. Establishment of a stable IS and strong TCR
triggering is required for ACD to occur (6, 7). Such polarization leads to
the establishment of different layers of asymmetry (Fig. 1). Activated
CD8 T cells exhibit polarization of membrane proteins towards the
IS-proximal pole, including the TCR, CD8, co-stimulatory molecules,
integrins and cytokine receptors (6, 7). Due to unequal proteasome ac-
tivity between the two daughter cells upon mitosis, fate-determining tran-
scription factors such as T-bet are asymmetrically partitioned into the
APC-proximal daughter cell already in the first division after activation
(8). Furthermore, unequal nutrient sensing establishes metabolism dis-
parity between sibling lymphocytes (9, 10). As asymmetric distribution
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is maintained during mitosis — even after disengagement of antigen pre-
senting cells (APCs) and T cells — two daughter cells emerge that differ
in phenotype, transcription factor composition, metabolic status, and tran-
scriptional profile (6—10). This leads to an early bifurcation of potential
fates, where the IS-proximal daughter is destined to become an effector
cell, while the IS-distal daughter is committed to a memory fate (11).
However, up to now, the contribution of ACD for the generation of diver-
sity is largely limited to the description of asymmetric partitioning of a
variety of cellular constituents and signaling pathways, and formal proof
for the importance of this partitioning mechanism for subset diversifica-
tion is still lacking.

Immune control of viral infections

Viral infections can lead to distinct outcomes, ranging from acute resolved
to persistent infections. Acute infections are generally resolved by the in-
nate and adaptive immune system in 8 to 10 days after infection in a pro-
cess that often relies on the production of pro-inflammatory cytokines
(e. g. type Linterferons, IFNy, IL-12), cytotoxic activity of antigen-specific
CDS T cells, or production of virus-neutralizing antibodies. At the peak
of expansion, the majority of CD8 T cells present an effector phenotype,
and only cells committed to a memory fate survive the contraction phase.
Upon reinfection, the pool of memory cells can generate new effector
cells, leading to a robust immune response and faster viral clearance in
comparison to the first antigen encounter (Fig. 2A, upper panel). If ana-
lyzed at higher resolution, early progenies of activated CD8 T cells can
be distinguished into short-lived effector cells (SLECs) and memory pre-
cursor effector cells (MPECs) at about 7 days post infection. In a sce-
nario of antigen re-encounter, the progenies of MPECs, which survived
and formed the memory pool, are responsible to mount the recall immune
response (Fig. 2A, lower panel) (12-15).

Persistent infections can be divided into latent or active chronic infec-
tions. In latent persistent infections, most prominently caused by the Her-
pesviridae family, control of lytic virus replication presents distinct ki-
netics in different organs. Complete eradication of the virus, however, is
never achieved, as herpes viruses can enter a state of latency, in which
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Acute resolved infections lead to robust
proliferation of CD8 T cells and are
cleared after 8-10 days. After viral
clearance, contraction of the CD8 T cell
population results in the maintenance of
a memory pool. At early stages after in-
fection, short-lived effector cells (SLECs)
and memory precursor effector cells
(MPECs) can be distinguished. Upon re-
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viral genomes persist in form of episomal DNA with no or limited tran-
scription and translation of viral gene products. Sporadic and local reac-
tivation events, however, can take place in response to various cellular
stress responses. In immunocompetent hosts, such reactivation events are
quickly controlled by the adaptive immune system. In case of cytomeg-
alovirus (CMV) infection, CD8 T cells follow distinct proliferation and
maintenance kinetics, depending on the antigen they are specific for, and
are distinguished into “non-inflators” and “inflationary” cells. The
“non-inflators™ exhibit an expansion and contraction kinetics similar to
the one found in acute infections, while inflationary cells show a contin-
uous increase and eventual settlement at high frequency and numbers
during the period of viral latency (Fig. 2B, lower panel) (16—18). The in-
flationary response kinetics results from (continuous) sensing of viral re-
activation events (19).

Active persistent virus infections are commonly induced by non- or poorly
cytopathic viruses. Viral replication can be maintained for long periods
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or is even never controlled. After the peak of CD8 T cell expansion, con-
tinuous exposure to high amounts of antigen results in numeric reduction
of virus-specific cells (18) and also to CD8 T cell dysfunction, referred
to as exhaustion, characterized by impaired proliferation, maintenance and
execution of specific effector functions (Fig. 2B, upper panel) (20-23).

Lymphocytic choriomeningitis virus (LCMV) infection is a well-estab-
lished model to study the regulation of CD8 T cell differentiation (24—
27). Depending on the LCMYV strain and the inoculation dose, differences
in the viral tropism and replication kinetics determine the outcome of the
infection (28-30) (Fig. 2A and B). Furthermore, the existence of LCM V-spe-
cific TCR transgenic mouse strains, such as the P14 mouse, that contains
CDS8 T cells which specifically recognize the gpss-«1 peptide from the
LCMV glycoprotein (31), allow cell intrinsic and extrinsic factors to be
dissected using adoptive transfer experiments.

Regulation of adaptive immunity

Generation of diversity: Role of asymmetric cell division (ACD)
in fate determination

Asymmetric partitioning of fate-determinants is a mechanism that con-
tributes to T cell diversification. However, it was unclear whether the
ability of T cells to divide asymmetrically is influenced by their differ-
entiation state, as well as if enforcing asymmetric cell division rates would
have an impact on T cell diversification. Using the murine LCMV infec-
tion model, we established a correlation between cell stemness and the
ability of CD8 T cells to undergo asymmetric cell division (ACD). Tran-
sient mTOR inhibition proved to increase ACD rates in naive and memory
cells, and to install this ability in exhausted CD8 T cells. Functionally,
enforced ACD correlated with increased memory potential, leading to
more efficient recall response and viral control upon secondary LCMV
infection. Moreover, transient mTOR inhibition also increased ACD rates
in human CD8 T cells. Transcriptional profiling revealed that progenies
emerging from enforced ACD exhibited more pronounced early memory
signatures, which functionally endowed these cells with better survival
in absence of antigen exposure and more robust homing to secondary
lymphoid organs, providing critical access to survival niches. Our data
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Figure 3 Asymmetric cell division
(ACD) contributes to T cell differen-
tiation. ACD is established in the con-
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Ageing of the immune system, a multi-

faceted phenomenon also known as immunosenescence, reduces T cell
diversity, as a result of thymic involution and antigen exposure history.
This culminates in both inefficient immune responses and increased sus-
ceptibility to autoimmunity (33-35). In some cell types, such as haema-
topoietic stem cells (HSCs), functional deterioration observed during
ageing has been linked to an impaired ability to undergo ACD (36). To
address the question whether altered ACD rates might also be apparent
in CD8 T cells during ageing and potentially linked to age-related im-
pairment of CD8 T cell function, we compared ACD rates in CD8 T cells
of young and aged mice. We found that ageing leads to an overall decline
in the ability of CD8 T cells to undergo ACD, which was linked to im-
paired expansion and memory potential. Pharmacological enforcement
of ACD restored the expansion and memory potential of naive CD8 T cells
from aged mice. Lower ACD rates were exclusively found in naive CDS§
T cells from aged animals, as “virtual” memory cells (CD8 Tvm), which
gradually accumulate in aged individuals, retained the ability to undergo
ACD and showed better re-expansion potential in adoptive transfer ex-
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periments compared to their naive counterparts, providing additional ev-
idence of a correlation between the ability to divide asymmetrically and

memory potential (Figure 4) (32).

Fate of virus-specific CD8 T cells in absence of signal 3

Proper activation, expansion and differentiation of T cells is critical for
the clearance of viral infections and this activation is dependent on three
key signals; antigen presentation, co-stimulation and cytokine signaling.
The importance of signal 3 cytokine signaling for sustained expansion,
effector and memory cell differentiation has been demonstrated in vari-
ous infection models (37—40), where the nature of the invading pathogen
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Figure 5 T cells primed in absence of signal 3
become susceptible to NK cell mediated killing
T cells lacking the ability to directly sense
type-I interferons (blue cells) are highly sus-
ceptible to NK cell meditated killing during
LCMYV infection, whereas T cells that receive
type-I interferons (purple cells) are protected.
The ability of activated T cells to receive sig-
nals through the type-I IFN receptor prevents
the expression of ligands (sweat drops) for the
activating NK cell receptor NCR-1, thereby
being protected against cytolytic attack by NK
cells (black). In contrast, activated T cells which
are unable to sense type-I interferons are killed
by NK cells in a perforin (stars) dependent man-
ner, demonstrating an important immunoregu-
latory role of NK cells for “inappropriately”
activated T cells. Courtesy Dr. Josh Crouse



determines which cytokines serve as signal 3, the two most studied being
IL-12 and type-I interferons (IFNs). T cell responses are critically depen-
dent on type-I IFNs during LCMYV infection, where the inability to di-
rectly sense type-I IFNs leads to dramatically curtailed expansion (37,
38) and altered differentiation of antiviral T cells (41). We investigated
the cause(s) for the abortive expansion of T cells lacking the type-I IFN
receptor (IFNAR™) during acute LCMYV infection. By performing a whole
genome gene expression analysis, we found many molecules involved in
cell death being differentially regulated in IFNAR” LCM V-specific CD8
T cells compared to their WT counterparts, amongst which were multiple
NK cell activating and inhibitory ligands. In vivo depletion of NK cells
revealed a key role for NK cells in the negative regulation of IFNAR"
LCMV-specific T cells, with NK cell depletion during priming leading
to a complete recovery of the early IFNAR” T cell expansion. We further
found that NK cells selectively killed activated IFNAR™ T cells in a per-
forin-dependent manner via engagement of NCR1 ligands being specif-
ically up-regulated on IFNAR” T cells. Our data establish a mechanism
whereby type-I IFN signalling on activated T cells is pivotal to protect
them from NCR1-mediated NK cell attack (Figure 5) (42).

Regulation of adaptive immunity: chronic viral infection

Ineffective clearance by the host immune system is the cause for certain
infections. Prominent viruses causing chronic infections are HIV, HCV
and HBV in humans and LCMV in the mouse. The principal strategy
employed by these viruses to establish and maintain persistence relies
on “outpacing” the immune system. One major challenge actively rep-
licating chronic infections impose on host immunity is the continued
presence of viral antigens. In the attempt to control the infection to a
certain level, while avoiding detrimental immunopathology, immune cell
numbers and their function need to be tightly regulated. Furthermore,
rapid viral mutations and pressure exerted by the immune system lead
to the emergence of viral escape variants, presenting a continuously
evolving spectrum of (new) antigenic determinants to the host’s immune
system.
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Regulation of virus-specific CD8 T cells during chronic infection

A complex regulatory network adjusts the size and the function of adap-
tive immune responses during chronic infections. This regulation is par-
ticularly well understood for CD8 T cell responses which bear the poten-
tial to cause major immunopathological insult via direct cytotoxicity and
pro-inflammatory cytokine production (21, 43). Regulation of virus-spe-
cific CD8 T cell immunity is characterized by reduced numbers and func-
tion of antiviral T cells, collectively termed T cell exhaustion (21, 43).
As opposed to effector and memory CD8 T cells developing after acute
infections, CD8 T cells are functionally compromised with respect to in-
flammatory cytokine production and responsiveness to homeostatic cyto-
kines. Regulatory pathways inferring such dysfunction include sustained
T cell receptor (TCR) stimulation, continued expression of co-inhibitory
receptors, exposure to anti-inflammatory cytokines and control by regu-
latory T cells (Tregs) (21, 43, 44). Despite the fact that numeric and func-
tional attenuation of virus-specific CD8 T cells supports viral persistence,
itis a key regulatory mechanism to prevent overt immunopathology. Indeed,
we could show that genetic absence of one key co-inhibitory receptor
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Figure 6 Lethal immunopathology in-
duced by LCMV-specific CD8 T cells in
absence of PD-1
(A) Primed anti-viral CD8 T cells are re-
cruited to peripheral sites of inflamma-
tion during persistent LCMV infection.
When interacting with LCMV-infected
vascular endothelial cells, CD8 T cells
are restrained from killing these cells via
engagement of PD-1 (on CD8 T cells) and
PD-LI (on endothelial cells), thereby pre-
venting vascular leakage.
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(PD-1) on virus-specific CD8 T cells enhances functionality of these cells
to the point that they induce lethal immunopathology (Figure 6) (45).

Differentiation of virus-specific CD8 T cells during chronic infection

In the context of chronic antigen exposure, CD8 T cells undergo a differ-
entiation program that differs markedly from the one observed during
acute resolved infection. Previous studies have analysed and inferred dif-
ferentiation trajectories of virus-specific CD8 T cells using bulk or sin-
gle cell transcriptomic profiling in various systems, including chronic
LCMYV infection (46—48). Asynchronicity in this process as well as dif-
ferent micro-environments that CD8 T cells experience result in a heter-
ogeneous population of cells at a given time point of the infection. One
sub-population of virus-specific T cells acquires a phenotype that shares
properties with memory T cells from acute infection and is characterized
by the expression of T cell Factor 1 (TCF1) (46, 49). In contrast to ter-
minally exhausted or effector T cells, these cells retain proliferative ac-
tivity and have better survival in the infected host (47). It is not yet fully
understood how and when these different cell states arise during the
course of the infection and which intermediate cell states precede these
end states.

Recent advances in sequencing technologies enable to profile individual
cells on a genome-wide transcriptional level using single-cell RNA se-
quencing (scRNAseq). This technology allows capturing the transcrip-
tional heterogeneity of multiple cell populations and to computationally
infer orders of cell states traversed during dynamic processes such as
T cell differentiation in chronic infection. When analyzing scRNAseq da-
ta-sets, cells are treated as points in transcriptome space based on their
expression profile. Dimensionality reduction techniques like t-SNE (50)
and UMAP (51) construct two-dimensional representations for analysis
and interpretation of the high dimensional single-cell expression data.
Pseudotime and lineage inference methods aim at constructing likely
transitions between cell states (52). In addition, directionality informa-
tion is available for trajectory inference via RNA velocity analysis. RNA
velocity (53) considers additional information about the ratio of un-
spliced to spliced mRNA in transcript data, which serves as a measure to
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Figure 7 RNA velocity analysis.

Stream plot visualizing likely transitions
between cells inferred from RNA velocity
(a).

The stationary distribution of the back-
ward and the forward transition matrix,
respectively, indicate start and end cell
states (b).

From Cerletti et al., (1).
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determine the stage (early, intermediate, late) of individual gene expres-
sions and allows to predict the future expression state and hence to bet-
ter infer the directionality towards their neighbours in the high-dimen-
sional transcriptional space. We conducted scRNAseq measurements at
multiple time-points, ranging from the beginning of chronic LCMYV in-
fection until manifestation of exhaustion three weeks after infection. We
included information from RNA velocity analysis to perform simula-
tion-based trajectory inference of differentiation events leading to the dif-
ferent terminal CD8 T cell states observed in chronic LCMV infection.
This analysis allowed us to construct faithful lineage trajectories towards
the two endpoints of differentiation, namely a terminally exhausted and
a TCF1* cell population. We identified a potential branching point in the
initially shared trajectories and validated our findings using adoptive
transfer experiments of cells positioned before or after the branching
point. (Figure 7) (1).

Virus-specific phenotypes during chronic infection are shaped
by tissues of residence

Exhaustion is a gradual, continuous process which, amongst other fac-
tors, is triggered by persistent T cell receptor (TCR) stimulation, the de-
gree of exhaustion depending on the TCR signalling strength, antigen
abundance, and affinity (54-56). As a result, the pool of exhausted CD8
T cells is a heterogeneous population. Some studies suggested that the
phenotype of exhausted virus-specific CD8 T cells depends on the tissue
location (56, 57), but most transcriptional analyses are not informative
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Figure 8 Exhausted virus-specific cells are plastic and heterogeneous

A hallmark of chronic infections is the presence of exhausted CD8 T cells, characterized
by a distinct transcriptional program compared to functional effector or memory cells,
co-expression of multiple inhibitory receptors, and impaired effector function. Single-cell
RNA sequencing of virus-specific CD8 T cells isolated from six different tissues during es-
tablished LCMV infection revealed that exhausted cells are heterogeneous, adopt organ-spe-
cific transcriptomic profiles and can be divided into five main functional subpopulations:
advanced exhaustion (red), effector-like (purple), intermediate (orange), memory-like (yel-
low), and proliferating (circular arrows). In vivo antibody labelling showed that cells be-
longing to these subpopulations are differentially positioned in these tissues, with effec-
tor-like and intermediate phenotype cells being close to the vasculature and memory-like
and more exhausted cells residing deeper in the tissue. Additionally, adoptive transfer ex-
periments showed that phenotype of virus-specific CD8 T cells is largely plastic and shaped
by the microenvironment. Courtesy Dr. loana Sandu.
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about inter-tissue heterogeneity of LCMV-specific CD8 T cells during
chronic infection since most studies focused on cells isolated from the
spleen (22, 46, 58). Two major subpopulations of exhausted CD8 T cells
were described in secondary lymphoid tissues: a less exhausted TCF1"
T-bet" PD-1', more functional population, termed memory-like, and a
more terminally exhausted population TCF1™¢ PD-1" EOMES" CD39"
(46, 59, 60). Additionally, single-cell RNA sequencing (scRNAseq) of
exhausted CD8 T cells isolated from the spleen revealed four distinct sub-
sets: effector-like, proliferating, memory-like TCF1", and terminally ex-
hausted PD-1" CD39" (48, 49, 61). However, the extent of heterogeneity
has not been resolved with respect to an unbiased selection of cell mark-
ers, as well as for other tissues than secondary lymphoid organs.

We evaluated the heterogeneity of single-cell transcriptomes of virus-spe-
cific CD8 T cells isolated from six different tissues (spleen, lymph nodes
(LN), bone marrow (BM), lung, liver, and blood) in mice with chronic
LCMV infection. Overall, the population of virus-specific CD8 T cells
could be classified into five functional phenotypes (memory-like, prolif-
erating, effector-like, intermediate, and advanced state of exhaustion),
based on distinct transcriptional profiles regarding T cell activation and
inhibition, chemokine and interleukin receptor, and transcription factor
expression. Cells with these functional phenotypes were represented at
different frequencies in specific tissues, resulting in tissue-specific phe-
notype transcription profiles, most apparent in those tissues where the
population of virus-specific CD8 T cells was predominantly composed
of cells with a single functional phenotype. Adoptive transfer experiments
showed that these phenotypes are plastic, suggesting that the tissue mi-
croenvironment has a major impact in shaping the phenotype and func-
tion of virus-specific CD8 T cells during chronic infection (Figure 8) (62).

In vivo TCR stimulation is strongly attenuated during chronic
viral infection

An important feature of exhausted CD8 T cells is the co-expression of
multiple co-inhibitory receptors (such as PD-1, CTLA-4, LAG-3, TIGIT,
CD39, TIM-3), which dampen T cell activation (20, 60, 63—-68) by vari-
ous mechanisms. These include limiting co-stimulation by receptor com-
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petition (CTLA-4, TIGIT(68)), direct inhibition of signal transduction
downstream of T cell receptor (TCR) engagement by limiting the phos-
phorylation of signaling molecules such as CD3, ZAP70 and PCK (PD-
1(69), TIM-3(70)), restraining metabolic changes (71, 72), changes at the
transcriptional level (PD-1(73)), interfering with proliferation (LAG-
3(74)), or suppressing inflammatory cues (CD39(60)). Significant effort
has been invested to enhance the effector functions of exhausted cells;
indeed, checkpoint inhibitors, targeting various of the above mentioned
co-inhibitory receptors, are very efficient in improving CD8 T cell num-
bers and effector function of exhausted CD8 T cells in both cancer and
chronic infections (67). The phenotypic and functional landscape of ex-
hausted cells is very diverse (48, 49, 61, 75), translating into differential
responsiveness to checkpoint inhibition. A specific subset of non-termi-
nally exhausted cells, termed memory-like and characterized by expres-
sion of TCF1 and SLAMF6 (46), was shown to replenish the pool of ter-
minally exhausted cells and to respond to checkpoint blockade by
proliferation and differentiation into more effector-like and eventually
terminally exhausted cells (46, 75, 76). Despite the compelling evidence
that CD8 T cell function is impaired in chronic LCMV infection and that
continued exposure to antigen significantly contributes to exhaustion
(54), there is little insight into how much TCR signaling is actually on-
going in exhausted CD8 T cells in vivo during established chronic in-
fection.

Figure 9 TCR signalling in CDS8
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We characterized in vivo TCR signaling in virus-specific CD8 T cells in
the setting of chronic LCMYV infection. To this end, we used virus-spe-
cific TCR transgenic CD8 T cells expressing the Nr4al-GFP reporter as
proxy for TCR signaling in adoptive transfer experiments. We show that,
despite abundant availability of antigen in form of peptide-MHC class I
complexes, there is very limited TCR signaling ongoing in exhausted
CDS8 T cells during chronic infection, evidenced by low expression of the
GFP reporter and by RNAseq analysis of TCR signaling associated genes.
We observed enhanced TCR signaling after in vivo blocking of PD-1/
PD-L1 interaction or in vivo exposure of exhausted CD8 T cells to anti-
gen on naive target cells, which express little / no ligands for co-inhibi-
tory receptors. This observation indicates that the engagement of co-in-
hibitory receptors, such as PD-1, exerts a pronounced inhibition of TCR
signaling in vivo (Figure 9) (77).

CDA4 T cell and B cell immunity during chronic viral infection

In contrast to CD8 T cell immunity, less is currently known about the
regulation of CD4 and B cell immunity during chronic viral infections.
Recent reports indicate that CD4 T cells are not generally down-modu-
lated on an overall functional level, but rather differentiate into follicular
T helper cells (Tru) during chronic LCMYV infection (78, 79) and HIV
infection (80, 81). This deviation from a typical pro-inflammatory Thl
response to a subset of T helper cells which is chiefly involved in regu-
lating B cell responses in germinal centres of secondary lymphoid or-
gans, suggests that the host attempts to capitalize on humoral instead of
cellular immunity. This might constitute a means by which the host tries
to reach an optimal equilibrium between virus control and avoidance of
immunopathology. Even though this is a very attractive hypothesis, it re-
mains unclear, however, whether such emphasis on Teu cell differentia-
tion during viral chronicity is indeed linked to optimizing antibody (ab)
responses. Ab responses are involved in (relative) immune control of
chronic infections, illustrated by the failure of B cell-, antibody- or CD4
T cell-deficient hosts to eventually control LCMV infection (82-85), by
the selection of ab escape variants in LCMV and HIV infection (86—88)
and by the ability of LCM V-specific abs (neutralizing as well as non-neu-
tralizing) to prevent viral chronicity (89-92).
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Figure 10 Conditional depletion of Tru cells during established chronic LCMYV infection
prevents the emergence of LCMV neutralizing antibodies. Experimental depletion of Tru
cells during established chronic LCMV infection has no impact on the overall LCMV-spe-
cific IgG titers but abolishes the emergence of LCMV-neutralizing antibodies. Experimen-
tal depletion of all LCMV-specific CD4 T cells during established chronic LCMV infection
abolished the emergence of LCMV-neutralizing antibodies and lead to a reduction of over-
all LCMV-specific IgG titers.

We have therefore addressed the physiological relevance of sustained Tru
activity during chronic viral infection. Using chronic LCMYV infection in
conjunction with an engineered in vivo system in which Tru cells can be
conditionally ablated, we have shown that sustained activity of virus-spe-
cific Tru cells is pivotal for the late emergence of neutralizing LCM V-spe-
cific antibodies that keep viral titers in check and ultimately allow mice
to clear the established chronic infection in absence of overt immunopa-
thology (Figure 10) (93).

Dynamics of the LCMV-specific antibody response

Chronic viral infections are often characterized by the late emergence of
neutralizing abs (nabs), i.e. abs that have the capacity to directly curtail
viral replication by interfering with viral attachment to or fusion with the
host cell in vitro (87, 94). This slow development of potent nabs favours
viral persistence (85, 95). Furthermore, mutational diversification of the
circulating virus and selection of variants which escape recognition by
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present antibodies challenges B (and T) cell immunity. In contrast to
T cells, B cells are, in principle, equipped to cope with such antigenic
variation via the germinal center reaction. After an antigenic challenge
antigen-specific B cells enter germinal centers and in a sequence of events
involving somatic hypermutation (SHM) of their immunoglobulin genes
and selection of cells expressing higher affinity B cell receptors (BCRs),
the affinity of circulating antibodies increases over time in a process
termed “affinity maturation” (96).

Blood BM (d70)
 clonal diversity | ~ secretionrate | affinity |
-t

'\.

Acute
[ ]
5

. d

.

7
)
4N

Ay

*

Chronic
Mc;sez .
&
o
°
v
IR

-3

-
R

virus load

time

Figure 11 Evolution of antibody repertoires and functional properties of LCMV-specific
antibodies. Acute and chronic LCMV infection induce massive clonal expansion of multiple
ab-producing clones (B cells) that converge in their composition during early stages of in-
fection (red / orange / pink B cells). During later stages of infection, the initially induced B
cell repertoires vanishes from the circulation in acutely infected mice (yellow background),
while it is preserved long-term in individuals being chronically infected (blue background).
However, these repertoires continuously evolve to adapt a personalized repertoire (indi-
cated by green, purple and blue colour in individual mice) in chronically infected mice, se-
lecting cells with higher secretion rates of high affinity LCMV-specific antibodies. Cour-
tesy D. Nike Krdiutler.
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Consistent with human chronic viral infections such as HIV or HCV, LC-
MV-neutralizing abs are only detectable late during chronic infection
(87), and in addition to T cells (97, 98), LCMV-specific abs can exert
critical immune pressure to select for viral escape mutants (86, 91). We
used the model of chronic LCMV infection to study the molecular and
functional evolution of the LCM V-specific IgG response over the course
of the chronic infection. Longitudinal systems-immunological analyses
of total IgG antibody repertoire evolution revealed different patterns
during acute and chronic LCMYV infection. Whereas early during the re-
sponse, repertoire expansion and composition was remarkably similar in
acute and chronic infection, later repertoire maturation and diversifica-
tion was only sustained during chronic infection in a highly individual
manner. Analyses of IgG genealogies support a scenario in which new
clones are continuously recruited into the overall antibody response
during chronic infection, and less a scenario with sustained clonal mat-
uration, indicating that with time, the overall IgG repertoire diversifies
rather than focusses on a few specific clones. On a functional level, high
affinity LCM V-specific IgG antibodies were already observed early
during acute and chronic infection, supporting the notion of diversifica-
tion being more dominant than affinity maturation in the evolution of an-
tibody responses during chronic viral infection (Figure 11) (99).

Regulation of adaptive immunity: latent viral infection
CD8 T cell response during cytomegalovirus infection

Cytomegalovirus (CMV) is a 3-herpesvirus that is universally present in
the world’s population, though, this infection is largely asymptomatic in
healthy individuals. CMV infection results first in lytic replication of the
virus which is controlled by CM V-specific T cells, followed by establish-
ment of viral latency. CMV can sporadically reactivate in latently infected
cells. These reactivation events are quickly detected and controlled by
CMV-specific T cells. Upon human CMV (HCMV) and murine CMV
(MCMV) infection, an atypical CD8 T cell response is initiated, charac-
terized by the accumulation of a subset of CM V-specific CD8 T cells ex-
hibiting an effector-like phenotype in blood and peripheral tissues, a pro-
cess termed “memory inflation” (100—103). During viral latency the CD8
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T cell response is dominated by these inflationary T cells which are re-
stricted to a few epitopes (104). Their activated effector memory pheno-
type is suggestive of repetitive antigen encounter, and indeed one major
factor driving T cell inflation is the recurrent presentation of viral anti-
gens in cells undergoing sporadic viral reactivation (19, 105-107).

Due to the large numbers of effector-like T cells in peripheral tissues, the
use of CMV-based vectors has gained interest for vaccination purposes,
and it has been shown that CMV-based vaccine vectors can provide pro-
tection against heterologous viral and tumour challenges (108—114). As
the success of CMV-based vaccines is based on the induction of large
populations of effector-like CD8 T cells in peripheral tissues (101, 108,
109, 115), it is important to delineate the factors that maintain this pop-
ulation at high numbers.

Although the half-life of inflationary T cells in mice is estimated to be
around 68 weeks in circulation and 10-12 weeks in the periphery (17,
116), the peripheral pool of inflationary T cell reaches high numbers and
stabilizes at high frequencies. This implies that there is continuous re-
plenishment of the peripheral effector cell pool (117). A small subset of
the inflationary MCM V-specific T cell population, enriched in the lymph
nodes (LNs), has a non-activated central memory phenotype (19), judged
by high expression of the LN homing receptor CD62L and enhanced pro-
liferation capacity (118) and the expression of the transcription factor
T cell factor 1 (Tcf1, encoded by Tcf7) (119). We hypothesized that Tcf1*
cells are critical for the maintenance of the inflationary T cell pool by fu-
eling the population of peripheral effector-like T cells. Indeed, we showed
that the inflationary T cell population contains a small subset of cells ex-
pressing the transcription factor Tcfl. These Tcf1* cells resembled cen-
tral memory T cells and were proliferation competent. Upon sensing viral
reactivation events, Tcf1* cells feed into the pool of peripheral Tcf1" cells
and depletion of Tcf1* cells impaired memory inflation. TCR repertoires
of Tcfl*and Tcfl populations largely overlapped, with the Tcf1* popu-
lation showing higher clonal diversity. These data show that Tcf1* cells
are necessary for sustaining the inflationary T cell response, and uphold-
ing this subset is likely critical for the success of CM V-based vaccination
approaches (Figure 12) (119).
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Figure 12 TcfI* cells are critical in maintaining the inflationary T cell pool

Memory T cell inflation refers to the accumulation of functional effector like T cells in the
blood and peripheral tissues and is most commonly described upon for CMV infection.
Within the CMV-specific inflationary T cell pool, a small subset of cells expresses the tran-
scription factor Tcfl. These Tcf1* cells are enriched in the lymph nodes and are prolifera-
tion competent. Upon sensing sporadic viral reactivation events, most likely in the lymph
nodes, Tcfl* CD8 T cells respond by proliferation and give rise to a pool of Tcfl cells that
migrate into the periphery and have the ability to locally eliminate infected target cells,
and are essential for the stable maintenance of the inflationary CD8 T cells pool. Courtesy
Dr. Suzanne Welten.

Early studies have established the concept of circulatory immune surveil-
lance with memory T cells being in constant exchange with either lym-
phoid or non-lymphoid tissues via the circulation. More recently it was
demonstrated that a proportion of peripheral memory T cells is non-mi-
gratory and resides at the site of previous pathogen encounter (120, 121).
These tissue resident memory T cells (Trm) are readily positioned at bar-
rier tissues prone to pathogenic invasion or reactivation and are superior
to circulating Tewm cells in protecting against local secondary infections,
positioning Trm cells as critical guards of peripheral immunity.

Secretory glands pose an attractive target tissue for viruses to persist and
exploit mucosal secretions as vehicles for dissemination. Human cyto-
megalovirus (HCMV) transmission is fostered by prolonged shedding
from infected mucosae such as the salivary glands (SGs), which support
chronic viral replication for months after virus is controlled in all other
organs. Experimental infection of mice with murine CMV (MCMYV) has
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revealed that virus-mediated MHC class I downregulation renders the SG
uniquely resistant to CD8 T cell mediated virus control (122). Instead,
CDA4 T cells are required to cease virus replication during primary CMV
infection (123, 124).

We analyzed MCM V-specific CD8 and CD4 memory T cells in the SG
with respect to their migratory potential, their maintenance, and their pro-
tective capacity upon localized pathogen encounter. We demonstrated an
exquisite ability of the SG to induce CD4 and CDS8 Trm populations that
are excluded from the circulation. While CD8 Trm induction was com-
pletely independent of cognate antigen, CD4 Trv generation was depen-
dent on the presence of local antigen. CD103 expression in CD8 T cells
depended on TGFf, supported tissue retention, and coincided with lo-
calization of CD8 T cells to epithelial structures of glandular ducts, while
CD103-CD8 T cells and CD4 T cells preferentially localized outside ep-
ithelial duct structures. Functionally, using intraglandular infection, we
demonstrated that MCM V-specific CD8 Trm cells conferred local protec-
tive immunity, owing to initial virus replication in non-epithelial cells
that are refractory towards complete MCM V-mediated MHC class 1
downregulation. Therefore, our findings established a role for MC-
MV-specific CD8 T cells in the control of localized virus replication in
the SG, thus likely contributing to the containment of CMV transmission
episodes (125).

CD4 T cell response during cytomegalovirus infection

Although primary MCMYV infection is controlled in most visceral organs
within one to two weeks, the salivary glands (SGs) are a peripheral glan-
dular tissue where lytic viral replication is continuing for many weeks
(126), facilitating horizontal transmission via saliva. While control of
lytic MCMV replication in most tissues is mediated by MCM V-specific
CDS8 T cells, this is not the case for the SGs (127-129). MCM V-encoded
MHC class I immune evasion genes are particularly potent in avoiding
recognition of infected cells by cytotoxic CD8 T cells (130, 131), as de-
letion of these immune evasion genes restores CD8 T cell recognition of
MCMYV harbouring cells, consequently leading to CD8 T cell-mediated
immune control of MCMYV infection in the SGs (124). Therefore, under
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Figure 13 CD4 T cell mediated control of MCMYV infection in the salivary gland.

MCMYV infection of epithelial cells in the salivary gland precedes the infiltration of acti-
vated MCMV-specific T cells. Directly infected cells are not recognized by MCMV-specific
CD4 or CD8 T cells. Instead, apoptotic bodies from previously infected cells are taken up
by local phagocytes and processed peptides of MCMV proteins are presented to CD4 T cells.
This leads to local IFNy production. MCMV-specific CD4 T cells accumulate at these sites
of antigen presentation and the cumulative IFNy production produces sufficient IFNy to
protect the tissue within a limited perimeter. Accumulation of such protected sites eventu-
ally leads to organ-wide control of MCMYV replication. Courtesy Dr. Josua Oderbolz.

normal circumstances, control of MCMYV infection in the SGs completely
relies on CD4 T cells that exert their protective effector functions primar-
ily through the secretion of the pro-inflammatory cytokines interferon
gamma (IFNY) and tumor necrosis factor alpha (TNFa) (123, 132). We
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had shown that sensing of CD4 T cell-produced IFNy by non-hematopoi-
etic cells in the SGs is required for eventual control of lytic viral replica-
tion (124). However, the question why and how long-lasting productive
virus infection is maintained in the SG in face of marked infiltration of
functional MCMV-specific CD4 T cells early upon infection (125, 133)
remains open. One important aspect that has so far not received much at-
tention is information about micro-anatomical conditions and constraints
in the SGs during MCMV infection. This includes spatial information
about infection foci, distribution of infiltrating virus-specific CD4 T cells,
sites of antigen recognition and IFNy production, and the range of IFNy
sensing. We used advanced microscopy methods to visualize key com-
ponents of the antiviral immune response with high spatiotemporal reso-
lution. By combining previous knowledge with our experimental data,
we further generated a mathematical model that simulates the CD4
T cell-mediated immune control of MCMYV infected SGs. We propose a
scenario in which MCMYV antigens in the SGs are sensed by virus-spe-
cific CD4 T cells only in a delayed and indirect manner, after remnants
of previously infected cells have been engulfed by local antigen-present-
ing cells (APCs). This leads to locally confined IFNy secretion, afford-
ing protection only in this restricted area. However, non-protected areas
of the SGs continue to be permissive for infection and replication, evi-
denced by long-term maintenance of high viral loads in the SGs. Even-
tual control occurs if local IFNy-concentrations are sufficiently effective
to allow accumulation of protected sites, and thus restriction of viral
spread. (Figure 13) (134).
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Die Stiftung Professor Dr. Max Cloétta

Die Stiftung Professor Dr. Max Cloétta wurde am 27. September 1973 in Ziirich von
Dr. Antoine Cloétta zu Ehren seines Vaters Prof. Dr. Max Cloétta errichtet.

In Absatz 1 von Art. 3 der Stiftungsurkunde wird der Zweck der Stiftung wie folgt
umschrieben:

«Die Stiftung bezweckt:

a) die Unterstiitzung und Forderung der medizinischen Forschung sowie der damit
verbundenen naturwissenschaftlichen Hilfsdisziplinen in der Schweiz;

b) die Schaffung und jihrliche Verleihung eines

Cloétta-Preises

zur Auszeichnung schweizerischer und ausléndischer Personlichkeiten, die sich in
besonderer Weise um bestimmte Gebiete der medizinischen Forschung verdient
gemacht haben.»
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Stiftungsrat

Im Jahr 2022 setzt sich der Stiftungsrat wie folgt zusammen:

Prof. Dr. Fritjof Helmchen

Martin Wipfli**

Prof. Dr. Hugues Abriel*

Prof. Dr. Daniela Finke*

Peter Ochsner**

Prof. Dr. Walter Reith*

Hans Georg Syz-Witmer**

Prof. Dr. Bernard Thorens*

Prof. Dr. Sabine Werner*

*Mitglieder des Medizinischen Ausschusses

Universitét Ziirich
Institut fiir
Hirnforschung

Rechtsanwalt, Ziirich

Universitit Bern
Institut Biochemie und
Molekularmedizin

Universitits-Kinderspital
beider Basel

Universitiit Basel,
Departement Biomedizin

Banque Cantonale
Vaudoise, Verwaltungs-
ratsmitglied

Universitidt Genf
Departement Pathologie
und Immunologie

Maerki Baumann
& Co. AG, Ziirich

Universitit Lausanne
Zentrum fiir integrative
Genforschung

ETH Ziirich
Institut fiir Molekulare
Gesundheitswissenschaften

**Mitglieder des Vermdgensverwaltungs-Ausschusses
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Ubersicht iiber die bisher erschienenen Publikationen
der Schriftenreihe Stiftung Professor Dr. Max Cloétta

Heft Nr. 1 (6. Auflage 2000):
Vorwort von Bundesritin Ruth Dreifuss
Biographie von Professor Dr. Max Cloétta
Biographie von Dr. Antoine Cloé&tta
Ubersicht iiber die Stiftung Professor Dr. Max Cloétta
Ehrentafel der Preistrager
Organe der Stiftung

Heft Nr. 2:
Preisverleihung 1974
Festvortrag des Preistriagers Dr. med. Urs A. Meyer:
«Klinische Pharmakologie — eine Herausforderung fiir
interdisziplindre Zusammenarbeit»

Heft Nr. 3:
Preisverleihung 1975
Festvortrag des Preistriagers Dr. med. Hans Biirgi:
«Die Bekdampfung des Kropfes in der Schweiz. Ein Beispiel
der Zusammenarbeit zwischen Grundlagenwissenschaftern,
Kliniken und Behorden»

Heft Nr. 4:
Cérémonie de remise du prix 1976
Exposé du Dr. Rui C. de Sousa, sur le theme:
«La membrane cellulaire: une frontiére entre deux mondes»

Heft Nr. 5:
Preisverleihung 1977
Festvortrag des Preistriagers Professor Dr. Franz Oesch:
«Chemisch ausgeloste Krebsentstehung»



Heft Nr. 6:
Preisverleihung 1978
Festvortrag des Preistriagers Dr. Susumu Tonegawa:
«Cloning of Immunoglobulin Genes»

Heft Nr. 7:
Preisverleihung 1979
Festvortrige der beiden Preistriger
Professor Dr. Theodor Koller:
«Die strukturelle Organisation des genetischen Apparates htherer
Organismen»
Professor Dr. Jean-Pierre Kraehenbuehl:
«Hormonal Control of the Differentiation of the Mammary Gland»

Heft Nr. 8:
Preisverleihung 1980
Festvortrige der beiden Preistriger
Professor Dr. Edward W. Fliickiger:
«Neue Aspekte der Mutterkorn-Pharmakologie»
PD Dr. Albert Burger:
«Ein Vierteljahrhundert nach Entdeckung des aktivsten
Schilddriisenhormons (Trijodothyronin)»

Heft Nr. 9:
Preisverleihung 1981
Festvortrige der beiden Preistriger
Professor Dr. Rolf Zinkernagel:
«<Selbst>-Erkennung in der Immunologie»
Professor Dr. Peter A. Cerutti:
«A role for active oxygen species in human carcinogenesis?»
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Heft

Heft

Heft

Heft

Nr. 10:

Preisverleihung 1982

Festvortrige der beiden Preistriger

PD Dr. Jiirgen Zapf:

«Wachstum und Wachstumsstérungen: ein gemeinsames Forschungs-
ziel der klinischen und experimentellen Endokrinologie»

PD Dr. Jean-Michel Dayer:

«Le monocyte-macrophage: un pivot entre le syst¢éme immun

et le tissu conjonctif dans le processus inflammatoire de I’arthrite
rhumatoide»

Nr. 11:

Preisverleihung 1983

Festvortrige der beiden Preistriger

Professor Dr. Peter Bohlen:

«Peptides and Proteins as messengers in the communication between
cells and organs»

PD Dr. Claes B. Wollheim:

«Regulation of insulin release by intracellular calcium»

Nr. 12:

Preisverleihung 1984

Festvortrige der beiden Preistragenden

Frau Professor Dr. Heidi Diggelmann:

«Beitrige der Retroviren zur Aufkldrung grundlegender
biologischer Prozesse»

Professor Dr. Jean-Francois Borel:

«Entwicklung und Bedeutung des Ciclosporins»

Nr. 13

Preisverleihung 1985

Festvortrige der beiden Preistriger

Professor Dr. Hans Thoenen:

«Entwicklungsneurobiologie; von der deskriptiven Analyse
zum molekularen Verstindnis»

Dr. Roberto Montesano:

«Cell-Extracellular Matrix Interactions in Organogenesis»
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Heft

Heft

Heft
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Nr. 14:

Preisverleihung 1986

Festvortrige der beiden Preistriger

Professor Dr. Ueli Schibler:

«Mechanismen der gewebespezifischen Regulation von Genen»
Professor Dr. Walter Schaffner:

«Enhancer-Sequenzen und die Regulation der Gen-Transkription»

Nr. 15

Preisverleihung 1987

Festvortrige der beiden Preistriger

Professor Dr. Jacques Louis:

«Role des lymphocytes T spécifiques sur I’évolution des 1ésions
induites par leishmania major, un parasite vivant dans les
macrophages de leur hote»

Professor Dr. Joachim H. Seelig:

«Magnetische Resonanz — ein <magnetisches Auge> zur Unter-
suchung der Lebensvorgéinge in vivo»

Nr. 16:

Preisverleihung 1988

Festvortrige der beiden Preistriger

Professor Dr. Jean-Dominique Vassalli:

«Protéolyse et migrations cellulaires: Multiples facettes du controle
d’une cascade enzymatique»

PD Dr. Hans Hengartner:

«Uber die immunologische Toleranz»

Nr. 17:

Preisverleihung 1989

Festvortrige der beiden Preistriger

Professor Dr. Heini Murer:

«Parathormon: Auf dem Weg zum Verstindnis seiner Wirkung im
proximalen Tubulus»

Dr. Hugh Robson MacDonald:

«Selection of the T Cell Antigen Receptor Repertoire during
Development»



Heft

Heft

Heft

Heft

Nr. 18:

Preisverleihung 1990

Festvortrige der beiden Preistriger

Professor Dr. Martin E. Schwab:

«Entwicklung, Stabilisierung und Regeneration von Faser-
verbindungen in Gehirn und Riickenmark: Die Rolle von Nerven-
wachstums-Hemmstoffen»

Professor Dr. Denis Monard:

«Protéases et inhibiteurs extracellulaires dans le systeéme nerveux»

Nr. 19:

Preisverleihung 1991

Festvortrige der beiden Preistrager

PD Dr. Peter J. Meier-Abt:

«Die Ausscheidungsfunktionen der Leber: Rolle von Membran-
transport-Systemen»

PD Dr. Jacques Philippe:

«Structure and pancreatic expression of the insulin and
glucagon genes»

Nr. 20:

Preisverleihung 1992

Festvortrige der beiden Preistragenden

PD Dr. Leena Kaarina Bruckner-Tuderman:

«Molecular Pathology of the Epidermal-Dermal Interface in Skin»
Professor Dr. Jiirg Tschopp:

«Das Phiinomen der von Lymphozyten vermittelten Zellyse»

Nr. 21:

Preisverleihung 1993

Festvortrige der drei Preistriger

Dr. Paolo Meda:

«Cell-to-cell Communication and Pancreas Secretion»
Professor Dr. Adriano Fontana:

«Transforming Growth Factor Beta 2, ein von Tumorzellen
gebildetes Zytokin mit immunparalysierender Wirkung»
Professor Dr. Michel Aguet:

«Neue Erkenntnisse zur Biologie und Molekularbiologie
der Interferone»
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Heft

Heft

Heft
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Nr. 22:

Preisverleihung 1994

Festvortrige der beiden Preistriger

Professor Dr. rer. nat. Hans Rudolf Brenner:

«Die Regulation der Expression synaptischer Transmitter-
Rezeptoren wihrend der Synapsenbildung»

Daniel Pablo Lew, Professeur ordinaire de médecine:
«Signal Transduction and Ion Channels Involved in the
Activation of Human Neutrophils»

Nr. 23:

Preisverleihung 1995

Festvortrige der beiden Preistriger

Professor Dr. Jiirg Reichen:

«Die sinusoidale Endothelzelle und Leberfunktion»
Dr. George Thomas jr.:

«The p70°% Signal Transduction Pathway, S6,
Phosphorylation and Translational Control»

Nr. 24:

Preisverleihung 1996

Festvortrige der beiden Preistriger

Dr. Lukas C. Kiihn:

«Molekulare Mechanismen zur Steuerung des Eisenstoffwechsels»
Professor Dr. Peter Sonderegger:

«Wegweiser- und Sensormolekiile beim gezielten Wachstum der
Nervenzellausldufer»

Nr. 25:

Preisverleihung 1997

Festvortrige der beiden Preistriger

Dr. Gérard Waeber:

«Métabolisme moléculaire de la cellule insulino-sécrétrice»
Professor Dr. Denis Duboule:

«Genetic control of limb morphogenesis and evolution»



Heft

Heft

Heft

Heft

Nr. 26:

Preisverleihung 1998

Festvortrige der beiden Preistriger

Professor Dr. Adriano Aguzzi:
«Pathophysiologie der Prionen-Krankheiten»
Professor Dr. Primus E. Mullis:

«Short stature: from the growth hormone axis
to the Development of the pituitary gland»

Nr. 27:

Preisverleihung 1999

Festvortrige der beiden Preistriger

Professor Dr. Clemens A. Dahinden:

«Pathophysiologie der allergischen Entziindung»

Professor Dr. Antonio Lanzavecchia:

«Deciphering the signals that regulate T cell mediated immunity»

Nr. 28:

Preisverleihung 2000

Festvortrige der beiden Preistriger

Professor Dr. Giuseppe Pantaleo:

«Mechanisms of human immunodeficiency virus (HIV) escape
from the immune response»

Dr. Brian A. Hemmings:

«Protein kinase B (PBK/Akt) — a common element in

multiple signaling pathways involved in insulin signaling,

cell survival and cancer»

Nr. 29:

Preisverleihung 2001

Festvortrige der beiden Preistragenden

Professor Dr. Isabel Roditi:

«The surface coat of african trypanosomes»

Dr. Thierry Calandra:

«Innate immune responses to bacterial infections: a paradigm for
exploring the pathogenesis of septic shock»
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Heft

Heft

Heft

Heft

124

Nr. 30:

Preisverleihung 2002

Festvortrige der beiden Preistragenden
Professor Dr. Bernard Thorens:

«Impaired Glucose Sensing as Initiator of
Metabolic Dysfunctions»

Professor Dr. Andrea Superti-Furga:

«Molecular Pathology of Skeletal Development»

Nr. 31:

Preisverleihung 2003

Festvortrige der beiden Preistriger
Professor Dr. Michael Nip Hall:

«TOR Signalling: from bench to bedside»
PD Dr. Bernhard Moser:

«Chemokines: role in immune cell traffic»

Nr. 32:

Preisverleihung 2004

Festvortrige der beiden Preistriger

Professor Dr. Amalio Telenti:

«Adaption, co-evolution, and human susceptibility

to HIV-1 infection»

Professor Dr. Radek C. Skoda:

«The control of normal and aberrant megakaryopoiesis
by thrombopoietin and its receptor, c-MPL»

Nr. 33:

Preisverleihung 2005

Festvortrige der beiden Preistriger

Professor Dr. Urs Emanuel Albrecht:

«The circadian clock: orchestrating gene expression

and physiology»

Professor Dr. Dominique Muller:

«Functional and structural plasticity of synaptic networks»



Heft Nr. 34:
Preisverleihung 2006
Festvortrige der beiden Preistriger
Professor Dr. Adrian Merlo:
«Pas de mythe de Sisyphe: Glioma research on the move»
Professor Dr. Michael O. Hengartner:
«Roads to ruin: apoptotic pathways in the nematode
Caenorhabditis elegans»

Heft Nr. 35:
Preisverleihung 2007
Festvortrige der beiden Preistragenden
Professor Dr. Frangois Mach:
«Inflammation is a Crucial Feature of Atherosclerosis
and a Potential Target to Reduce Cadriovascular Events»
Professor Dr. Nouria Hernandez:
«Mechanisms of RNA Polymerase III Transcriptions
in Human Cells»

Heft Nr. 36:
Preisverleihung 2008
Festvortrige der beiden Preistragenden
Professor Dr. Darius Moradpour:
«Hepatitis C: Molecular Virology and Antiviral Targets»
Professor Dr. Sabine Werner:
«Molecular and cellular mechanisms of tissue repair»

Heft Nr. 37:
Preisverleihung 2009
Festvortrige der beiden Preistragenden
Professor Dr. Margot Thome-Miazza:
«Molecular mechanisms controlling lymphocyte
proliferation and survival»
Professor Dr. Walter Reith:
«Regulation of antigen presentation in the immune system»
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Heft Nr. 38:
Preisverleihung 2010
Festvortrige der beiden Preistragenden
Professor Dr. Christian Liischer:
«Sucht: Die dunkle Seite des Lernens»
Professor Dr. Burkhard Becher:
«Cytokine networks: the language of the immune system»

Heft Nr. 39:
Preisverleihung 2011
Festbeitrag der Preistrigerin
Professorin Dr. Petra S. Hiippi:
«From Cortex to Classroom»

Heft Nr. 40:
Preisverleihung 2012
Festbeitrag des Preistragers
Professor Dr. Olaf Blanke:
«Brain Mechanisms of Bodily Self-Consciousness and-
Subjectivity: Review and Outlook»

Heft Nr. 41:
Preisverleihung 2013
Festbeitrag der Preistriger
Prof. Dr. Andreas Papassotiropoulos und
Prof. Dr. Dominique J.- F. de Quervain
«Genetics of Human Memory; From Gene Hunting to
Drug Discovery»

Heft Nr. 42:
Preisverleihung 2014
Festbeitrige der beiden Preistriger
Prof. Dr. Marc Y. Donath
«Targeting Inflammation in the Treatment of Type 2 Diabetes:
Time to Start»
Prof. Dr. Henrik Kaessmann
«The Evolution of Mammalian Gene Expression: Dynamics
and Phenotypic Impact»
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Heft

Heft

Heft

Heft

Nr. 43

Preisverleihung 2015

Festvortrige der beiden Preistragenden

Prof. Dr. Dominique Soldati-Favre

«The Ins and Outs of Apicomplexa Invasion and Egress

from Infected Cells»

Prof. Dr. Fritjof Helmchen

«Watching Brain Cells in Action: Two-Photon Calcium Imaging
of Neural Circuit Dynamics»

Nr. 44

Preisverleihung 2016

Festbeitrige der beiden Preistriger

Prof. Dr. Andreas Liithi

«The Neuronal Circuitry of Fear and Anxiety»
Prof. Dr. Michel Gilliet

«Role of Innate Immunity in Driving Inflammation:
Lessons Learned From the Skin»

Nr. 45:

Preisverleihung 2017

Festbeitrige der beiden Preistriger

Prof. Dr. Denis Jabaudon

«Fate and freedom in developing neocortex»

Prof. Dr. Markus G. Manz

«Hematopoiesis — A paradigmatic stem cell supported organ system»

Nr. 46:

Preisverleihung 2018

Festvortrige der beiden Preistragenden

Prof. Dr. Timm Schroeder

«Long-term single-cell quantification:

New tools for old questions»

Prof. Dr. Johanna Joyce

«Exploring and Therapeutically Exploiting the Tumor
Microenvironment»
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Nr. 47:

Preisverleihung 2019

Festbeitrige der beiden Preistriger

Prof. Dr. Botond Roska

«Understanding and restoring vision»

Prof. Dr. Oliver Distler

«Developing targeted therapies in systemic sclerosis:
From bench to bedside»

Nr. 48:

Preisverleihung 2020

Festvortrige der beiden Preistragenden

Prof. Dr. Mohamed Bentires-Alj

«Breast tumor heterogeneity, metastasis, and therapy resistance in
the era of personalized medicine»

Prof. Dr. Nadia Mercader Huber

«Heart development and regeneration in the zebrafish»

Nr. 49:

Preisverleihung 2021

Festvortrige der beiden Preistragenden

Prof. Dr. Bart Deplancke

«A technology-centric view of how our genome encodes
cellular and phenotypic diversity»

Prof. Dr. Anne Miiller

«The two faces of Helicobacter pylori»

Nr. 50:

Preisverleihung 2022

Festvortrige der beiden Preistragenden

Prof. Dr. Doron Merkler

«The double-edged sword of immune responses in the central
nervous system»

Prof. Dr. Annette Oxenius

«Regulation of adaptive immunity in viral infections»



DER PREISTRAGERINNEN UND PREISTRAGER

EHRENTAFEL

1974
1975
1976
1977
1978
1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

Dr. Urs A. Meyer

PD Dr. Hans Biirgi
Dr. Rui de Sousa
Prof. Dr. Franz Oesch
Dr. Susumu Tonegawa

Prof. Dr. Theodor Koller
Prof. Dr. Jean-Pierre Krachenbuehl

Prof. Dr. Edward W. Fliickiger
PD Dr. Albert Burger

Prof. Dr. Rolf M. Zinkernagel
Prof. Dr. Peter A. Cerutti

PD Dr. Jiirgen Zapf
PD Dr. Jean-Michel Dayer

Prof. Dr. Peter Bohlen
PD Dr. Claes B. Wollheim

Prof. Dr. Heidi Diggelmann
Prof. Dr. Jean-Francois Borel

Prof. Dr. Hans Thoenen
Dr. Roberto Montesano

Prof. Dr. Walter Schaffner
Prof. Dr. Ueli Schibler

Prof. Dr. Jacques Louis
Prof. Dr. Joachim H. Seelig

Prof. Dr. Jean-Dominique Vassalli
PD Dr. Hans Hengartner

Prof. Dr. Heini Murer
Dr. Hugh Robson MacDonald
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1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

Prof. Dr. Martin E. Schwab
Prof. Dr. Denis Monard

PD Dr. Peter J. Meier-Abt
PD Dr. Jacques Philippe

PD Dr. Leena Kaarina Bruckner-Tuderman
Prof. Dr. Jiirg Tschopp

Dr. Paolo Meda
Prof. Dr. Adriano Fontana Jubildumsjahr
Prof. Dr. Michel Aguet

Prof. Dr. Hans Rudolf Brenner
Prof. Dr. Daniel Pablo Lew

Prof. Dr. Jiirg Reichen
Dr. George Thomas jr.

Dr. Lukas C. Kiihn
Prof. Dr. Peter Sonderegger

Dr. Gérard Waeber
Prof. Dr. Denis Duboule

Prof. Dr. Adriano Aguzzi
Prof. Dr. Primus E. Mullis

Prof. Dr. Clemens A. Dahinden
Prof. Dr. Antonio Lanzavecchia

Prof. Dr. Giuseppe Pantaleo
Dr. Brian A. Hemmings

Prof. Dr. Isabel Roditi
Dr. Thierry Calandra

Prof. Dr. Bernard Thorens
Prof. Dr. Andrea Superti-Furga
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2003

2004

2005

2006

2007

2008

2009

2010

2011
2012
2013

2014

2015

2016

Prof. Dr. Michael Nip Hall
PD Dr. Bernhard Moser

Prof. Dr. Amalio Telenti
Prof. Dr. Radek C. Skoda

Prof. Dr. Urs Emanuel Albrecht
Prof. Dr. Dominique Muller

Prof. Dr. Adrian Merlo
Prof. Dr. Michael O. Hengartner

Prof. Dr. Francois Mach
Prof. Dr. Nouria Hernandez

Prof. Dr. Darius Moradpour
Prof. Dr. Sabine Werner

Prof. Dr. Margot Thome-Miazza
Prof. Dr. Walter Reith

Prof. Dr. Christian Liischer
Prof. Dr. Burkhard Becher

Prof. Dr. Petra S. Hiippi
Prof. Dr. Olaf Blanke

Prof. Dr. Andreas Papassotiropoulos
Prof. Dr. Dominique J.-F. de Quervain

Prof. Dr. Marc Y. Donath
Prof. Dr. Henrik Kaessmann

Prof. Dr. Dominique Soldati-Favre
Prof. Dr. Fritjof Helmchen

Prof. Dr. Michel Gilliet
Prof. Dr. Andreas Liithi
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2017 Prof. Dr. Denis Jabaudon
Prof. Dr. Markus G. Manz

2018 Prof. Dr. Timm Schroeder
Prof. Dr. Johanna Joyce

2019 Prof. Dr. Botond Roska
Prof. Dr. Oliver Distler

2020 Prof. Dr. Mohamed Bentires-Alj
Prof. Dr. Nadia Mercader Huber

2021 Prof. Dr. Bart Deplancke
Prof. Dr. Anne Miiller

2022 Prof. Dr. Doron Merkler
Prof. Dr. Annette Oxenius
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